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Abstract 

Fungal diseases and low temperature stress (freezing and frost) are major stresses faced by the 

canola (Brassica napus L.) industry in Australia. The potential for use of plant ACYL-

COENZYME A-BINDING PROTEINS (ACBPs) in improving disease resistance and frost 

tolerance ability of B. napus was studied using rice (Oryza sativa) ACBP5 and Arabidopsis 

thaliana ACBP6 cDNA inserted into B. napus using Agrobacterium mediated transformation.  

Rapid-cycling Brassica napus is a convenient model system for assessing genetic 

transformation of B. napus. In vitro regeneration and transformation of B. napus were 

optimised using rapid-cycling B. napus plants. Cotyledon explant tissues provided faster shoot 

induction and higher regeneration ability than hypocotyls. To further optimise regeneration 

using cotyledons, concentrations and combinations of routinely used plant growth regulators 

were tested. Cotyledon explant tissues grown in Murashige Skoog (MS) media supplemented 

with 1-naphthalene acetic acid (NAA) at 0.1 mg/L and 6-benzylaminopurine (BAP) at 1.0 

mg/L, 0.01 mg/l gibberellic acid (GA3) and 5 mg/L silver nitrate produced a high plantlet 

regeneration efficiency of 70%. Four-day-old cotyledon explants co-cultivated in 

Agrobacterium inoculum at 0.1 optical density at 600 nm (approximately 0.1×109 cfu/ml) 

provided an average transformation efficiency of 16.5% when explants were sectioned without 

liquid medium, dipped for 30-60 sec in the Agrobacterium inoculum and had exposure to the 

initial antibiotic selection medium delayed for two weeks after co-cultivation. 

Using these optimised tissue culture conditions, a novel candidate gene for canola pathogen 

resistance, ACBP5 from rice (Oryza sativa), was constitutively expressed under the CaMV35s 

promoter using plasmid pOS879, in canola grade B. napus cv. Westar and in rapid-cycling B. 

napus. Transgenic plants were confirmed by antibiotic selection, genotyping, western blot 

analysis and reverse transcription PCR. All positive independent lines were tested for resistance 

against two important pathogens of canola, namely Leptosphearia maculans (blackleg) and 

Sclerotinia sclerotiorum (Sclerotinia stem rot).  The blackleg assay, which was based on 12-

day-old cotyledons, showed that lesion development was significantly slower in OsACBP5 

transgenic plants than the wild-type and vector control plants at 12 days post inoculation. The 

disease severity scores based on lesion size were also lower in transgenic plants than in control 

plants. Detached leaf assays for Sclerotinia resistance showed that there was a small but 

significant reduction in lesion size for transgenic plants compared to the control plants 24 h 

after infection. However, this effect on lesion size was not seen at 48 h, when disease 
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development was more severe in both transgenic and wild-type plants. Overall, the 

transgenic plants benefited from the presence of the OsACBP5 cDNA, showing increased 

resistance to blackleg and an initial delaying of the effects of Sclerotinia infection.  

Previously developed transgenic rapid-cycling B. napus plants expressing the Arabidopsis 

thaliana ACBP6 cDNA were further evaluated for their freezing and frost tolerance ability at 

the vegetative and seed-setting stages. The electrolyte leakage values recorded for the freezing 

and frost-treated plants indicated that the membrane damage of AtACBP6 transgenic plants was 

significantly lower than for the wild-type plants.  The recovery of the freezing stressed [-

2.9±0.5oC] vegetative stage plants was much quicker than that of the stressed wild-type plants 

and they displayed a higher harvest index than the non-transgenic plants. The yield potential 

as measured by the subsequent flower production was higher in transgenic plants than in the 

non-transgenic lines in frost-treated [-2.6 ± 0.4oC] vegetative plants. Seed survival after 

freezing-with-frosting treatment [-3.6 ± 0.5oC] showed that the wild-type seeds were more 

affected by the stress, showing less viability than the AtACBP6 transgenic plants. These 

findings indicate that the overexpression of AtACBP6 gene is potentially useful in making 

canola crops more tolerant of cold and frost events. 

Overall, this study has provided useful evidence for the use of OsACBP5 as a novel candidate 

gene in decreasing the disease severity for blackleg and Sclerotinia infection in transgenic B. 

napus. Evaluation of the available AtACBP6 transgenic rapid-cycling plants further 

strengthened the evidence for the advantage of having the gene in mitigating the adverse effects 

of low temperature stress on B. napus plants. Transgenic plants displayed faster and better 

recovery and a higher yield potential than the wild-type plants. The outcomes of the project 

can be further extended by testing of these transgenes in commercial canola cultivars on a 

larger scale. 
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Chapter 1: Introduction 

Brassica napus L. (rapeseed) accounts for the second largest oilseed production globally after 

soybean.  Rapeseed is used to extract a healthy edible oil ‘canola’, while the crushed seeds after 

oil extraction are a good source of protein for livestock. Additionally, there is increasing use 

of the oil for industrial purposes and as a biodiesel (Raman et al., 2013). As a result, the global 

production of rapeseed has increased by almost three-fold over the last three decades, reaching 

76 million metric tonnes in 2017 (FAOSTAT, 2019). Australia produces an average of 3 

million metric tonnes of rapeseed annually, with Western Australia accounting for almost half 

the production (AOF, 2019).  

In the field, canola production is challenged by various biotic and abiotic stresses. Low 

temperature stress, including frost, leads to severe financial losses to the canola industry in 

temperate countries, including Australia (Wahlquist, 2013). Amongst biotic stresses, the fungal 

diseases blackleg, caused by Leptosphaeria maculans (Fitt et al., 2006) and Sclerotinia rot 

caused by Sclerotinia sclerotiorum (Li et al., 2009) are economically important, reducing the 

quality and the productivity of B. napus crops.  Lately, attention has been given to transgenic 

technologies to ameliorate the effect of these environmental and biological constraints on 

plants, by introducing foreign genes (Liu et al., 2011b, Ceasar and Ignacimuthu, 2012). 

This thesis is focused on the use of the ACYL-COA-BINDING PROTEIN family to mitigate 

low temperature and disease stresses in B. napus (canola). Members of this important protein 

family can bind long chain acyl-CoA esters (Xiao and Chye, 2009), mediate stresses in plants 

(Xiao and Chye, 2011a), and have been studied in attempts to engineer tolerance to low 

temperature stress and diseases in B. napus (canola). Studies have shown that in Arabidopsis 

thaliana, plants overexpressing acyl-CoA-binding protein 6 (ACBP6) can better tolerate cold 

or freezing stress conditions than wild-type plants (Chen et al., 2008). The Arabidopsis ACBP6 

cDNA could, therefore, be a potential candidate for introduction into canola to improve cold 

stress resilience. Another member of the ACBP family, ACBP5 from rice (Oryza sativa) has 

been found to have roles in delivering disease tolerance (Narayanan et al., 2019). Meng et al. 

(2011) showed that the expression of this cDNA in rice was elevated following infection by 

rice blast fungus (Magnaporthe grisea). Narayanan et al. (2019) overexpressed the OsACBP5 

cDNA in A. thaliana and showed that these plants were more resistant to Pseudomonas 

syringae bacterial infection and to a range of fungal pathogens (e.g. Botrytis cinereal and 

Alternaria brassicicola). These results suggested that expression of rice ACBP5 in canola 
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might be capable of delivering tolerance to important fungal diseases in Australia, including 

blackleg and Sclerotinia stem rot.  

The second chapter reviews related literature, with an initial general introduction to the B. 

napus (canola) plant, its importance as a commercial crop and the abiotic and biotic constraints 

faced by the canola industry which reduce plant health and yield, with a particular focus on 

fungal diseases and low temperature stress. The use of advanced genetic transformation 

techniques relevant to stress mitigation in plants is discussed. The overall conclusion from the 

literature review, objective of the project and aims are stated at the end of this chapter.   

 
The third chapter covers work on the optimisation of tissue culture-based methods used in 

regeneration and transformation of canola, using a more convenient model system utilising 

rapid-cycling B. napus plants.  Work to improve the techniques of in vitro regeneration of B. 

napus is described, involving the use of cotyledon explants and optimisation of the growth 

media components at the different developmental stages (e.g. the use of plant growth regulators 

and of silver nitrate as an ethylene antagonist). Agrobacterium-mediated transformation was 

combined with the developed regeneration technique to improve the overall transformation 

efficacies. Parameters optimised included the Agrobacterium concertation and immersion time 

of the cotyledon explants in the Agrobacterium solution. Technical adjustments were made in 

cotyledon preparation methods and the use of antibiotics for the selection of transgenic plants. 

Chapter 4 describes the development of transgenic Brassica napus plants containing the rice 

ACBP5 cDNA (OsACBP5) and the characterisation of the independent transgenic lines which 

were generated, using genotyping, reverse transcription PCR and western blot analysis. 

Pathogenicity assays with blackleg and Sclerotinia are described. These were performed at T3 

generation and aimed to demonstrate improved disease resistance of the OsACBP5 transgenic 

plants compared to wild-type control plants. The mode of action of this gene in plant defence 

is discussed in relation to the current literature.  

Chapter 5 focusses on the detailed screening for cold and freezing stress responses of rapid-

cycling B. napus engineered to express Arabidopsis ACBP6 (AtACBP6). The transgenic plants 

were tested in both cold acclimated and non- acclimated conditions, to assess the significance 

of cold/freezing tolerance, and of cold-acclimation of transgenic B. napus plants containing the 

AtACBP6 cDNA. Responses of transgenic plants at the vegetative and seed-setting stages 

following challenges with low temperature stress and on their subsequent recovery from the 

low temperature stress are discussed. 
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Chapter 6 is the general discussion which summarises the results of the data chapters with 

respect to the overall aims and objectives of the thesis and places the advances made within the 

context of the current understanding of the field of research. 
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Chapter 2: Literature Review 

This review covers issues relevant to the genetic modification of Brassica napus L. (canola) in 

efforts to improve frost and fungal disease tolerance. The chapter starts with a brief history of 

canola and a description of relevant biology. Frost susceptibility as a major abiotic stress is 

considered in some detail.  Fungal diseases of significance to Australian canola production are 

described. Conventional canola breeding and existing transgenic developments are discussed 

before a detailed coverage of methods of in vitro regeneration, transformation, explant 

production and testing for successful trait expression. The chapter continues with a description 

of the current understanding of the biological mechanisms of frost and disease tolerance and 

considers the ACYL-COA-BINDING PROTEIN (ACBP) family in particular, the role of 

OsACBP5 in disease resistance and of AtACBP6 in cold tolerance. The transfer of these genes 

from Oryza sativa (OsACBP5) and Arabidopsis thaliana (AtACBP6) into canola is considered 

and the use of ‘Rapid-Cycling Brassicas’ as experimental models for transformation is 

described. These considerations lead to an exposition of the detailed aims and objective of the 

research project.   

2.1 Brassica napus L. 

2.1.1 The Origin and the genetic background of B. napus 

Brassica napus L. is a member of the family Brassicaceae (earlier known as Cruciferae), in the 

order Brassicales (Snowdon and Iniguez Luy, 2012). This family is the most diverse group 

within the order, with 3,709 species in 338 genera. The characteristic features of Brassicaceae 

include, flowers with cross shaped corolla, six stamens, a septate capsule and pungent plant 

sap. The relationship of the six-major species of Brassica of economic importance to 

agriculture were demonstrated by the famous U’s triangle model which built on parental 

species B. rapa (A genome, n=10), B. nigra (B genome, n=8) and B. oleracea (C genome, n=9) 

for an understanding of the development of the three allotetraploids B. juncea, B. napus and B. 

carinata (Koh et al., 2017) [Figure 2.1]. A great co-linearity in the gene sequences exists 

between crop Brassicas and the common experimental genetics model species Arabidopsis 

thaliana. Comparative genetic mapping of the genomes suggests that they diverged from a 

common ancestor about 20 million years ago (MYA) (Raman et al., 2013).  
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Figure 2.1: A schematic representation of the cytogenetic relationship between six common 
Brassica species (U, 1935) 

 
The allotetraploid B. napus was believed to have originated approximately 7500 years ago 

through unprompted hybridization and chromosome doubling (Chalhoub et al., 2014) from the 

related species, Brassica rapa and Brassica oleracea. Specifically, the ‘genome A’ in B. napus 

(AACC, 2n = 38) was derived from B. rapa (AA, 2n = 20) while the ‘genome C’ was derived 

from B. oleracea (CC, 2n = 18) (Harper et al., 2012). Brassica napus was first established in 

the Mediterranean region of south-western Europe, where the two-parental species were 

indigenous and overlapped geographically (Raman et al., 2011). Differential selection 

processes during domestication of B. napus as a crop, resulted in development of various 

morphotypes within the species such as oilseed rape (canola), fodder rape (B. n. oleifera), 

rutabaga (B. n. napobrassica) and kale (B. n. pabularia) (Chalhoub et al., 2014).  

2.1.2 Biology of B. napus (oilseed rape) 

Brassica napus is an annual or biennial herbaceous species (Lamb, 1989, Gulden et al., 2008), 

having straight stems that are either smooth or slightly hairy and may grow up to 150 cm tall. 

The waxy leaves with hairy underside have petioles which are broader at the base to easily 

attach to the stem. Flowers are in inflorescences formed on the main branch and in axillary 

branches. They arrange as racemes, with the individual flowers attached by means of shorter 

stalks to a longer stalk. Since flowering begins at the base of the inflorescence, the younger 
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buds are at the tip. During seed development, the leaves are generally shed while the green stem 

and pods take over photosynthesis to provide resources for seed maturity (Lamb, 1989). 

The yellow flowers consist of four sepals and four obovate petals arranged diagonally opposite 

each other, a characteristic feature of the Brassicaceae family. The view of this petal 

arrangement from above suggests a cross. The stamens are tetradynamous (four of the six 

stamens are longer than the others). The ovary is formed on top of the receptacle (superior) 

(Gulden et al., 2008) and once fertilised, the flower sheds its petals to form a linear cylindrical 

silique. The siliques and the pods often show constrictions at a regular intervals and dehiscent 

valves towards the base of the fruit. The silique narrows down towards the tip providing no 

room for bearing seeds in that section. Seeds require 35-40 days to mature.  Pods may carry 

between 15and 40 seeds which are arranged on either side of a central septum. The full sized 

translucent green seeds dry out at maturity to produce reddish brown/brown/black spherical 

seeds of 1.8-2.7 mm in diameter (Lamb, 1989, Gulden et al., 2008) [Figure 2.2]. 

 

Figure 2.2: Morphology of B. napus illustrated in Atlas des Plantes de France by A. Masclef 
(Masclef, 1890) 
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2.1.3 Climate and soil requirements  

Brassica napus is mainly grown in cool and moist parts of the world (Riaz et al., 2001). 

Temperatures just over 20°C are considered optimal for B. napus growth and development. 

However, B. napus can grow well between 12oC and 30oC. Brassica napus plants prefer 

relatively low temperatures (a mean day temperature of 15°C) up to the flowering stage. High 

temperatures as 35°C may trigger early flowering (Phillips and Khachatourians, 2001). The 

minimum day length requirement is 11 h for most cultivars (GRDC, 2014). If moisture and 

fertilizer requirements are met, the plants can survive in a wide range of soil conditions. Winter 

oilseed rape generally demands high amounts of nitrogen for maximum yields (Rathke et al., 

2005, Colnenne, 1998). Additionally, sulphur has been shown to be vital for high crop yields, 

contributing to protein synthesis and glucosinolate production (Zhao et al., 1993, Fismes et al., 

2000). Rapeseed is less able to tolerate drought than other cereal crops (Phillips and 

Khachatourians, 2001). In Australia, the crop is mainly restricted to areas which receive 300- 

400 mm annual rainfall (Kant et al., 2014). 

2.1.4 Brassica napus as a commercial crop 

‘Canola oil’ which has low levels of glucosinolates and erucic fatty acid is extracted from 

oilseed rape to use as an edible oil (Boszoradova et al., 2011). The Canola Council of Canada 

defines ‘Canola’ as oils extracted from seeds of three Brassica species B. napus, B. rapa and 

B. juncea which contain less than 2% erucic acid in their fatty acid profile and less than 30 

micromoles of any one or a mixture of glucosinolates per gram of air-dried, oil-free solid 

(Canola Council of Canada, 2015). Canola quality Brassica varieties were originally bred in 

Canada by researchers from Agriculture and Agri-Food Canada and the University of 

Manitoba in 1970 through conventional breeding strategies. However, B. napus is thought to 

have been domesticated as an oilseed crop about 300-400 years ago (Raman et al., 2013). 

Currently, the canola industry produces oil with only soybean and palm oil having greater 

production globally (Zhang et al., 2014). 

Apart from B. napus, turnip rape (B. rapa) is also grown especially in northern Europe as a 

source of canola oil (Kortesniemi et al., 2015) while B. juncea (oilseed mustard) has a small 

proportion of the canola market. There are several winter varieties of B. napus (Lombard et al., 

2000) (e.g. Alpine, Lipton, Maxol, Herald, Navajo), spring varieties (Boszoradova et al., 2011) 

(e.g. Campino, Haydn, Heros, Topas) and Chinese semi-winter types of rapeseeds (Harper et 
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al., 2012) cultivated around the globe. Other B. napus crop types include Siberian kale, 

Japanese kale and rutabaga (swede) (Harper et al., 2012).  

Besides the edible canola oil, B. napus offers several other important commercial products. For 

example, the crushed seeds are commonly used as a feed for farm animals as it is extremely 

rich in protein (Liu et al., 2013). Utilization of canola to produce biodiesel as a renewable 

energy source (Allender and King, 2010) has also elevated the popularity of this crop 

worldwide (Raman et al., 2013). Additionally, B. napus oil is used for industrial purposes, 

especially to make lubricants and surfactants (Allender and King, 2010).  

2.1.5 Worldwide distribution 

The global production of rapeseed (including the canola varieties) doubled between 2003 [35.9 

million metric tons (MMT)] and 2014 [74.5 MMT] (FAOSTAT, 2015). From 2014, the global 

production level has remained around the 70 MMT mark with slight fluctuations (in 2017 it 

was 76.2 MMT (FAOSTAT, 2019)). In the first few years of commercialisation this crop was 

largely restricted to Canada (El Mezawy et al., 2009, Yang et al., 2009) and China (Zhang et 

al., 2014), but is now being widely grown in many parts of the world (Zhang et al., 2013) 

including Europe, USA and Australia (Snowdon and Iniguez Luy, 2012). Many developing 

countries also cultivate oilseed rape as a commercial crop (Qiu et al., 2006). Countries in the 

European Union collectively produce the largest quantity of oilseed at 21.5 MMT, while 

Canada remains the biggest single country supplier of canola at 20 MMT (Soyatech, 2015). 

The major exporter of rapeseed is Canada while the People’s Republic of China imports the 

largest volume of rapeseed (USDA, 2016). 

2.1.6 Production in Australia 

Canola (B. napus) is the main oilseed crop cultivated in Australia, where the annual production 

has increased rapidly in recent years from 0.5 MMT in 2007/8 to 4.2 MMT in 2016/7. However, 

a considerable decline has been reported in 2017/8 at a 3.64 MMT [Table 2.1] as a result of 

severe drought and frost conditions in New South Wales and dry seasonal conditions plus 

moderate to severe frost events in Victoria. Western Australia accounts for almost half of the 

production, followed by New South Wales, Victoria and then Southern Australia [Figure 2.3]. 
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Table 2.1: Harvested area (hectares) and production (tonnes) of canola in major canola 
producing Australian states between 2013 and 2018 
(source:http://www.australianoilseeds.com/oilseeds_industry/crop_report_assets, Accessed on 
16/08/2018) 

Year 2013/2014 
(‘000) 

2014/2015 
(‘000) 

2015/2016 
(‘000) 

2016/2017 
(‘000) 

2017/2018 
(‘000) 

State Area Product. Area Product. Area Product. Area Product. Area Product. 
NSW 600 900 575 835 525 890 525 890 600 618 
VIC 400 700 483 647 315 387 360 720 450 750 
SA 300 500 302 314 211 293 210 390 250 375 
WA 1180 1800 1247 1635 1143 1528 1240 2200 1347 1900 
Total 2480 3900 2607 3431 2194 3098 2335 4200 2647 3643 

Figure 3.3: Canola growing districts in Australia, the darker green indicates higher production 
(source: http://yieldgapaustralia.com.au/maps/) 

2.2 Challenges faced by canola growers 

Every agricultural crop is challenged by various stresses over its growth cycle. These stresses 

can be subdivided into biotic and physiochemical (abiotic) stresses (Levitt, 1980). Biotic stress 

conditions include attacks by various diseases caused by pathogens (fungi, bacteria and 
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viruses), insect/pest attacks, while abiotic stresses occur due to sub-optimal climatic, soil 

nutrient and moisture conditions. 

2.2.1 Abiotic stresses 

Drought, cold temperatures, high temperatures and high salinity are significant abiotic stresses 

faced by the canola industry (Zhang et al., 2014, Ahmad and Prasad, 2011, Xiong et al., 2002). 

Of these, winter/spring frost damage and cold stress are common problems in Australia and 

some other temperate countries. Globally, about 20% of irrigated lands are under salinity stress 

accounting for a considerable amount of harvest loss worldwide (Pitman and Lauchli, 2002). 

These abiotic stresses collectively reduce the crop yield and oil quality in affected areas (Zhang 

et al., 2014). Global warming due to elevated CO2 levels is likely to increase the chance of heat 

stress and drought stress events in Australia and around the globe (Qaderi et al., 2006).  

2.2.1.1 Cold stress and freezing stress 

Cold stress and freezing stress are abiotic stress factors encountered by canola and other cereal 

crops in Australia, such as wheat and barley. In general, low temperatures can cause cellular 

damage in many plant species though the type of damage and the causative mechanisms can 

vary greatly (Chinnusamy et al., 2007). When the temperature is below 10oC many crop species 

experience chilling injury (Karabudak et al., 2014) while temperatures below 0oC can cause 

freezing injury (Chinnusamy et al., 2007). The damage is expected to be particularly severe in 

tropical climatic varieties when temperatures drop even slightly below zero (freezing). Annuals 

such as legumes, grasses, cereals, horticultural, oil crops and perennials can be susceptible to 

frost damage. Injuries may affect the whole plant or damage certain parts of the plant, reducing 

yield and product quality. However, temperate plants can also be subjected to considerable 

damage if the frost event is long and severe (Snyder and Melo-Abreu, 2005). A number of crop 

plant species have been shown to obtain freezing tolerance by the process of “cold acclimation” 

when they are subjected to temperatures below 10oC but above 0oC for some time before a frost 

event (Ahmad and Prasad, 2011). 

2.2.1.2  Frost in Australia 

Frost events in Australia lead to loss of about 360 million dollars to the agricultural crop 

industry annually (Wahlquist, 2013, Condon, 2015). They are common at higher altitudes, with 

the incidence of frost naturally higher in alpine areas of New South Wales, Victoria and 
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Tasmania. Figure 2.4 highlights the areas under frost risk with the number of days of risk within 

a year at a threshold level of a minimum of 2oC.  The areas of frost risk largely coincide with 

crop production [Figure 2.3] in NSW, VIC and to a lesser extent in southern parts of WA. The 

Grain Research and Development Corporation frost initiative is currently developing strategies 

to overcome the frost damage in terms of genetics, management and environmental prediction.  

Wheat and barley germplasm are currently under screening for frost tolerance while chemicals, 

nutrients and novel management practices are tested for their potential impact on improving 

frost damage.  

 

 

Figure 2.4: Frost risk areas in Australia 
(source: http://www.bom.gov.au/jsp/ncc/climate_averages/frost/index.jsp Bureau of Meteorology, 
accessed 04/10/2018) 
 

Frost events occur when the ground and the surrounding air cools down by emitting heat to the 

atmosphere. The process starts from ground level and moves upward to create the frost event. 

A clear sky, low humidity and little or no wind favours ice formation. These are key features 

in winter and spring making these the most vulnerable period for frost damage. Standard 

meteorological observations are taken using instruments housed in Stevenson screens. These 

are located about 1.2-1.5 m above ground level. On average, the screen temperature is 2.2oC 
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higher than the temperature at the ground level. If the temperature in the Stevenson screen is 

2.0oC, plants at ground level are likely to experience a frost event. For temperatures between 

0oC and 2oC in the screen, the severity of frost damage may vary depending on the height of 

the plant, however a 0oC may negatively affect plants of all sizes (Grey, 2014). 

2.2.1.3 Effect of freezing on plants 

Low temperature damage in plants can be categorised into 3 stages: cold damage, desiccation 

damage and freezing damage. Cold damage occurs when the temperature drops between 5oC 

and -2oC. When plants experience a temperature between 0oC and -2oC, they are subjected to 

desiccation damage, at which the cellular water diffuses from the cell to form extracellular ice 

crystals (Hincha and Zuther, 2014). This dries out the plants, with the effect often visible as 

brown dry tips at leaf ends. When the temperature falls below -2oC, the plants undergo freezing 

damage as a result of ice nucleation and ice crystal formation within the cells (Snyder and 

Melo-Abreu, 2005). The severity of frost damage depends on how fast the temperature drops 

to zero or below, the persistence of subzero temperatures and the minimum temperature the 

crop experiences (Grey, 2014).  

During low temperatures the osmotic potential inside cells is reduced, mechanical constraints 

are produced, and the activity of macromolecules is altered (Xiong et al., 2002). Often, low 

temperatures block the expression of the complete genetic potential of a plant by severely 

obstructing important metabolic pathways and inducing osmotic and oxidative stresses. 

Reduced ability of plants to assimilate O2 in cellular metabolism during cold stress favours the 

conversion of excess O2 into reactive oxygen species (ROS). Thus, the level of ROS inside 

cells is increased during stress conditions (Chinnusamy et al., 2007). These toxic chemicals 

lead to peroxidation of the cell wall and weaken the photosynthetic machinery by destroying 

chloroplast structure (Lei et al., 2015). During chilling temperatures, plants are unable to uptake 

water effectively (Chinnusamy et al., 2007). Cell membrane fluidity can also be affected. 

Membrane permeability is lost during chilling injury, with the membrane lipid turning from a 

liquid crystalline phase into a gel phase (Karabudak et al., 2014). These changes can influence 

the calcium transport between cells with increased influx of Ca+2 ions into cellular cytoplasm 

being commonly observed in cold stressed plants (Xiong et al., 2002).  

Freezing damage occurs due to dehydration (Chinnusamy et al., 2007) or mechanical injuries 

caused by ice crystals or both. The resulting injury can be physical or chemical or a 
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combination of both factors. Once these plants have been thawed, the damaged leaf areas 

appear ‘water soaked’. After about ten days, frost affected areas show a bleached appearance. 

Frost damage is dependent on the species, its normal growth temperature, the severity of the 

frosting event and the duration of the sub-zero temperatures. The temperature at which the frost 

damage becomes lethal depends on several factors including the tissue water content, the age 

of plant tissue, the genotype, the duration of the freezing event, the structure of the plant tissues 

and the stage of cold acclimation, if any (Gusta et al., 2003). A plant injured by freezing and 

exposed to high intensity light will generally suffer severe damage (Ahmad and Prasad, 2011). 

Plants are able to withstand freezing by super-cooling cell water or by other mechanisms of 

freezing tolerance. Some plants show mechanisms of ‘hardening’ during extended periods of 

cold temperatures, allowing them to better withstand frost damage (Chinnusamy et al., 2007). 

This process appears to be linked to elevated solute content in plant tissues and/or decreasing 

concentration of ice nucleation active (INA) bacteria (Snyder and Melo-Abreu, 2005). 

Horticulturists commonly use the term ‘acclimation’ to refer to cold stress adaptation shown 

by plants (Levitt, 1980). Some temperate plants can cold acclimate to withstand extracellular 

ice formation. Winter crops frequently demand ‘vernalisation’ needing a period of low 

temperatures to induce the subsequent development of flowering (Bastow et al., 2004). This 

avoids flowering plants facing the winter cold stresses and allows them to pass the winter 

period as pre-reproductive individuals (Chinnusamy et al., 2007). Winter type rapeseed 

varieties demand vernalisation and flower during early spring (Lardon and Triboi-Blondel, 

1995), while spring types do not require such conditions and generally flower during their first 

summer (Ferreira et al., 1995). 

2.2.1.4 Frost damage on canola 

The canola crop is most vulnerable to frost damage during the flowering and into the early 

podding stage where seeds contain about 60% seed moisture. If the frost event occurs during 

the early flowering stage, plants are able to minimise the damage by developing new 

inflorescences. Damage which occurs during the early pod stage is the most severe in financial 

terms as the pods are aborted and the plants do not have sufficient reserves to develop new 

flowers. During slight frost events, open flowers may be aborted but the buds and young pods 

may survive. However, during severe frost events the buds turn yellow, die and fall off the 

plant leaving gaps in the growing inflorescences [Figure 2.5]. The pods become blistery in 

appearance and turn yellow green with paler blistery surface (DPIRD, 2017). 
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Figure 2.5: Symptoms of frost damage a) soft and scarred brown seeds b) aborted or poorly 
filled siliques c) yellow green blistery siliques  
(source: Department of Primary Industries and Regional Development 
https://www.agric.wa.gov.au/mycrop/diagnosing-frost-damage-canola and Grain Research and 
Development Corporation 
https://grdc.com.au/__data/assets/pdf_file/0020/203735/grdcbpgfrostpulses.pdf.pdf) 
 
 
The quality of canola seeds is greatly affected by frost. Developing seeds become soft, scarred 

and green brown in colour and dry out to unevenly shaped seeds. Frost events during early pod 

filling can cause wrinkled seeds which appear green in colour. This may lead to additional costs 

in processing and can reduce oil quality/quantity and consequently the financial value of the 

product (Wilen et al., 1994). 

Figure 2.6 illustrates the varying susceptibility of different stages of the canola plants to frost 

conditions.  

 

Figure 2.6: Susceptibility of frost damage of pulses and canola over its developmental stages  
(source: frost risk fact sheet- Grain Research and Development Corporation - 2009 
https://grdc.com.au/__data/assets/pdf_file/0020/202826/frost-factsheet.pdf.pdf) 



15 
 

Susceptibility to frost damage increases from the seedling stage through bud formation 

reaching a maximum during late flowering and early pod growth.  Plants that are in the seed 

filling and ripening stages show reduced vulnerability to frost damage. If the frost event is 

extreme and prevails for an extended time, the damage can be remarkably high whatever the 

growth stage of the plants. Overall, plants at flowering to initial stage of bud formation are the 

most susceptible.   

2.2.1.5 Optimum sowing window 

Optimising the timing of sowing seeds is crucial for high yield in canola. The optimum sowing 

window is the period where the average eventual yield can reach a value within 95% of the 

maximum expected yield (DPIRD, 2018). This can slightly vary among different regions of 

Australia, with cultivar and from year-to-year. The sowing window can be shifted by days from 

the previous year’s sowing date depending on the environmental risks (frost and heat) 

associated with cropping (Farre, 2018b). The yield can be maximised by sowing seeds in April 

in areas of medium to low rainfall, while April to mid-May are the best for areas with high 

rainfall. According to field studies conducted in Australia, a yield decline of between 5 and 

12% is observed for each week planting delay after the optimum window (Farre et al., 2002). 

In the major canola producing state of Western Australia, seeds are sown earlier than in other 

states. In the last ten years, sowing of canola in WA has shifted to mid-April (Farre, 2018a). 

For Victoria, the optimum sowing window starts in late autumn (late-May) or early winter 

(early-June) in moist soil. In areas with higher average annual rainfall, this can be moved to 

early spring (September) (Pritchard, 2000).  

2.2.1.6 Cold-acclimation to protect plants from frost 

When some plant species are subjected to low but non-freezing temperatures before a freezing 

event, they can better withstand freezing temperatures during winter seasons. This “cold 

acclimation” or “winter hardiness” process is very complex and may involve various 

physiological changes as well as changes in the expression patterns of cold related genes and 

in cell signalling. Alterations in plant chemical composition during cold acclimation have been 

extensively studied (Zuther et al., 2015). The level of soluble sugars, especially the sucrose 

level, increases during cold acclimation (Waalen et al., 2014). These sugars may have special 

roles as osmolytes, signalling molecules and as cryoprotectants or even help to reduce the 

reactive oxygen species inside the cells (Trischuk et al., 2014).  
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Certain genes which are expressed during low non-freezing temperatures produce cold induced 

stress proteins. One such protein ‘dehydrin’ is a hydrophilic protein which is believed to make 

amphipathic alfa helices to stabilise the dehydrated membranes post-freezing and so act as an 

anti-freeze. The maximum expression of cold induced stress proteins has been shown to occur 

when plants are exposed to low temperatures at the vegetative stage. Transition from the 

vegetative stage to the reproductive stage results in down regulation of cold related genes and 

hence a lesser ability to cold acclimate and to tolerate frost. Once cold acclimated plants are 

re-exposed to ambient temperatures, they are de-acclimated, with the acquired frost tolerance 

ability lost or reduced (Trischuk et al., 2014). Waalen et al. (2014) stated that cold tolerance 

genes were not completely shut down during a de-acclimation event and the plants that are still 

in the vegetative state can re-acclimate better than plants that are already in the reproductive 

stage. 

‘Vernalisation’ which is closely linked to cold-acclimation is conventionally defined as the 

requirement for chilling temperatures to induce or accelerate the onset of the reproductive 

phase of a plant by allowing the shoot apical meristem to initiate floral primordia (Chouard, 

1960, Waalen et al., 2014). It helps plants to overwinter as vegetative plants and induce floral 

transition in springtime when temperatures are high. This phenomenon is exhibited by most 

temperate crop plants including winter canola varieties, and presumably helps the plants to 

avoid flowering too early when conditions are not suitable. The frost tolerance ability of a plant 

can be greatly reduced when a plant is in the flowering stage, rather than the vegetative state 

(Waalen et al., 2014). Spring canola varieties do not require a period at chilling temperatures 

to induce flowering. 

2.2.1.7 Gene regulation during cold/freezing response 

To mitigate stresses imposed by extreme environmental conditions, plants activate their stress 

response pathways. Genes that are involved in the stress response pathways are turned on to 

adjust the cellular context resulting in improved tolerance to the stress condition. 

A number of studies have been carried out to identify the cold-inducible genes that are 

responsible for freezing tolerance in plants (Zhao et al., 2006). These genes are involved in 

stabilising various components within plant cells. For example, a fatty acid desaturase 8 

(FAD8) gene from Arabidopsis helps the plant tolerate freezing by adjusting the cell lipid 

composition (Gibson et al., 1994). Genes hsp70 from spinach (Anderson et al., 1994) and hsp90 
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from B. napus (Krishna et al., 1995) produce molecular chaperons which contributes to 

freezing tolerance by avoiding protein denaturation due to low temperatures. The mitogen-

activated protein (MAP) kinase and calmodulin related proteins (Polisensky and Braam, 1996) 

are other examples of the cold induced genes which encode proteins involved in signalling 

pathways and regulatory pathways (Mahajan and Tuteja, 2005). 

Another important group of genes involved in episodes of low temperature stress are the cold-

responsive genes (COR). They are expressed during chilling temperatures as well as during the 

cold-acclimation process. Further analysis of these genes revealed that they possessed a cis-

acting element DRE (dehydrin responsive elements) or CRT (C-repeats) and some of them 

have an ABRE (Abscisic acid responsive element) in their promotor region. Arabidopsis COR 

genes include COR78/RD29, COR47, COR15a and COR6.6 which encode LEA (late 

embryogenesis abundant)-like proteins (Thomashow, 1998). Based on the expression patterns 

of the LEA genes, Thomashow (1998) suggested that these genes were useful in minimising 

dehydration damage due to freezing. As a result of expression of the COR15a gene, formation 

of hexagonal phase II lipids (a membrane damaging event during low temperature stress) was 

decreased. Arabidopsis COR genes were inducible by abscisic acid (ABA) treatment, but the 

ortholog of COR15a isolated from winter B. napus cv. Jet neuf (BN115) (Jiang et al., 1996, 

Sangwan et al., 2001) was not induced by ABA (Weretilnyk et al., 1993).  

DREB (Dehydrin Responsive Elements Binding) or CBF (C-repeats Binding Factor) 

transcriptional activators are recognised as important regulators of cold-inducible genes.  They 

regulate the expression of genes that are involved in minimising the cellular damage during 

low temperature stress (e.g. genes producing osmolytes, genes detoxifying ROS and genes 

inducing phosphoinositide and hormone metabolism) (Lee et al., 2005, Chinnusamy et al., 

2007). There are three such elements identified; CBF1/DREB1b, CBF2/DREB1c, 

CBF3/DREB1a (Thomashow, 2001). They initiate the transcription of cold-inducible genes by 

binding to the DRE/CRT region (Zhao et al., 2006). Overexpression of transcription factor 

CBF (DRE/CRT binding factor) has been shown to induce the expression of COR and other 

cold inducible genes (Sun et al., 2008). For example, transgenic Arabidopsis thaliana 

overexpressing DREB1b/CBF1 or DREB1a/ CBF3 were able to strongly express the cold-

inducible genes and to deliver a markedly improved tolerance to low temperature stress when 

compared to wild-type plants (Zhao et al., 2006). CBF3 overexpressing plants also showed 

increased levels of proline and total sugars, which were thought to be enhancers of frost 

tolerance and to stabilise the membranes (Thomashow, 2001).  
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A study performed on B. napus cv. Westar plants over-expressing CBF/DREB1-like 

transcription factors BNCBF5 and BNCBF17 showed efficient and continuous accumulation of 

BN115, BN28 (Orr et al., 1992) and BN47 mRNA which are orthologs of Arabidopsis COR 

genes 15,6.6 and 47. The leaves of over-expressers of BNCBF17 showed a dark green waxy 

phenotype in ambient temperatures which was equivalent to that of cold-acclimated wild-type 

plants (Savitch et al., 2005). Studies on Arabidopsis and alfalfa have indicated that there was a 

rapid increase of Ca+2 ions in the cytoplasm during cold/freezing stress (Thomashow, 2001, 

Lei et al., 2015) as a result of sudden influx of ions from the extracellular environment. This is 

a critical element in the expression of cold inducible genes like COR6 and KINI (cold induced) 

in Arabidopsis (Kasuga et al., 1999, Mahajan and Tuteja, 2005) and COR genes in B. napus 

(Sangwan et al., 2001). 

2.2.2 Measuring freezing tolerance 

The effect of a freezing event can be measured by damage to plant tissue but, equally, it is of 

commercial importance to examine the recovery of plants when returned to ambient 

temperatures. 

2.2.2.1 Electrolyte leakage  

The plant cell membrane is, in general, permeable to a limited number of molecules including 

steroid hormones, by diffusion, while not permeable to water soluble molecules such as ions, 

proteins and macromolecules (Mahajan and Tuteja, 2005). However, these plant cell 

membranes easily lose their integrity and stability during and after extreme temperature events. 

During these events, the membrane permeability is increased leading to an augmented release 

of solutes and electrolytes from the plant cells (Bajji et al., 2002). The scale of membrane 

damage depends on the lipid composition, in terms of the proportion of unsaturated to saturated 

fatty acid content of the membrane. The saturated fatty acids tend to solidify at higher 

temperatures than the unsaturated fatty acids, thus the transition temperature at which the 

membrane goes from semi-fluid state to a semi-crystalline state is higher in plants with higher 

proportions of saturated fatty acids. Chilling sensitive plants display higher transition 

temperatures, whereas less sensitive plants show lower transition temperatures. This is because 

the chilling sensitive plants have lower proportions of unsaturated fatty acids than the less 

sensitive plants (Mahajan and Tuteja, 2005).  
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The cell membrane disruption due to extreme conditions can be evaluated by measuring the 

‘electrolyte leakage’ of leaves (Bajji et al., 2002). If the damage to cell membranes is higher, 

then the quantity of solutes released from the cell is higher. To get an accurate assessment of 

the likely impact of solute leakage, the amount of solute released soon after applying the stress 

is shown as a proportion/percentage of the total solute content (i.e. that lost due to stressed 

membranes plus the remaining solutes in the cell) of the leaf tissue. A low percentage 

electrolyte leakage reflects less membrane damage and more tolerance to low temperature 

stress. 

2.2.2.2 Photosynthetic yield 

Inhibition of proper metabolic function, damage to photosynthetic machinery (Baker and 

Rosenqvist, 2004) and reduced utilisation of light (Allen and Ort, 2001) are some of the adverse 

effects initiated by cold stress.  Photosystem II (PSII) is considered a major temperature 

sensitive structure of the photosynthetic apparatus (Schrader et al., 2004). Chlorophyll 

fluorescence (Maxwell and Johnson, 2000) as measured using a MINI-PAM II (Pulse-

Amplitude-Modulation) is an important indicator of the plants’ photosynthetic performance. 

During photosynthesis, not all the light which enters the chlorophyll is utilised. Part of the 

energy is released back as light (chlorophyll fluorescence) or as heat. The level of chlorophyll 

fluorescence greatly depends on the photochemical efficiency of the plant and may be about 1-

2% of the total light which entered the chloroplast (Maxwell and Johnson, 2000). This system 

has been adapted to identify and quantify the low temperature damage in plants (Ottander and 

Oquist, 1990, Fracheboud et al., 1999, de Faria et al., 2013).  

The MINI-PAM II instrument calculates the efficiency of photosystem II (effective quantum 

yield of PSII) using the Genty parameter φPSII (Genty et al., 1989). The instrument can produce 

measurements of plants that are either illuminated or dark adapted (30 min in dark, before 

measurements). The effective quantum yield of illuminated plants is given by φPSII = (Fm'-

F)/Fm' = ΔF/Fm', where Fm is the maximum fluorescence yield and F is the steady state 

fluorescence yield in the presence of light. When the plant samples are dark-adapted, the 

maximum PSII quantum yield is achieved and is given by φPSII = FV/Fm = (Fm-Fo)/Fm, where 

Fm is the maximum fluorescence yield and Fo is the steady state fluorescence yield in the 

absence of light. Due to the convenience and non-invasiveness, effective phytochemical 
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quantum yield measurement has been commonly used to measure the impact of stresses faced 

by plants (Dai et al., 2007, Ashraf and Harris, 2013). 

2.2.2.3 Recovery after cold/freezing test 

Observation of the recovery and subsequent plant performance following a frost event is 

obviously the most practically useful measurement of frost tolerance. Even if a plant shows 

characteristic features of frost tolerant plants such as high photosynthetic ability and low 

electrolyte leakage during a frost event, they need to be able to survive after the cold stress and 

recover to deliver a considerable yield. Measuring the recovery is laborious and time-

consuming. However, it is essential before recommending cultivars as having better tolerance 

to frost conditions in field situations. 

Early emergence of new green shoots and the number of green shoot buds appearing from the 

frost-treated plants are good indicators of recovery after the stress incident (Shabala, 2012). In 

some extreme low temperatures, the plant leaves and the stem are heavily damaged, showing 

a bleached white appearance. But, if the root system is not extensively affected, these plants 

can survive by producing new shoots.  

Examining B. napus seeds for frost damage is another important parameter as it directly affects 

the grain quality and yield. Initially the seeds can be visually evaluated for frost damage. If the 

damage is severe, they have a shrunken appearance with wrinkles on the seed coat. The 

cotyledons inside may appear dark green, as opposed to healthy cotyledons which are yellow 

to lime green (2012) (Canola council of Canada, 2012). The extent of damage to seed viability 

due to frost can be evaluated by checking the percentage of live tissue using fluorescein 

diacetate (FDA) staining and by seed germination tests. Less viability and lower germination 

ability indicating more damage to the seeds. 

2.2.3 Biotic stresses 

Agricultural crops worldwide are susceptible to fungal, bacterial, viral diseases and to attack 

by insects and other pests. Pest attacks account for severe reductions in crop performance in 

Brassicas (Wang et al., 2005). The major and minor pests of Brassica can vary depending on 

the geographical region. Even with appropriate control measures in place, the current average 

annual financial loss due to pests in Australia is about 54 million dollars (Murray, 2013). 

Diamond back moth ($10.3 million), red-legged earth mite ($7.8 million), canola aphids ($5.1 
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million), weevils ($4.3 million) and European earwig ($4.2 million) have been reported to 

cause considerable damage in canola industry (Murray, 2013, Baker, 2009). Many insect 

species, particularly diamond back moth a major pest of Brassicas, have developed resistance 

against pesticides (Wang et al., 2005).  

Fungal diseases can also lead to severe yield losses in many crops. In some crops the total yield 

reduction can be up to 40% (Solgi et al., 2015). Blackleg (Phoma stem canker) is the most 

important disease of Brassica napus in many countries including Australia and is caused by 

two major fungal species Leptosphaeria maculans and L. biglobosa (Fitt et al., 2006). 

Sclerotinia stem rot caused by Sclerotinia sclerotiorum is another important disease of 

rapeseed industry in Australia and in China (Li et al., 2009). Alternaria blight, club-root 

disease, damping-off and downy mildew are other diseases which have significant impacts on 

the canola industry in Australia (GRDC, 2012). 

2.2.3.1 Leptosphaeria maculans as a major pathogen in Australia 

Leptosphaeria maculans (Desm.) Ces. & de Not. causing blackleg in canola is economically 

the most important pathogen of canola in Australia. Blackleg is also distributed in other regions 

including Europe, North America and Africa (Raman et al., 2012a). Ascospores or the sexual 

spores of L. maculans produced inside fruiting structures (pseudothecia) from infected stubble 

are the primary inoculum of blackleg in Australia. Infection can occur at any developmental 

stage, however, its incidence is most common during the seedling to rosette stages. Moist 

conditions and frequent rain results in the release of many ascospores which usually overlaps 

with the sowing season of canola. Ascospores are also wind dispersed. After landing on 

cotyledons and leaves, infection and colonisation occur through stomatal aperture (Van De 

Wouw et al., 2016). As a result, opaline coloured lesions develop on cotyledons and young 

leaves. The fungus then systematically spreads towards the crown, causing stem cankers which 

can reduce the yield or even result in lodging of plants [Figure 2.7]. Rain also releases 

pycnidiospores from the asexual fruiting structures, pycnidia, that are formed in lesions on the 

leaf surface.  This secondary inoculum is spread to the stubble and splash dispersed to nearby 

plants (Salisbury et al., 1995).  

In the 1960s, at the commencement of rapeseed production in Australia, the initial varieties 

introduced were Canadian. In 1972, there was a blackleg disease outbreak across Australia 

indicating that these Canadian varieties were susceptible to blackleg. Since then, 
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comprehensive breeding programs using recurring selection in a closed population were 

established to develop blackleg-resistant cultivars in Australia (Salisbury et al., 1995). During 

this period, sources of blackleg resistance were derived from Japanese and French winter 

germplasm. The first cultivars with canola quality, blackleg resistance and high yields were 

developed in late 1980s (Potter et al., 2016). About fifty per cent of the Australian cultivars 

released in 2000 had ancestry of Asian B. napus or B. juncea while the other half were 

developed using European and Canadian B. napus (Salisbury et al., 2016).  Since 2007, most 

of the commercial cultivar releases have occurred through private companies such as NuSeed, 

Pioneer, Bayer and Cargill. Diversification of Australian canola germplasm was observed 

during that period due to the use of novel gene resources from overseas cultivars (Marcroft et 

al., 2012). The main sources of resistance in Australian spring canola varieties are from 

Japanese spring types and French winter type canola (Light et al., 2011).  

In the last few decades, the Australian research community has also identified genes that are 

important in the host-pathogen interactions between canola and L. maculans. There are two 

modes of resistance reported; major gene (qualitative) resistance and quantitative resistance. 

The qualitative resistance is identified as being of the gene-for-gene type, where for each of 

the resistance genes (R gene) in the plant, there is a matching avirulence gene (Avr) in fungus. 

The R gene recognises the effector proteins produced by Avr and prevents pathogen from 

colonising the plant by activating effector triggered immunity. By contrast, quantitative 

resistance is provided by the additive effect of many genes to restrict the pathogen damage 

(Marcroft et al., 2012). Analysis of the L. maculans genome sequence (Rouxel et al., 2011) has 

provided a better understanding of how the rapid evolution of fungal populations occur in the 

genome making the resistant cultivars susceptible (Van De Wouw et al., 2016). Mapping and 

cloning of avirulence gene have also been achieved. Molecular markers developed for 

identifying these genes are used to monitor the dynamics in virulence of fungal populations in 

areas of canola cultivation (Van De Wouw et al., 2016).  

Commercial canola cultivars in Australia now carry one or more of resistance genes against 

blackleg that act in a gene-for-gene manner with avirulence genes in L. maculans (Marcroft et 

al., 2012). So far, two resistance genes have been cloned into canola. They are, LepR3 (which 

recognises AvrLm1) and Rlm2 (which recognises AvrLm2). Eight avirulence genes have been 

cloned, which include AvrLm1, AvrLm2, AvrLm3, AvrLm4, AvrLmJ1, AvrLm6, AvrLm7, 

AvrLm11 (Van De Wouw et al., 2018). Implementation of improved procedures to manage 

resistance genes in Australia has aided effective control of the disease. Field monitoring sites 
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established in canola growing regions grow a representative cultivar from each resistance group 

to monitor the level of blackleg infection of these cultivars at each growing season. In 2013, 

this process allowed to issue a warning against growing Hyola50 cultivars (which contains 

resistance genes Rlm1 and LepR1) in the Eyre Peninsula, indicating that it showed a higher 

disease severity at the field monitoring site in the area. As a result, the farmers chose other 

resistant cultivars that they have grown before, saving about 13 million dollars loss to the 

canola industry if they were to grow Hyola50 (Van De Wouw et al., 2016, Van De Wouw et 

al., 2018). Collectively, at least one fourth of the yield improvement accomplished through the 

breeding programs over last 30 years was related to improved resistance to blackleg (Potter et 

al. 2016).  

 

Figure 2.7: Common symptoms of blackleg infected B. napus crops. a) & b) Leaves showing 
off-white, creamy lesions c) stem canker at the crown leading to lodging d) stem section 
showing complete colonisation of the fungus e) development of lesions in the upper stem 
sections and f) the siliques (Source: http://www.cesaraustralia.com/sustainable-agriculture/pestfacts-
south-eastern/past-issues/2016-2/pestfacts-issue-no-5-14th-july-2016/blackleg-disease-of-canola-in-
2016/) and (Van De Wouw et al., 2016) 

 

2.2.3.2 Stem rot disease caused by Sclerotinia sclerotiorum (Lib.) de Bary 

Sclerotinia is a necrotrophic pathogen (Lu and Guihua, 2003) which has been found attacking 

over 400 plant species across the world (Wang et al., 2009) including commercially important 

crops such as soybean (Glycine max), sunflower (Helianthus annuus) and alfalfa (Medicago 

sativa) in addition to oilseed rape (Zhao et al., 2004). The incidence of Sclerotinia stem rot 
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disease in B. napus is high in temperate regions of the world (Sotelo et al., 2015) leading to 

significant financial losses for industry. The fungal growth is favoured by wet soil and rainy 

periods. Increased canopy moisture is essential for the infection and development of stem rot 

[Figure 2.8]. Therefore, extended wet conditions during the flowering season favours the 

spread of the disease (Khangura et al., 2018). Sclerotinia can infect the leaves, stems and pods 

at a range of development stages, reducing the overall yield of the plant and can, thus, lead to 

severe financial losses for the industry. In Australia, yield losses of more than 20% have been 

reported during periods of high canopy moisture at flowering (Marcroft, 2008, Khangura et al., 

2018).  

 

 

Figure 2.8: Common symptoms of Sclerotinia stem rot in B. napus a) infected stem base b) 
sclerotia inside an infected stem, c) infected petals starting a stem infection d) infected leaves 
in the lower canopy (https://www.canolawatch.org/2013/01/09/sclerotinia-stem-rot-management/) 

 

2.2.3.3 Alternaria leaf and pod spot disease caused by Alternaria brassicae 

(Berk.) Sacc and A. brassicicola (Schwein.) 

Alternaria leaf and pod spot disease is mainly caused by Alternaria brassicae and infrequently 

by A. brassicicola and is another important disease in oil producing Brassica species, B. napus, 

B. juncea and B. rapa. Canola cultivars are more tolerant to A. brassicicola than to A. brassicae. 

As with most fungal pathogens, this fungus results in reduced yield quality and quantity in 

infected plants [Figure 2.9]. It has the ability to develop in both susceptible live plants and in 

dead plant material making them facultative parasites of living plants (Sotelo et al., 2015). 

Warm and humid spring weather favours the spread of the disease. Significant yield losses are 
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rarely observed, though severe infections can lead up to 36 % yield loss in affected plants 

(Marcroft, 2008, Sharma et al., 2007). Severe epidemics of this disease in oilseed crops have 

been reported over time in Canada, France, India, United Kingdom and Poland.  

 

Figure 2.9: Common symptoms of Alternaria leaf and pod spot disease in B. napus. a) 
Brown/black circular spots with yellow halo on leaves b) and c) black spots on stem and pods 
(Source:https://www.canolacouncil.org/canola-encyclopedia/diseases/alternaria-black-spot/#, 
https://www7.inra.fr/hyp3/pathogene/6altbra.htm#ima) 

2.2.3.4 Management practices for fungal diseases in canola 

So far, the most efficient management practice has been the growing of resistant cultivars. 

However, there is a constant evolution of pathogenic strains making the resistant varieties more 

susceptible to the pathogen over time. Healthy cultural practices to minimise the inoculum in 

the stubble and crop rotation are important measures to prevent extreme epidemics (Van de 

Wouw et al., 2014). Yet, the increasing popularity of the crop urges the need for more advanced 

solutions to avoid such extreme epidemics (Van De Wouw et al., 2016, Howlett et al, 1999). 

2.3 Brassica napus crop trait improvement 

Because of its high commercial value (Zhang et al., 2014) and close evolutionary relationship 

to many important cruciferous vegetables, B. napus continues to be an important research 

model crop species (Yang et al., 2009, Snowdon and Iniguez Luy, 2012). Williams and Hill 

(1986) expanded the application of Brassica species in research, teaching and learning by 

developing rapid-cycling populations for six important Brassica crop varieties, B. rapa, B. 

oleracea, B. juncea, B. carinata, B. nigra and B. napus. Brassica napus was used as a model 

plant in understanding the changes occurring in gene expression due to the evolution of 

polyploidy (Albertin et al., 2006).  The genome of B. napus has also been explored extensively 

https://www.canolacouncil.org/canola-encyclopedia/diseases/alternaria-black-spot/
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to identify and utilise genes which can provide partial or complete resistance against common 

diseases in Brassica (Zhao, 2003). Genetic loci which are responsible for oil quality (Qiu et 

al., 2006) and seed yield (Quijada et al., 2006) have also been explored to gain insights relevant 

to crop trait improvement strategies. Gene function studies have been carried out on important 

genes in B. napus, for example ‘flowering time genes’ (Zou et al., 2012, Robert et al., 1998). 

The availability of a B. napus genome sequence (Chalhoub et al., 2014) further expands 

avenues for more advanced research to better understand and utilise our understanding of this 

crop genome. 

2.3.1 Conventional breeding  

Conventional breeding technologies are extremely useful in improving the genetic diversity of 

B. napus by effectively utilising the Brassica gene pool. Recurrent selection, backcrossing, 

pedigree and mutation breeding are among conventional breeding techniques commonly 

practiced. Molecular breeding uses genetic markers for progeny selection (Miah et al., 2013). 

However, these techniques involve extensive time and labour inputs to introduce a new trait 

taking at least 8-10 generations to produce a new commercial variety (Rahman et al., 2015, 

Bhalla and Singh, 2008).  

Within the B. napus (canola) species, there exists a low genetic diversity among spring and 

winter type canola varieties when compared to the Chinese semi-winter type (flowers after a 

short period of vernalisation) varieties. These have been developed by AFLP marker-assisted 

introgression with Chinese B. rapa (Qian et al., 2006). Hasan et al. (2006) further confirmed 

the low diversity among spring type B. napus, by discovering a low number of unique alleles 

in a group of 96 spring accessions tested using simple sequence repeat (SSR) markers. Many 

counties including Australia, Canada and USA and northern European countries were 

concerned about this poor genetic diversity as spring varieties were their main canola crop type. 

The two diploid progenitor species: B. rapa and B. oleracea, have a high variation in 

morphology when compared to B. napus. Mining the genetic diversity of these two species 

could be beneficial in increasing the genetic diversity of B. napus and in obtaining cultivars 

with commercially superior qualities (Rahman et al., 2015). 
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2.3.2 Gene modification 

Agrobacterium mediated genetic transformation is the most commonly used methodology in 

the production of transgenic plants. Among various species, Agrobacterium tumefaciens in the 

family Rhizobiaceae is the most commonly used species in genetic engineering (Qian et al., 

2012). Agrobacterium tumefaciens is a gram-negative soil bacterium which causes crown gall 

disease in plants (Coutu et al., 2007). Even though A. rizogenes is also able to transform B. 

napus, A. tumefaciens has become bacterium of choice of most scientists as the use of A. 

rizogenes can lead to plants with undesirably abnormal phenotypes (Bhalla and Singh, 2008). 

This naturally occurring horizontal gene transfer mechanism has made A. tumefaciens the 

ultimate vector for genetic transformation studies (Lacroix and Citovsky, 2013).  

Genetic engineering provides the capacity to place genes into crops for traits which cannot be 

done through conventional breeding. These techniques directly insert a specific gene into a 

plant genome while not undesirably affecting its genetic background (Bhalla and Singh, 2008). 

Even though Brassica napus is said to be relatively recalcitrant to genetic alteration 

(Boszoradova et al., 2011), about 25 years ago initial attempts toward the production of 

transgenic rapeseed using A. tumefaciens took place (Pua et al., 1987, Fry et al., 1987). Since 

then, many genetic transformation studies have been conducted on different B. napus varieties 

and have demonstrated significantly varying transformation efficacies. The recent availability 

of total genome sequences appears promising in assisting advances into B. napus genetic 

studies (Chalhoub et al., 2014). In most gene transformation studies, dominant traits have been 

introduced since it helps to reduce the scale of the extensive downstream breeding programs 

needed to develop commercial varieties (Bhalla and Singh, 2008).    

2.3.3 Genetic engineering as a disease control measure  

In the past few decades, several new genes from different cultivars of the same species and 

from related species have been introduced and tested for resistance against common diseases 

of B. napus (Ceasar and Ignacimuthu, 2012). Brogue et al. (1991) initially demonstrated that 

the bean chitinase gene could enhance the tolerance of transgenic tobacco and canola seedlings 

to Rhizoctonia solani. Grison et al. (1996) then utilised a hybrid endo-chitinase gene developed 

using tomato chitinase cDNA and a synthetic homolog of tobacco to demonstrate the ability of 

foreign genes to confer tolerance to important diseases of canola, including blackleg, 

Sclerotinia stem rot and Cylindrosporium concentricum. 



28 
 

Wang et al. (1999) tested the efficiency of 4 different genes to provide resistance against 

blackleg in canola, namely PR10.1 (disease resistance response protein), chitinase, DRR206 

(Dirigent protein, a pathogenesis related protein) and a defensin from pea (Pisum sativum). 

Transgenic plants expressing the DRR206 gene showed relatively low disease severity 

compared to wild-type plants, with decreased hyphal growth at inoculation points. The defensin 

expressing transgenic plants showed a very small improvement in tolerance. The other two 

genes showed negligible enhancement of disease resistance. The tolerance ability of the two 

genes DRR206 and the pea defensin were further confirmed by the finding that extracts from 

those 2 transgenic plant types inhibited germination of L. maculans in vitro (Wang et al., 1999).  

Other genes have been tested to engineer Sclerotinia resistance in B. napus with promising 

results. These include B. napus mitogen-activated protein kinase (BnMPK4) gene (Wang et al., 

2009), B. napus polygalacturonase-inhibitor gene 2 (PGIP2) (Huangfu et al., 2014), wheat 

oxalate oxidase gene (OXO) which oxidises an important pathogenicity factor secreted by 

Sclerotinia; oxalate, to CO2 and H2O2 (Dong et al., 2008), rice lipid transferase (LPT) gene 

(Fan et al., 2013) and an endo-chitinase gene (chit33) from the biocontrol fungus Trichoderma 

atroviride. Further examples included a class I basic glucanase gene from tomato (Mondal et 

al., 2007) which had some effect against Alternaria, and an antimicrobial peptide (PmAMP1), 

isolated from western white pine (Pinus monticola) (Verma et al., 2012) which was effective 

against blackleg, Sclerotinia and Alternaria. 

Even though some genes showed promising results when overexpressed in the source 

organism, they did not always work in the target crops for the same or related pathogens. For 

example, an osmotin construct which showed resistance to Phytophthora infestans in 

transgenic potato was unable to show any tolerance in transgenic tobacco challenged with P. 

parasica (Liu et al., 1994).  

2.3.3.1 Oryza sativa ACBP5 cDNA for fungal disease control 

The rice ACBP gene family has been studied in detail by Meng et al. (2011) who described its 

phylogeny, expression patterns and potential functions. The discovery of a 10 kDa ACBP from 

the rice phloem sap was the beginning of further investigations into this gene family. It is 

considered as a long-distance acyl-CoA transporter and a potential transporter of acyl-CoA 

esters from companion cells to sieve elements in plants (Suzui, 2006). Recent findings of the 
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potential use of A. thaliana ACBPs (Xiao and Chye, 2009, Xiao and Chye, 2011a, Du et al., 

2016) triggered investigations into the potential roles of rice ACBPs in plant stress mediation.  

As in A. thaliana (Xiao and Chye, 2009, Du et al., 2013), there are six ACB proteins in rice 

(OsACBP1 - OsACBP6), with the lengths of these proteins ranging from 91 to 655 amino acids 

(Meng et al., 2011). Rice ACBP1 to ACBP3 have lengths of between 91 and 155 amino acids. 

ACBP4 is 569 amino acids long. OsACBP5 is 569 amino acids long and OsACBP6 is 655 

amino acids. OsACBPs are classified depending on the size and on the domains present in each 

protein. OsACBP1- OsACBP3 belong to class I which includes small ACBPs. OsACBP4 

having ankyrin repeats (30-34 amino acids long motif with two alpha helices separated by a 

loop) is included in Class II. OsACBP5 belongs in the large ACBP protein class III, while 

OsACBP6 is categorised as a Class IV as it has a kelch motif (β-propeller tertiary structure 

made from 44-56 amino acid residues) (Meng et al., 2011).  

Rice ACBP5 is 569 amino acids in length and unlike other proteins it contains a C-terminal 

acyl-CoA binding domain. It belongs to class III ACBPs which includes all the large ACBPs. 

The expression profile of ACBP5 showed that this protein was highly expressed during the 

entire reproductive stage. The response of ACBPs during salinity treatments also showed that 

the mRNA levels of ACBP5 and ACBP4 increased and peaked within 12 h post treatment and 

then remained steady at a high level (Meng et al., 2011). Wounding treatment suppressed 

ACBP1 to ACBP4, however, the mRNA levels of ACBP5 and 6 peaked at 30 min post 

wounding, but then dropped to a level lower than in the unwounded controls (Meng et al., 

2011). Rice plants infected with rice blast fungus (Magnaporthe grisea) induced specific 

expression of ACBP5, while all the other ACB proteins were suppressed (Meng et al., 2011). 

This finding suggested that the rice ACBPs were involved in plant stress mediation while rice 

ACBP5 may have additional roles in pathogen defence.   

Subcellular localisation studies on rice ACBPs showed that ACBP5 was confined to the tubular 

region of the endoplasmic reticulum which is suspected to be linked to its potential roles in 

defence against diseases (Jelitto-Van Dooren Ep et al., 1999, Meng et al., 2014). ACBP4 is 

associated with both cisternae and the tubular regions of the ER and it remains to be 

investigated whether the functions of two proteins overlap. However, the overexpression of 

ACBP5 during pathogen infection and salicylic acid treatment and the fact that pathogenesis-

related (PR) proteins are secreted from the ER, suggests that this protein has a role in defence. 
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Both ACBP4 and 5 may help the synthesis and export of phospholipids and lipid droplets from 

the ER (Meng et al., 2014). 

2.3.4 Genetic engineering for cold/freezing tolerance 

Genetic transformation to induce cold tolerance has been tested in many plants by introducing 

genes responsible for osmo-protectants (Tarczynski et al., 1993), membrane lipid modifiers 

(Ishizaki-Nishizawa et al., 1996, Kodama et al., 1994), detoxification enzymes (McKersie et 

al., 1996) and late embryogenesis abundant (LEA) proteins (Xu et al., 1996). Anti-freezing 

proteins (AFP) and ice binding proteins (IBP) are another type of protective measure found in 

a very limited number of plants species that are freezing tolerant. Therefore, some researchers 

have attempted to introduce IBP from fish, insects and other animals into plants to test their 

potential to confer freezing tolerance (Dumana and Wisniewski, 2014).   

Kasuga et al. (1999) used a stress inducible rd29A promoter to drive a stress inducible 

transcription factor DREB1A in Arabidopsis thaliana and showed that the transgenic plants 

were better tolerant to stresses including cold, drought and salinity (Kasuga et al., 1999). In 

relation to B. napus, Jaglo et al. (2001) showed that by overexpressing Arabidopsis CBF genes 

in B. napus, the expression of cold related genes Bn115 and Bn28 was induced, leading to 

elevated freezing tolerance in both cold-acclimated and non -acclimated plants. A detailed 

study conducted by Chen et al. (2008) on ACYL-COA-BINDING PROTEIN 6 (ACBP6) from 

A. thaliana revealed that the overexpression of the gene from Arabidopsis thaliana conferred 

freezing tolerance and when the same gene was knocked-out, the plants showed increased 

sensitivity to freezing stress.  

2.3.4.1 Arabidopsis thaliana ACBP6 cDNA for cold/freezing tolerance 

The ACBP family of A. thaliana has been studied extensively with six isoforms identified- 

ACBP1 to ACBP6 which appear to be involved in alleviating stress (Du et al., 2013). The size 

of these proteins ranges from 10.4 kDa to 73.1 kDa. Of these 6 proteins, three are cytosolic 

proteins. They are ACBP4, ACBP5 and ACBP6 (10.4 to 73.1 kDa). The acyl-CoA-binding 

domain in ACB proteins can bind to thiol esters of long chain fatty acids and coenzyme A with 

high affinity and specificity (Xiao and Chye, 2009). Acyl-CoA is involved in gene regulation 

and intermediary metabolic regulation of plants, including acting as a crucial intermediate in 
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fatty lipid synthesis and fatty acid degradation (NCBI conserved protein domain family ACBP, 

accessed 14.05. 2018). 

Among this family, ACBP6 has been shown to play a key role in frost tolerance in A. thaliana. 

Chen et al. (2008) confirmed that the ACBP6 protein (10 kDa) resided in the cytosol of plant 

cells. The cytosolic ACB proteins act as intracellular acyl-CoA transporters and are engaged 

in acyl-CoA pool formation (Hsiao et al., 2014).  

PLDα1 and PLDδ are important phospholipases that are involved in frost tolerance activity in 

Arabidopsis thaliana. When PLDα1 is suppressed and PLDδ is overexpressed, such plants can 

better withstand freezing temperatures (Li et al., 2004). ACBP6-mediated cold and freezing 

temperature tolerance is suggested to be facilitated by PLDδ. Northern blot analysis revealed 

that the ACBP6 overexpressing lines showed higher expression of phospholipase Dδ (PLDδ) 

and lower transcript levels of phospholipase Dα1 (PLDα1) at cold-acclimated, non-acclimated, 

freezing or thawing conditions than the wild-type, whereas the acbp6 mutant lines had a lower 

expression of PLDδ than the ACBP6 overexpressing lines and the wild-type (Chen et al., 2008).  

Phosphatidic acid (PA) is generally synthesised using PLD δ during freezing and stimulates 

non-lamellar phase membrane lipid activity while inhibiting ‘phospholipase A’ activity, so 

helping to prevent membrane damage during freezing. Chen et al. (2008) further reported that 

there was around 70% more PA accumulation in ACBP6 transgenics than in wild-type plants 

(specifically 34:3 PA, 34:2 PA, 36:6 PA, 36:5 PA, 36:4 PA, 36:3 PA, and 36:2 PA) (p<0.05), 

even though wild-type plants also showed slightly increased PA levels after the freezing 

treatment. The total amount of phosphatidylcholine (PC) decreased by 25% in wild-type plants 

while the decrease was around 50 % for ACBP6 lines. Most of the decreased PCs were 

correlated to above-mentioned PA forms, suggesting that these were the substrate for PA 

synthesis. Phospholipase Dδ has been suggested as stabiliser of the cellular membranes of 

plants during freezing by interacting with the cell cytoskeleton (Chen et al., 2008, Li et al., 

2008). These putative mechanisms suggest that AtACBP6, or its ortholog, could have the 

potential in engineering freezing tolerance in agricultural crops.     

Tongson (2017) introduced AtACBP6 under the control of the CaMV 35S promoter into B. 

napus using Agrobacterium mediated transformation. The screening of transgenic AtACBP6-

overexpressing plants in non-acclimated conditions indicated that they were more tolerant to 

freezing at early podding stage in terms of physiological parameters such as the electrolyte 

leakage, efficiency of photosystem II (PSII), boundary layer modelling of efficiency of 
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photosystem II, CO2 assimilation rate, stomatal conductance and intercellular CO2 

concentration. The developing embryos of the transgenic plants were also better protected 

during the freezing treatment (Tongson, 2017).                                                                                      

2.4 Genetic engineering of plants  

Regeneration from a convenient explant type is vital in tissue-culture based genetic 

transformation as the initial genetically modified (GM) cell or cell mass must be developed 

into a fully functioning GM plant. The two major ways to regenerate plants are through somatic 

embryogenesis and through organogenesis (Tang et al., 2011). Organogenesis is the most 

widely used regeneration method and has been optimised for various canola cultivars. This 

involves the development of plant organs such as roots and shoots from a mass of 

undifferentiated cells. It is achieved by applying a combination of plant growth regulators 

(especially auxins and cytokinins) at desired concentrations, in the tissue culture medium.  

Some plant somatic cell types can develop embryonic tissues by a process called somatic 

embryogenesis (Feher et al., 2003). This method reduces the time required to prepare individual 

explants and reduces the subsequent subculturing steps to increase the number of transformed 

shoots. Somatic embryogenesis is advantageous in regenerating species in which root 

development is difficult. Since somatic embryos can be encapsulated and handled as seeds, 

improved clones can be more readily produced on a commercial scale. This procedure can be 

coupled with genetic transformation as well. However, due to the complicated nature of the 

technique required to establish somatic embryogenesis and the inconvenience of the procedures 

involved, this method of regeneration is not frequently used in canola. Immature cotyledons, 

protoplast derived cultures, microspores and hypocotyl tissues are the sources of plant material 

used for somatic embryogenesis in canola (Cardoza and Stewart, 2007) 

2.4.1 Factors that govern successful in vitro regeneration and gene 

transformation 

The success of genetic transformation may rely on several factors such as the Agrobacterium 

strain and concentration, tissue culture media components, genotype of the plant material and 

explant type (Boszoradova et al., 2011). 
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2.4.1.1 Explant type 

Hypocotyls (Radke et al., 1988, Cardoza and Stewart, 2003), cotyledonary petioles (Moloney 

et al., 1989, Bhalla and Singh, 2008), microspores (Fukuoka et al., 1998, Chen and Beversdorf, 

1994), protoplasts (Hu et al., 1999) and stem sections (Pua et al., 1987, Fry et al., 1987) have 

been used in B. napus transformation and regeneration experiments (Maheshwari et al., 2011). 

However, cotyledons generally show a higher regeneration percentage when compared with 

hypocotyls (Tang et al. 2011). Most transformation protocols based on hypocotyl explants use 

a additional step, in which the explants are preconditioned in the MS medium for one (Khan et 

al., 2003) to three (Maheshwari et al., 2011) days before inoculation. This helps them overcome 

the necrosis problem which is very common in dissected hypocotyl explants. Preconditioning 

is generally not used for cotyledon explants (Moloney et al., 1989, Bhalla and Singh, 2008). 

2.4.1.2 Explant age and genotype 

Tissue culture regeneration of Brassica species is sensitive to the age and genotype of the 

explant material. Sterile in vitro-grown plants are generally used to obtain explants for tissue 

culture-based Agrobacterium meditated gene transformation. If not, sterilisation procedures 

need to be employed before explant preparation, which is an additional stress to the plant 

material (Poulsen, 1996). Young tissues are much more capable of producing calli and 

regenerating than older tissues (Smith, 2012). Explants obtained from seedlings which are 4-

day-old are believed to be more responsive in tissue culture medium than older seedlings. 

Additionally, preparing explants from seedlings is beneficial because they are convenient to 

handle and reduce the cost of maintenance and labour when compared to the use of mature 

plants (Bhalla and Singh, 2008). Hypocotyls from 5 to 7-day-old seedlings (Cardoza and 

Stewart, 2003, Boszoradova et al., 2011, Liu et al., 2011a) and cotyledons prepared from 4 to 

6-day-old seedlings (Moloney et al., 1989, Bhalla and Singh, 2008) are more effective than 

explants derived from older seedlings (~10 days) in Agrobacterium mediated transformation.  

When considering the genetic background, there may be variations within or between different 

genotypes, varieties and species that affect transformation efficiencies (Smith, 2012). Among 

major Brassica species, B. oleracea has been reported as the easiest to regenerate while B. rapa 

the most recalcitrant (Poulsen, 1996). Brassica napus spring type varieties are more readily 

transformed with the model variety often being “Westar” (Bhalla and Singh, 2008, Poulsen, 
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1996, De Block et al., 1989, Damgaard et al., 1997).  But recently, cultivar GSL-1 has been 

shown to have an even greater regeneration ability (Cardoza and Stewart, 2007). 

2.4.1.3 Plant growth regulators 

The concentrations and the combinations of plant growth regulators (PGR) may need to be 

optimised for the particular growth response required. For example, auxins [indole-3- acetic 

acid (IAA) 2, 4-dichlorophenoxyacetic acid (2,4-D) and 1-naphthaleneacetic acid (NAA)], a 

major group of PGRs, generally, stimulate cell division and root initiation and are involved in 

cell enlargement, vascular tissue differentiation and in apical dominance. But, high levels of 

auxins can lead to undesirable levels of auxin-mediated ethylene production, which can impair 

morphogenesis (Davies, 2010). Therefore, it is vital to carefully optimise the concentrations 

and combinations of these constituents for each genotype to obtain desired response from 

explants in the tissue culture medium as well as to obtain acceptable rates of regeneration of 

plants.  

2.4.1.4 Agrobacterium strain 

Several strains of Agrobacterium have been exploited for rapeseed gene modification. Some 

of the common strains are LBA4404 (Moghaieb et al., 2006, Boszoradova et al., 2011), 

GV3010 (Liu et al., 2011a, Maheshwari et al., 2011), GV3850 (Cardoza and Stewart, 2003), 

EHA101 (Moloney et al., 1989, Khan et al., 2003) and C58 (Wang et al., 2003).  Use of high 

concentrations of Agrobacterium makes the explants necrotic and the transformation success 

can be reduced greatly. Bhalla and Singh (2008) reported that necrosis also occurred when 

explants were exposed to Agrobacterium solution for an excessive period. Additionally, a 

putative vir gene inducer acetosyringone, is routinely used in transformation experiments 

(Cardoza and Stewart, 2003) to enhance the genetic transformation. However, Moloney et al. 

(1989) indicated that the addition of such compounds to the inoculum does not significantly 

increase the transformation efficiency. 

2.4.1.5 Co-cultivation time 

Co-cultivation of explants with Agrobacterium is a critical step in Agrobacterium mediated 

transformation. This provides the conditions necessary for Agrobacterium to infect and then 

genetically transform the plant tissues (Bhalla and Singh, 2008). Usually the co-cultivation 

period is about 48-72 h (Moloney et al., 1989, Liu et al., 2011a). However, after co-cultivation 
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it is important to avoid excessive growth of bacterium on explant surfaces to avoid necrosis. 

By employing antibiotics such as cefotaxime, timinitin (Halfhill et al., 2001) and carbenicillin 

(Bhalla and Singh, 2008, Boszoradova et al., 2011) unnecessary Agrobacterium growth can be 

diminished. 

2.4.1.6 Plant selection after transformation  

Selectable markers play a vital role in plant transformation studies as they are the tools of 

choice for efficiently checking the success of genetic transformation (Sundar and Sakthivel, 

2008). Usually, a selectable marker is inserted into the plant along with the gene of interest in 

the T-DNA region of the binary plasmid to facilitate the selection process of putatively 

transformed plants. The concentration of the selective agent should be adjusted to a level at 

which it will not adversely affect shoot initiation but at the same time separate transformed 

from un-transformed shoot initials. To avoid the accidental selection of non-transformed plants, 

a later round of selection with a much higher concentration of selective agent can be employed, 

when the plants which have passed through the first selection round have grown and are more 

robust (Bhalla and Singh, 2008). Delaying the initial exposure to the selective agent has been 

recommended to elevate the transformation efficacy (Boszoradova et al., 2011). This may 

provide more time for the proliferation and recovery of transgenic cell lines in explant tissues.  

The Npt II or neo gene for kanamycin resistance is one of the most common selectable markers 

utilised in gene transformation studies and was initially derived from the Tn5 transposon 

(Bevan et al., 1983, Fraley et al., 1983) of Escherichia coli. The kanamycin antibiotic is an 

active amino glycoside which is able to adversely affect the protein synthesis machinery in 

prokaryotes by binding into the 30s subunit of the ribosome, thus interfering with initiation 

complex formation and the accuracy of translation (Sundar and Sakthivel, 2008). If a callus 

tissue has been successfully transformed with a gene of interest plus the kanamycin resistance 

gene (NptII) as a cassette, the NptII/neo gene can synthesise an amino glycoside 3’ 

phosphotransferase II which can phosphorylate the aminoglycosides kanamycin or neomycin 

(Beck et al., 1982) rendering these antibiotics essentially harmless to the protein synthesis 

machinery. This means the successful transformants, and only they, are able to survive and 

grow in the antibiotic supplemented media.  

A hygromycin resistance gene (Hpt) isolated from E. coli shows resistance to the amino 

glycoside antibiotic, hygromycin B produced by Streptomycin hygroscopicus (Htwe et al., 
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2014). The Hpt gene can produce hygromycin B phosphotransferase (Tian et al., 2009) to 

detoxify hygromycin which would otherwise interfere with the ribosomal binding sites in plant 

mitochondria and chloroplasts and disrupt polypeptide chain synthesis. Thus, susceptible plants 

show chlorosis due to impaired chlorophyll production, and plant growth may be inhibited 

(Sundar and Sakthivel, 2008). The Hpt gene has been utilised as a selection marker in grasses 

and in species which are unable to be screened with kanamycin (Miki and McHugh, 2004).  

Showing resistance to herbicides such as glufosinate ammonium (BASTA®) is another 

convenient method of identifying successfully transformed crop plants (Khuong et al., 2013). 

The bar gene (which was originally characterised in Streptomyces hygroscopicus) is the most 

commonly used herbicide resistance marker in plants (Thompson et al., 1987). It has been 

introduced into a range of plants including rice, soybean, sugarcane and Brassica napus (Mayer 

et al., 2004, Miki and McHugh, 2004) owing to its ability to be used to screen plants from a 

small scale in the laboratory in in vitro cultures to screening in large field trials or in putatively 

transformed plants. Moreover, the screening is relatively inexpensive and rapid compared with 

other selectable markers (Khuong et al., 2013). 

2.4.2 Other methods of genetic transformation 

Apart from tissue culture-based Agrobacterium-mediated transformation, microinjection (Miki 

et al., 1989), direct DNA uptake using polyethylene glycol (PEG) (Golz et al., 1990), particle 

bombardment (Chen and Beversdorf, 1994) and electroporation (Herve et al., 1993, Guerche 

et al., 1987) are approaches which show various transformation efficiencies (Khan et al., 2003). 

There is a growing interest in developing other simple but efficient transformation strategies. 

Dipping the plant at various growth stages in a solution of Agrobacterium has been attempted 

but has yielded a very low transformation rate (Wang et al., 2003). Another popular technique 

is the direct ‘floral dip’ method, commonly practiced with A. thaliana (Zhang et al., 2006). It 

is very low tech and has been used in less pliant plants when labour cost is not a major 

constraint. Because the flower structure of these plants easily allows the penetration of 

Agrobacterium into the developing female gametes, dipping of the developing inflorescences 

produces transgenic seeds. This method has been attempted several times in Brassica napus 

but has shown transformation rates below 2% (Verma et al., 2008, Li et al., 2010). If this 

method could be developed further by genetic modification of the flowers of B. napus to 

improve Agrobacterium access to the developing ovules, then it could enhance the 

transformation process. 
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2.4.3 Traits introduced into Brassica napus and commercialised  

Out of the total area of globally cultivated canola, 30% (10.2 out of 33.7 million hectares) is 

genetically modified, mainly in Canada, USA, Australia and Chile (ISAAA, 2017). To date, 

only a relatively small number of introduced traits have been commercialised. These include 

herbicide tolerance genes, selection marker genes and genes which are capable of induction of 

male sterility and restoration of fertility. For example, InVigor™ canola is a commercial 

Argentine B. napus type cultivar carrying the barnase gene which is capable of inducing male 

sterility in the pollen anthers with the help of RNA interference and also the barstar gene which 

can restore fertility by counteracting the effect of barnase. Additionally, it has the bar gene to 

provide resistance to glufosinate ammonium and NPT II for kanamycin (antibiotic) resistance 

to assist in the selection of transgenic plants during the transformation process (ISAAA, 2016). 

There is a considerable underutilised capacity for genetic modification by exploiting novel 

genes to develop pathogen and stress resistant crops with high yields and improved oil quality 

(Cardoza and Stewart, 2006). 

Australia has been growing GM B. napus since 2008. A ten per cent increase of land under GM 

canola was observed in 2017, when 446,226 hectares of GM canola cultivation during 2016 

was raised to 491,528 hectares during 2017. The highest GM B. napus growing region is 

Western Australia where 366,466 hectares are GM. New South Wales grows GM B. napus in 

68,163 hectares while this figure is 56,900 hectares for Victoria (ISAAA, 2017). Up to date, 

twenty-three genetically modified cultivars are being cultivated in the Australia. The traits 

mainly include herbicide tolerance genes such as, glyphosate herbicide tolerance (Roundup 

ready canola TM) and glufosinate herbicide tolerance (InVigor™). As described in the previous 

paragraph, some of the InVigor cultivars grown in Australia [event name:MS1 x RF2 (PGS2)] 

possess stacked genes to induce male sterility (barnase), restore fertility (barstar) and 

kanamycin selection (NPT II). The latest GM B. napus introduced in 2017 [event name: MS11] 

had glufosinate herbicide tolerance (bar) and the barnase and barstar genes. A new GM B. 

napus cultivar which has a high omega-3 oils when compared to current cultivars is under test 

from 2017 to 2022. This was developed in collaboration between a private company (Nuseed) 

and the Commonwealth Scientific and Industrial Research Organization (CSIRO) (ISAAA, 

2017).  

 



38 
 

2.5 Rapid-cycling Brassica, a model system 

Model organisms are extremely useful when developing genetically improved crop varieties. 

Specifically, the back-crossing requirement for genetically modified plants to stably express 

the newly introduced gene takes several generations and, thus, being able to work with a plant 

with a short regeneration cycle is time and cost effective. Model plants should bear features 

such as rapid reproductive cycles and easy growth and maintenance in laboratory conditions 

(Williams and Hill, 1986). By a cyclic process of recombination and evaluation of the progeny 

known as recurrent selection (Tel‐Zur and Goldman, 2007), rapid-cycling Brassica varieties 

referred to as ‘Fast plants’ were established in 1980s by Paul Williams and his colleagues. 

During the selection process, the plants were grown in high densities (one plant per 16 cm2), 

in 1:1 mixture of peat moss and vermiculite under continuous fluorescent light (250 

µmoles/m2/s) at 24oC (Williams and Hill, 1986). These plants are referred to as ‘rapid-cycling 

base populations (RCBP)’ or ‘Wisconsin fast plants’ and display several of the desirable 

characteristics of a model plant.  

Early flowering accessions obtained from the ‘United States Department of Agriculture's 

National Plant Germplasm System were the bases on which RCBP lines were developed. The 

life cycle of the RCBP are, in general, restricted to 36-60 days (Williams and Hill, 1986, 

Adhikari et al., 2012). These plants are extremely responsive to the growth conditions applied. 

If environmental conditions are identical to that used during the screening and development of 

the rapid-cycling lines, the plants mature quickly and complete their lifecycles within 36-60 

days as described. B. rapa tends to produce around 25 seeds per plant, when grown in densities 

of 2,500 plants in one square meter. If the plants are given more space for root and shoot 

development, they tend to grow larger and taller and produce many seeds (Williams and Hill, 

1986).  

There are rapid-cycling populations for six species in the genus Brassica. There are three 

diploid species, B. nigra or black mustard, B. rapa or turnip and B. oleracea or 

cabbage/cauliflower, and three allotetraploids B. juncea or mustards, B. carinata or Ethiopian 

rape/mustard and B. napus or rapeseed [Table 2.2]. Among them the B. rapa RCBP is said to 

be the fastest cycling population, having a life cycle of about 36 days (Williams and Hill, 1986). 

Rapid-cycling B. napus (CrGC 5-1) can complete up to 6 generations per year (Hansen and 

Earle, 1994a).  
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Table 2.2: Genomic and life cycle details of six rapid-cycling Brassicas developed by Williams 
and Hill (1986) 

Species Scientific name  

(common name) 

No. of 
Chromosomes 

Genome 
composition 

No. of days 
required to 
initiate flowering 

No. of days 
required to 
reach seed 
maturity 

Diploid Species 

B. rapa (turnip) 20 Aa 16 36 

B. nigra (black mustard) 16 Bb 20 40 

B. oleracea (cabbage) 18 Cc 30 60 

Tetraploid Species 

B. juncea (mustards) 36 Aabb 19 39 

B. carinata (Ethiopian 
mustard) 

34 Bbcc 26 56 

B. napus (rapeseed) 38 Aacc 25 55 

 

Koh and Loh (2000) suggests that the ability of rapid-cycling Brassicas to hybridise with their 

commercial counterparts and the availability of mapped genetic loci of important traits, 

including disease resistance traits, could drive the use of these model plants for variety 

improvement, through genetics, molecular biology and plant breeding. The small plant stature, 

high female fertility and absence of seed dormancy and easy pollination (Goldman, 1999), 

support the use of rapid-cycling plants in research, especially in genetic investigations. The 

ability of Brassica plants to be readily infected by Agrobacterium tumefaciens and A. rizogenes 

has also made RCBP an appropriate choice for genetic modification studies (Williams and Hill, 

1986). In tissue culture-based Agrobacterium mediated transformation, rapid-cycling B. napus 

plants (Aslam et al., 1990) may take up to six months to reach reproductive maturity because 

the tissue cultural regeneration process is time consuming. However, this is still less than half 

the time which would be taken using conventional rapeseed cultivars.  

Rapid-cycling Brassica populations have had a certain amount of use in in vitro regeneration 

and transformation studies. Early regeneration studies on rapid-cycling Brassica populations 

were based on protoplast cultures leading to some successful regeneration in B. napus 

populations only. Two per cent of B. napus protoplasts were able to produce calluses, while 

5% of callus tissues were successful in producing shoots (Loudon et al., 1989). Later Kik and 
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Zaal (1993) used protoplast cultures derived from mesophyll tissue to successfully regenerate 

B. oleracea with a frequency of 15%, and later by Hansen and Earle (1994b) who gained a 27-

65% regeneration frequency by optimising the available regeneration protocols. Somatic 

embryogenesis using B. rapa and B. napus anthers were tested by Aslam et al. (1990) and 

revealed that B. rapa was more responsive to embryogenesis than B. napus.  

Regeneration of RCB populations using other explant types such as leaves, petiole/hypocotyls 

and cotyledon explants by adapting the protocols described for commercial Brassica cultivars, 

were not successful, possibly due to the existence of considerable physiological difference 

between RCBP and commercial cultivars (Cheng et al., 2001). Rapid-cycling B. rapa were 

later regenerated using cotyledonary petioles and hypocotyls. Thus, it was found that 3-day-

old cotyledon petioles gave the highest regeneration of 33%, in optimal concentrations of NAA, 

BAP and AVG. Cheng et al. (2001) tested various explants and revealed that hypocotyls and 

internodal segments were the most successful in regenerating shoots from B. oleracea. In 2010, 

rapid-cycling B. rapa were successfully regenerated using 5-day-old cotyledonary explants 

with no petiole attached, reaching a regeneration percentage of 32.5%. This was later increased 

to 44.5% by utilising 4-day-old cotyledons (Cogbill et al., 2010). 

Of the six species for which RCBP lines are available, rapid-cycling B. oleracea is the most 

commonly used in transgenic studies. In 1992, (Berthomieu and Jouanin) utilised rapid-cycling 

B. oleracea, a double haploid cabbage, in his transformation experiments. This population had 

a turnover period of four months. The study used a modified Agrobacterium rhizogenes strains 

A4K and A4H which had the Npt II gene for kanamycin resistance and the hph gene for 

hygromycin B resistance, to infect either cotyledons of 10-day-old plants or internodes and leaf 

petioles of 1-month-old plants. Once inoculated and after going through various tissue culture 

media, the explants produced hairy roots as is normal in the A. rhizogenes infection process. 

The root segments were then retrieved and maintained in organogenesis media to develop into 

complete plants.  

Berthomieu et al. (1994) performed B. oleracea genetic transformation using A. tumifaciens. 

During the experiments, 2-day old aseptic cabbage plants were inoculated on the stem by 

nipping with forceps which had been dipped in Agrobacterium solution. The undifferentiated 

cell masses or tumours which developed near the wounded sites were then excised and 

processed in tissue culture media to obtain shoots and eventually transgenic plants. Christey et 
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al. (1997) used the same rapid-cycling population for transformation studies using A. 

rhizogenes. 

Research that has been published to date related to genetic engineering of rapid-cycling B. 

napus is restricted to regeneration studies only. Aslam et al. (1990) conducted research to 

explore embryogenesis from anthers derived from rapid-cycling B. napus and B. rapa grown 

in the culture medium of Keller & Armstrong (Keller, 1978). This method was effective in B. 

rapa but performed very poorly with B. napus. The best conditions for B. napus were found to 

involve the utilisation of anthers bearing pollen at the mid-uninucleate stage collected from 

plants grown at 18oC, cultured in the Keller & Armstrong medium at 35oC for 1 day and then 

kept at 30oC for 6 days followed by continuous growth at 25oC.  

Koh and Loh (2000) explored direct somatic embryogenesis from seeds cultured on MS 

medium. The experiment tested the effect of pH in the culture media and the age of seeds on 

somatic embryogenesis. Somatic embryos which had emerged on cotyledons and hypocotyls 

once the seedlings had emerged from the seeds, were sub-cultured in the same medium several 

times. Low pH (3.5-5) in the medium was more effective than a higher pH value of between 6 

and 7, while the use of immature seeds obtained between 14 to 28 days after pollination 

elevated the percentage embryogenesis. Further, more than half of primary somatic embryos 

could produce secondary embryos. Hansen and Earle (1994a) tested the capacity for protoplast 

fusion between rapid-cycling B. rapa and B. oleracea and demonstrated that the resulting 

hybrid B. napus showed much faster flowering times and a different fatty acid composition 

than B. oleracea or B. rapa, thus, leading to broadening of the genetic base.  

Rapid-cycling B. napus was utilised for the first time in a genetic transformation study by Eden 

Tongson (Tongson, 2017) to introduce and evaluate the impact on frost tolerance in B. napus 

using the ACBP6 gene form Arabidopsis thaliana. The study was successful, providing 

transformation efficiencies varying between 2-7%. The transgenic rapid-cycling B. napus 

showed lower electrolyte leakages under cold treatment than wild-type plants and the 

physiological parameters including PSII efficiency [Y(II)], CO2 assimilation rate, stomatal 

conductance and intercellular CO2 concentration after freezing showed promising results, 

indicating that these plants were less affected by freezing conditions than wild-type plants 

With respect to plant physiological and biochemical studies, rapid-cycling Brassicas have been 

employed by He and Cramer (1993) to explore the salinity tolerance of Brassica with respect 

to the potassium/ sodium ratio in shoots. In another study, rapid-cycling B. rapa was used to 
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test the effect of turnip mosaic virus on the glucosinolate level and its catabolism in mature 

seeds. The results indicated that the seed glucosinolate concentration was increased by 23% 

than in a healthy seed. The glucosinolate profile were also affected, but not the catabolism 

(Shattuck, 1993). Toler (2007) tested the impact of soil selenium on sulphur uptake and 

glucosinolate production using rapid cycling B. oleracea.  Sharma et al. (2013) used all the 

rapid cycling species except B. nigra to investigate their susceptibility to Plasmodiophora 

brassicae, the causative agent of club root disease in plants. All species other than B. napus 

were susceptible to at least one pathotype out of four pathotypes (2,3,5 and 6) tested.  

Recently, an extensive genetic analysis has been undertaken to identify genes linked to several 

important agronomic traits by Koornneef and Aarts (2012) using a modified inbred line of B. 

rapa. These included seed coat colour, flowering time, pod shattering and vivipary. Okeefe et 

al. (2011) utilised the original rapid-cycling B. rapa, to understand the expression patterns of 

two important genes in cytokinin homeostasis; isopentyl transferase (IPT) and cytokinin 

oxidase/dehydrogenase (CKX).   

However, utilisation of rapid-cycling Brassicas for crop trait improvement by means of genetic 

engineering is an understudied area of research which could produce results which are very 

useful for the agricultural industry. These plants can be used as model systems to introduce and 

test new/ improved agronomic traits within a comparatively short time when compared to using 

conventional canola. Once a trait has shown promise it can then be transferred to the 

commercial counterparts of rapid-cycling Brassica through genetic transformation.  

2.6 Issues regarding the commercialisation of genetically modified 

(GM) B. napus  

The agricultural utilisation of canola biotechnology has to some extent been hindered by 

biosafety regulations associated with genetically modified canola. Genetically modified crops 

and their products (food and feed) are under strict regulation around the globe. The approval 

of GM crops and products depends on the outcome of pre-market environmental risk 

assessment and food safety assessments (Romeis et al., 2011). Whether these GM crops would 

show toxic or allergic effects on human, wild animals and livestock or show invasive 

characteristics by spreading to natural habitats and displaying weediness when hybridized with 

wild relatives was controversial (Crawley et al., 2001).  In general, recent technical 
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developments have met such regulatory requirements. It is the cost of complying with these 

requirements and perceived public attitudes towards genetically modified crops which are in 

practice, the main obstacles.  The major ecological risk of GM crops is the potential for 

accidental dispersal and long-term persistence in the natural environment (Cardoza and 

Stewart, 2007). If the transgene trait provides a selective advantage outside an agricultural 

setting, plants might show increased persistence and spread into non-farming lands (Raybould 

et al., 2012).  

The risks associated with transgene flow and its consequences is a major obstacle to 

commercial approval of GM canola (Cardoza and Stewart, 2007). Many studies have been 

conducted to test the crossability and introgression between varieties in the family 

Brassicaceae. Since the first commercialisation of GM B. napus, its impact on the natural 

environment has been closely monitored. B. rapa and to a lesser extent B. juncea appear to be 

the only wild relatives which can be cross pollinated and introgressed by B. napus (Tsuda et 

al., 2014). Wang et al. (2005) speculates that the introgression between rapeseed and wild B. 

rapa is rare under natural conditions (Wang et al., 2005). Not enough data is available on 

introgression between B. napus and B. juncea (Tsuda et al., 2014) to form a definitive view.  

Unprompted hybridisation between wild turnip ((B. rapa var. oleifera) and commercial B. 

napus crops (swede and rape) is a common problem faced by the New Zealand agricultural 

industry where it produces bolters (plants producing inflorescence stalks before reaching 

reproductive maturity) among the commercially grown crops (Heenan et al., 2007). Jenkins et 

al. (2001) experimentally provided evidence for B. napus being able to cross with the wild B. 

rapa population of New Zealand. However, the probability of such crosses is minimal in field 

conditions (Jenkins et al., 1998). A field survey in Canterbury further confirmed this finding 

where only one putative B. napus ×B. rapa hybrid plant was detected (Heenan et al., 2004). 

A case study in Canada has provided evidence of the existence of hybrids of wild-type turnip 

and transgenic herbicide tolerant canola and their backcrossed populations (Warwick et al., 

2003). Halfhill et al. (2005) reported that the backcrossed populations were not fitter than the 

wild-type populations, hence potentially would not persist as weeds in the environment. Even 

so, there remains uncertainties about the implications of gene flow on natural environments. 

The main inoculum for transgene contamination of surrounding areas is pollen, which can 

easily be spread by wind from the GM site to natural environments. Of course, seeds containing 

transgenes can also be dispersed, including during harvesting, transport and processing. 
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Biocontainment systems could potentially overcome this obstacle to approval for 

commercialisation of some traits in GM canola. An example for a such system is the ‘GM- 

gene deletor’, where the transgene can be removed from the pollen, seed or both through 

introduction of a site-specific recombination system (Cardoza and Stewart, 2007). 

2.7 Conclusions of the review  

B. napus (canola) crop production worldwide is challenged by various biotic and abiotic 

stresses decreasing the yield quality and quantity, incurring severe financial losses. In 

Australia, fungal diseases are frequent in B. napus fields and common control measures in 

practice are fungicide application, good farming practices and resistant breeding. Among 

abiotic stresses, extreme temperatures, especially low temperature stress is an issue in canola 

growing regions. In addition to conventional breeding, scientists and industries consider 

genetic engineering/gene transformation as another method of crop trait improvement. Testing 

novel genes using this technique is less time consuming and it usually does not alter the native 

genetic background of plants. Further, genetic engineering does not require the source 

organism to be closely related to the crop which needs improvement. Agrobacterium-mediated 

transformation is the most common gene transformation technique used in plant biotechnology. 

The technique needs fine-tuning depending on the species/variety/cultivar and the gene of 

interest. Transformation frequencies in general are low in B. napus. However, optimising the 

steps and components of the transformation system can help maximise the genetic 

transformation potential. 

Several genes from the same species or different species have been genetically transformed 

into the B. napus genome to confer disease tolerance and abiotic stress tolerance. Rice ACBP5, 

a potential candidate gene against fungal diseases which was highly expressed during rise blast 

fungal infection may have potential roles in disease tolerance in B. napus. Arabidopsis thaliana 

ACBP6, which can elevate the freezing tolerance ability of A. thaliana plants when 

overexpressed under the CaMV 35S promoter has also been tested and shown to be effective 

in B. napus freezing tolerance at the late flowering stage, in non-acclimated conditions. Given 

these facts, testing the usability of the novel gene OsACBP5 in B. napus against important 

canola pathogens is a worthwhile goal. Further evaluation of AtACBP6 plants developed by 

Tongson (2017) to characterise the ability of vegetative plants to recover after cold/freezing 

conditions and measure the effect of cold-acclimation on transgenic plant recovery, will 
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advance our assessment of the potential of this gene. Therefore, the scope of this study was to 

provide further evidence and understanding of the importance of ACBPs in overcoming biotic 

and abiotic stresses in B. napus, which could be then be utilised in breeding efforts (whether 

transgenic or not) to overcome these stresses. 

2.8 Objectives and Aims of the study 

The objective was to evaluate the use of ACYL-COA-BINDING PROTEINS (ACBPs) to 

improve biotic (fungal diseases) and abiotic stress (cold/freezing) tolerance in B. napus 

(canola)  

Aims: 

1. To test and improve the existing methods of tissue culture-based regeneration and 

transformation techniques for B. napus (canola) using rapid-cycling Brassica napus 

2. To introduce rice OsACBP5 cDNA into B. napus genome and test the applicability of 

this gene in enhancing disease tolerance in B. napus  

3. To further evaluate previously developed transgenic AtACBP6 B. napus plants at the 

vegetative, flowering and seed-setting stage by testing their capacity to recover after a 

cold/freezing stress and to assess whether cold-acclimation can further enhance the 

freezing tolerance ability of transgenic plants 
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Chapter 3: Rapid-cycling Brassica napus plants as a model system 

for Agrobacterium-mediated transformation  

3.1 Introduction 

The production of agricultural crops with high yield and quality is essential to meet the food 

demands of the continuously growing world population. Genetic engineering provides a novel 

approach for rapid testing of a range of traits to enhance crop performance that would be 

difficult and slow to introduce by conventional breeding (Kamthan et al., 2016). This technique 

essentially relies on successful in vitro regeneration and genetic transformation techniques.  

Among gene transformation techniques, Agrobacterium mediated transformation is an efficient 

gene transfer system for Brassica napus (Damgaard et al., 1997). Several important novel 

genes from other comparable plant species have been introduced into the B. napus genome 

(Rani et al., 2013). However, only a limited number of genetically modified B. napus traits 

have been commercialised, including herbicide tolerance (bar), male sterility in the pollen 

anthers (barnase) and fertility restoration through the counteraction of the barnase (barstar) 

(ISAAA, 2017). 

The most widely used technique for regeneration of B. napus transgenic plants is through 

organogenesis (Tang et al., 2011), which involves the initiation of plant organs (roots, shoots 

and leaves) from callus tissues or undifferentiated cell masses derived from explants. Tissue-

culture based genetic transformation is highly dependent on the explant type (Maheshwari et 

al., 2011), genotype (Moghaieb et al., 2006, Rani et al., 2013), age of the explant, optimal 

growth media composition (Bhojwani and Dantu, 2013), the Agrobacterium strain and 

concentration (Boszoradova et al., 2011) and on effective antibiotic selection (Damgaard et al., 

1997).  

The most frequently used explant types in B. napus transformation studies have been 

cotyledons (Moloney et al., 1989, Bhalla and Singh, 2008, Boszoradova et al., 2011, Niapour 

et al., 2013) and hypocotyls (Cardoza and Stewart, 2003, Moghaieb et al., 2006, Hao et al., 

2010, Tang et al., 2011, Maheshwari et al., 2011) selected from 4 to 7-day-old seedlings. Other 

explant types which have been utilised include microspores, protoplasts and stem sections 

(Ghnaya et al., 2008, Fukuoka et al., 1998, Hu et al., 1999, Thomzik, 1995, Pua et al., 1987, 

Fry et al., 1987). Common Agrobacterium strains used in B. napus genetic transformation have 
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included LBA4404 (Moghaieb et al., 2006), GV3010 (Liu et al., 2011a, Maheshwari et al., 

2011), GV3850 (Cardoza and Stewart, 2003), EHA101 (Moloney et al., 1989, Khan et al., 

2003) and C58 (Wang et al., 2003). The dipping time of explants in the bacterial inoculum and 

the concentration of Agrobacterium solution during transformation has been reported to vary 

between different protocols. Agrobacterium concentration and inoculation time requires 

optimisation in order to avoid adverse effects of prolonged incubation and high bacterial 

concentrations, such as necrosis and loss of viability of the explants (Bhalla and Singh, 2008).  

Plant transformation experiments commonly utilise plasmid constructs which contain genes for 

antibiotic or herbicide tolerance, thus enabling successfully transformed plants to be selected 

from untransformed plants when grown on medium supplemented with specific antibiotics or 

herbicides (Sundar and Sakthivel, 2008). Explants which are transformed, generally, produce 

green shoots in the selection medium (containing the relevant antibiotic or herbicide), while 

untransformed shoots become bleached and eventually die when transferred to selection 

medium (Poulsen, 1996). The concentration of the selective agent should be adjusted to a level 

at which it does not negatively affect shoot induction but can successfully distinguish between 

transgenic shoots and untransformed plantlets. When the growing plantlets have had time to 

become robust, a second round of selection with a higher concentration of selective agent can 

then be used to avoid any non-transformed escapees (Bhalla and Singh, 2008). Boszoradova et 

al. (2011) and Bhuiyan et al. (2011) suggested that delaying the initial antibiotic selection may 

provide extra time for the transgenic cell lines to proliferate and recover, resulting in an 

increased survival of successfully transformed plants. Therefore, it is important to optimise the 

choice of selective medium, concentration of antibiotics in the selective medium and the length 

of incubation time before antibiotic selection obtain the maximum regeneration and 

transformation potential from a particular species or variety.   

Cotyledon explants are, generally, prepared from 4-to 6-day-old seedlings (Tang et al., 2003, 

Bhalla and Singh, 2008) while hypocotyl explants are prepared from 5-to 7-day-old seedlings 

(Liu et al., 2011a). These explants, prepared from young seedlings, are more responsive to 

regeneration in tissue culture media than explants prepared from older plants (Smith, 2012). 

Hypocotyls are preconditioned (grown in callus induction medium for 2-3 days without 

inoculating with the Agrobacterium) before co-cultivation with Agrobacterium (Wang et al., 

2005), while cotyledons do not have this requirement. When considering the genotype, spring 

type B. napus varieties are considered more amenable to genetic transformation than the winter 

types (Damgaard et al., 1997, Bhalla and Singh, 2008).   
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Murashige Skoog basal medium (MS) (Murashige and Skoog, 1962) is widely used for in vitro 

plant regeneration and transformation. MS is composed of inorganic salts, plant growth 

regulators (PGRs) (such as auxins and cytokinins), vitamins and carbohydrates (Davies, 2010). 

Optimisation of the media components may facilitate higher regeneration and transformation 

efficiencies. The first step in regeneration is the induction of callus cells or undifferentiated 

cell masses from the explants, which is generally achieved by applying a specific ratio of auxin 

to cytokinin in the medium. The next step in regeneration is the induction of shoot buds from 

the callus tissue which requires a relatively high ratio of cytokinin to auxin (Ikeuchi et al., 

2013). The callus induction and shoot induction media for B. napus usually contains full 

strength MS medium supplemented with 20-30 g/L sucrose (Cardoza and Stewart, 2003, Bhalla 

and Singh, 2008).  

Root induction is the final step of tissue culture-based regeneration of plants. Rooting of tissue 

culture regenerated plants requires careful handling and proper growth media constituents (Liu 

et al., 2015). A low concentration of the auxin indole-3 butyric acid (IBA) is added to the 

medium to enhance rooting (Liu et al., 2014). Half strength MS with a low concentration of 

sucrose (10 g/L) has been the most common rooting medium used for Brassica regeneration 

(Cardoza and Stewart, 2003, Boszoradova et al., 2011).  

During tissue culture regeneration, explants tend to release ethylene, a plant growth regulator 

(PGR) which can adversely affect the regeneration of shoots. Regeneration frequency has been 

increased by the addition of silver nitrate (AgNO3) to the medium. Silver nitrate is one of the 

best-known ethylene antagonists used in tissue culture (Chi et al., 1990).  Some studies have 

also reported that the expression of A. tumefaciens vir genes which are vital for gene delivery, 

can be elevated by reducing the ethylene level in the culture media (Nonaka et al., 2008). 

However, it is important to choose the optimum concentration of AgNO3, as research also 

suggest that high concentrations of AgNO3 may be toxic to plant tissue regeneration, and so 

may reduce the transformation efficacy (Khan et al., 2003). 

Conventional canola can take about 4 months to complete its lifecycle from seed germination 

to seed formation under optimal conditions in the greenhouse. The use of a model system with 

a much shorter lifecycle would allow rapid testing of traits in a similar genetic background to 

the targeted crop. The first steps toward developing such a potential Brassica model species 

were taken by recurrent selection of early flowering lines of Brassica species obtained from 

The United States Department of Agriculture’s National Germplasm System (Tel‐Zur and 
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Goldman, 2007). This resulted in the development of short generation (rapid-cycling) 

populations for six important Brassicaceae species B. rapa, B. oleracea, B. juncea, B. carinata, 

B. nigra and B. napus (Williams and Hill, 1986). These rapid-cycling plants have favourable 

characteristics as a model plant, including relatively small plant size, high female fertility, no 

seed dormancy, easy pollination, the ability to grow under 24 h fluorescent light in standard 

potting mix and rapid seed maturity (Aslam et al., 1990, Goldman, 1999). These characteristics 

have the potential to assist in the rapid testing of transgene integration and stable transgene 

inheritance to subsequent generations when compared to conventional canola varieties.  

Rapid-cycling B. napus (sometimes referred to as ‘Fast plants’) can complete their seed to seed 

life cycle within 60 days when grown in the original conditions described by Williams and Hill 

(1986). Most importantly, rapid-cycling B. napus populations are affected by the same 

environmental stresses and diseases as conventional canola (He and Cramer, 1993, Sharma et 

al., 2013) allowing them to be developed as a rapid trait testing system for canola. These plants 

have been successfully regenerated using experimental protocols based on protoplasts (Loudon 

et al., 1989), anthers (Kik and Zaal, 1993), seedlings (Koh and Loh, 2000), by somatic 

embryogenesis and by using cotyledon petioles (Tongson, 2017), with variable regeneration 

success.  

Tongson (2017) used rapid-cycling B. napus for the first-time in a genetic transformation study 

to introduce and evaluate enhanced frost tolerance in B. napus, using ACBP6 gene from 

Arabidopsis thaliana.  She reported a maximum tissue culture regeneration frequency of 53% 

from cotyledon explants using 1 mg/L 6-benzylaminopurine (BAP) and 0.3 mg/L 1-

naphthaleneacetic acid (NAA) in the shoot induction medium. A range of putatively 

transformed shoot regeneration frequencies was achieved, with an overall transformation 

efficiency of 6.1% (Tongson, 2017). In order to establish lines expressing the desired trait at 

acceptable levels, there is a need for subsequent selection among transformed plants, to ensure 

that the transgenes are completely integrated and do not interfere with other plant genes. All 

these steps are labour intensive. Consequently, any improvement in regeneration frequency and 

transformation frequency significantly decreases the labour and facility requirements for the 

successful development of useful transgenic plants. Building on previous research, the main 

objective of the work reported in this chapter was to further improve the tissue culture mediated 

regeneration and transformation efficiency of rapid-cycling B. napus. The specific aims were 

to optimise the plant growth regulators in the tissue culture media for rapid-cycling B. napus 
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and to identify the optimum conditions for Agrobacterium mediated transformation to improve 

the transformation efficiency.    

3.2 Materials and methods 

3.2.1 Plant material 

Rapid-cycling B. napus seeds (seed stock CrGC 5-1), originally obtained from the rapid-

cycling Brassica collection of the University of Wisconsin, Madison (Williams and Hill, 1986), 

were propagated to obtain a continuous supply of seeds for the experiments. The seeds were 

sown in Debco® potting mix (50% composted medium bark, 40% composted coarse bark, 10% 

sand, with addition of SaturaidTM, lime, iron, nitrogen and trace elements) and maintained in 

the glasshouse at 23-25°C under 16 h of light supplied by GE Lucalox™ PSL (GE Lighting, 

U.S.A). 

3.2.2 Seed preparation for regeneration and transformation experiments 

Rapid-cycling B. napus seeds were surface sterilised by washing with 4% active sodium 

hypochlorite in 20% bleach solution (White KingTM) for 20 min, in a shake incubator at 120 

rpm at room temperature (22-25oC). The seeds were then washed five times with sterile 

distilled water, inside a laminar flow cabinet, to remove any traces of bleach. Seeds were then 

sown aseptically on half strength MS medium [Table 3.1 and 3.2]. 

3.2.3  Preparation of general tissue culture media 

3.2.3.1 Seed germination medium and root induction medium 

One litre of seed germination medium consisted of Sigma® M5199 (Sigma-Aldrich U.S.A) 

[Table 3.1] at 2.4 g, sucrose (Sigma® S8501, Sigma-Aldrich U.S.A) at 10 g and a gelling agent, 

PhytagelTM (Sigma®   P8169, Sigma-Aldrich U.S.A) at 4 g [Table 3.2]. The pH of the medium 

was adjusted to 5.8 with 1.0 M NaOH before adding the gelling agent. 
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3.2.3.2 Callus induction medium (CIM), shoot induction medium (SIM) and 

shoot elongation medium (SEM) 

One litre of CIM/SIM/SEM consisted of Sigma® M5199 (Sigma-Aldrich U.S.A) [Table 3.1] at 

4.4 g, sucrose (Sigma® S8501, Sigma-Aldrich U.S.A) at 20 g and a gelling agent, PhytagelTM 

(Sigma®   P8169, Sigma-Aldrich U.S.A) at 4 g [Table 3.2]. The pH of the medium was adjusted 

to 5.8 with 1.0 M NaOH before adding the gelling agent. 

3.2.3.3 Composition of Murashige Skoog (MS) basal medium 

Table 3.1: Macronutrients, micronutrients and organic compounds in Murashige Skoog 
(Sigma®   M5199, Sigma-Aldrich U.S.A) basal medium. Components in mg/L. 

Media component mg/L 
Macronutrients Ammonium nitrate 1650.0 

Potassium nitrate 1900.0 
Potassium phosphate monobasic 170.0 
Magnesium sulfate 180.7 
Na2-EDTA 37.26 
Ferrous sulfate • 7H2O 27.8 
Calcium chloride anhydrous 332.2 

Micronutrients Boric acid 6.2 
Manganese sulfate • H2O 16.9 
Zinc sulfate • 7H2O 8.6 
Cupric sulfate • 5H2O 0.025 
Cobalt chloride • 6H2O 0.025 
Potassium iodide 0.83 
Molybdic acid (sodium salt) • 2H2O 0.25 

Organics Glycine (free base) 2.0 
Myo-Inositol 100.0 
Nictotinic acid (free acid) 0.5 
Pyridoxine • HCl 0.5 
Thiamine • HCl 0.1 

Table 3.2: Formula of a) half strength medium (½ MS) for seed germination and root induction 
medium (RIM), b) Full strength medium (MS) for callus induction medium (CIM), shoot 
induction medium (SIM) and shoot elongation medium (SEM). The amount of each compound 
is given in mg/L. 

Medium MS (Sigma®   
M5199, Sigma-
Aldrich U.S.A) (g/L) 

Sucrose (Sigma® 
S8501, Sigma-Aldrich 
U.S.A) (g/L) 

PhytagelTM (Sigma®   
P8169, Sigma-
Aldrich U.S.A (g/L) 

a) ½ MS 2.2 10 4 

b) MS 4.4 20 4 

pH of the medium= 5.8 
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3.2.4 In vitro regeneration of rapid-cycling Brassica napus 

3.2.4.1 Assessment of shoot regeneration from cotyledons and hypocotyls in 

rapid-cycling B. napus  

Cotyledon explants from four-day-old in vitro grown plants were prepared aseptically in a 

laminar flow cabinet by cutting with 1-2 mm of petiole still attached to the cotyledon, using a 

sharp scalpel blade. Seven-day-old in vitro grown plants were used to prepare hypocotyl 

explants (stem sections).  Stem sections approximately 1 cm long were prepared using a sharp 

scalpel blade.  

The cut ends of the prepared cotyledons were embedded on MS medium in petri plates with a 

range of PGR concentrations, 1-naphthalineacetic acid (NAA) and 6-benzylaminopurine 

(BAP) [Table 3.3] for callus induction. AgNO3 at 5 mg/L and gibberellic acid (GA3) at 0.01 

mg/L were added to each treatment. Hypocotyls were arranged on the petri plates to allow good 

contact with the MS medium.  Petri dishes were sealed with 3M micropore tape (NexcareTM), 

covered with aluminium foil and kept at 24±1oC in an environmental chamber (Panasonic 

MLR-352-PE Climate Chamber, Panasonic Healthcare Co., Ltd. Japan) at 60% relative 

humidity with a photosynthetic photon flux density of ~100 μmol·m-2·s-1 for 1 week for callus 

induction. 

The explants were then transferred to fresh media, which had the PGR combination as indicated 

in table 3.3 for shoot induction. AgNO3 at 5 mg/L and gibberellic acid (GA3) at 0.01 mg/L were 

added to each treatment. There were 4 replicates per treatment, each of 10 explants. Petri plates 

were sealed with 3M micropore tape (NexcareTM) and kept under long days (16h L/8h D) at 

24±1oC. After 4 weeks, plantlets were harvested aseptically and transferred into shoot 

elongation medium (SEM) with 0.00125 mg/L of BAP. Once the plantlets developed to 2-3 cm 

long, they were transferred into root induction medium (RIM) with 1 mg/L indole 3- butyric 

acid (IBA). Rooted plantlets were transferred into soil after washing with lukewarm water to 

remove any gel traces. They were then transferred into a glass house and kept covered with 

plastic drinking cups to maintain humidity for about 2 weeks. Once the plants started to produce 

new leaves and look healthy, the covers were removed, and the plants were transferred into 

larger pots. 
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Table 3.3: Treatment concentrations of 1-naphthaleneacetic acid (NAA) and 6-
benzylaminopurine (BAP) used for callus induction and shoot induction from explants. The 
concentrations are given in mg/L. 

Treatment NAA (mg/L) BAP (mg/L) 
1 0.1 0.5 
2 0.1 1.0 
3 0.1 1.5 
4 0.2 0.5 
5 0.2 1.0 
6 0.2 1.5 
7 0.3 0.5 
8 0.3 1.0 
9 0.3 1.5 

 

3.2.4.2 Optimisation of silver nitrate (AgNO3) in shoot regeneration from 

cotyledon explants 

Four concentrations of AgNO3 (0, 2.5, 5.0 and 7.5 mg/L) were added to callus induction 

medium (CIM) and shoot induction medium (SIM) which contained NAA (0.1 mg/L), BAP 

(1.0 mg/L) and GA3 (0.01 mg/L). Explants were prepared from 4-day-old cotyledons and 

cultured in MS medium as per section 3.2.4.1. Petri dishes were sealed with 3M micropore tape 

(NexcareTM), covered with aluminium foil and kept at 24±1oC in an environmental chamber 

(Panasonic MLR-352-PE Climate Chamber, Panasonic Healthcare Co., Ltd. Japan) at 60% 

relative humidity with photosynthetic photon flux density of ~100 μmol·m-2·s-1 for 1 week for 

callus induction. Then the explants were transferred into SIM, which had the same PGR and 

AgNO3 combinations, and the Petri plates were sealed with 3M micropore tape (NexcareTM) 

and kept under long days (16h L/8h D) at 24±1oC. There were 4 replicates per treatment, each 

of 10 explants. After 2 weeks, the number of individual cotyledons producing green and healthy 

shoots in the SIM was counted. 

3.2.4.3 Optimisation of plant growth regulators (PGR) for callus induction, 

shoot induction, shoot elongation and root induction 

Cotyledons were selected as the explant source for further regeneration experiments, because 

they showed faster shoot induction and a higher regeneration percentage than the hypocotyls. 

To assess the appropriateness of the PGR combinations of NAA and BAP on callus induction 

in CIM [Table 3.4], this experiment was designed with 3 replicates of 20 explants per plate. 

The number of callus producing explants was counted after one week of incubation in the CIM. 
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Seven different shoot induction media [Table 3.5] were tested using 3 petri plates (replicates) 

per treatment of 10 explants per plate. Treatments I and II had the PGR concentration which 

gave the highest proportion of explants producing shoots as identified in the experiment 

reported in section 3.2.4.1. Treatments III and IV had the high concentration of BAP (5 mg/L) 

used by Maheshwari et al. (2011) to regenerate B. napus cultivar InVigor 5020. Additionally, 

a well-established protocol which used zeatin (2 mg/L) in combination with 4 mg/L BAP 

(Cardoza and Stewart, 2003) was also tested (treatment V and VI) for its effect on shoot 

initiation. The number of shoot-producing explants were recorded after 2 weeks in the SIM. 

The shoot elongation medium generally consisted of low concentrations of the synthetic 

cytokinin BAP. The effect of six concentrations of BAP from 0 to 1 mg/L [Table 3.6] was 

tested in the SEM, using three replicates with three plantlets per replicate. The shoot length 

was measured after 2 weeks growth in the medium. 

Root induction from well-developed plantlets was evaluated on four concentrations of IBA in 

the RIM [Table 3.7]. There were four replicates with 3-5 plantlets per replicate. The number of 

plantlets in the medium which had five or more well-developed lateral roots was counted at 3 

weeks.  

Table 3.4: Six callus induction media (CIM) [I to VI] tested for callus induction from cotyledon 
explants. The concentration of each component is given in mg/L. 

Treatment I II III IV V VI 
AgNO3 5.0 2.5 5.0 5.0 5.0 Ms only 
NAA 0.1 0.1 0.1 0.2 0.2 0.0 
BAP 0.5 1.0 1.0 0.5 1.0 0.0 
GA3 0.01 0.01 0.01 0.01 0.01 0.0 

 
Table 3.5: Seven shoot induction media (SIM) [I to VII] tested for shoot induction from 
cotyledon explants. The concentration of each component is given in mg/L.  

Treatment I II III IV V VI VII 
AgNO3 2.5 5.0 2.5 5.0 2.5 5.0 0.0 
NAA 0.1 0.1 0.1 0.1 0.0 0.0 MS only 
BAP 1.0 1.0 5.0 5.0 4.0 4.0 0.0 
GA3 0.01 0.01 0.01 0.01 0.0 0.0 0.0 
Zeatin 0.0 0.0 0.0 0.0 2.0 2.0 0.0 
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Table 3.6: Six shoot elongation media (SEM) [I-VI] tested for shoot elongation from cotyledon 
explants. The concentration of 6-benzylaminopurine (BAP) is given in mg/L. 

Treatment I II III IV V VI 
BAP 0 0.00125 0.01 0.05 0.5 1 

 

Table 3.7: Four root induction media (RIM) tested for root induction from plantlets. The 
concentration of indole-3-butyric acid is given in mg/L. 

Treatment I II III IV 
IBA 0 0.5 1.0 2.0 

 

3.2.5 Optimisation of the transformation efficiency of B. napus rapid-

cycling plants using Agrobacterium-mediated gene transformation 

3.2.5.1 Preliminary transformation experiments 

Preliminary experiments were conducted following the transformation procedure of Tongson 

(2017). A single isolated Agrobacterium colony bearing the pAT593 plasmid was grown for 

36 h (Bhalla and Singh, 2008) in Luria-Bertani (LB) liquid medium with the selective antibiotic 

concentrations and temperatures shown in Table 3.8, in a shaker incubator at 220 rpm. Bacterial 

cells were pelleted at 4,400 rpm for 10 min before redissolving in MS liquid medium (without 

PhytagelTM).  

Optical density (OD600) (Boszoradova et al., 2011, Liu et al., 2011a) was used to quantify the 

number of colony-forming bacteria per mL of liquid. OD600 of 1.0 equals 8×108 CFU/mL. For 

experimental purposes the OD600 level was adjusted to 0.1, 0.2 and 0.25.  

Explants were prepared aseptically in MS liquid to avoid dehydration of the cut ends. They 

were dipped in Agrobacterium solution for either 30 sec or 120 sec and co-cultivated in CIM 

with NAA at 0.1 mg/L, BAP at 1.0 mg/L, AgNO3 at 5 mg/L and GA3 at 0.01 mg/L in the dark 

for 2 days. After 48 h of co-cultivation, the explants were transferred to CIM which additionally 

contained the antibiotic carbenicillin (500 mg/L) to inhibit excessive Agrobacterium growth 

around the explants. After 1 week in the dark in CIM, explants were transferred into SIM 

supplemented with carbenicillin (500 mg/L) and the antibiotic kanamycin (25 mg/L) for 

transgenic shoot selection. After 2-4 weeks, the fully-grown shoots were aseptically separated 

from the callus tissue using a sharp scalpel blade and transferred into SEM containing 0.00125 
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mg/L BAP plus 25 mg/L kanamycin. After 2 weeks in SEM, the green shoots were transferred 

into medium with a higher selection pressure of 50 mg/L kanamycin. 

Table 3.8: Details of plasmid construct pAT593 used in preliminary transformation 
experiments using rapid-cycling B. napus. 

Plasmid 
Name 

Selection 
marker 
genes 
included 

Agrobacterium 
strain 

Growth condition 
for selection 
 

Source of the 
plasmid 

pAT593 
[see 
Appendix 
1] 

NPTII for 
kanamycin 
resistance 
(driven by 
the NOS 
promoter 
and NOS 
terminator) 

GV3101 - obtained 
from EJ Tongson 

50 mg/L kanamycin 
50 mg/L gentamycin 
at 28oC 

W Meng and 
ML Chye, 
School of 
Biological 
Sciences, The 
University of 
Hong Kong 
 

 

3.2.5.2 Subsequent optimisation experiments  

Due to the very low levels of putative transformed shoots obtained from the preliminary 

experiments, various parameters in the procedure were optimised. Single isolated 

Agrobacterium colonies containing plasmid pAT593 [Table 3.8] or pJG1513 [Table 3.9] were 

grown for 16-24 h (rather than 36 h) in LB liquid medium with selective antibiotic 

concentrations and temperatures as indicated [Tables 3.8 and 3.9], in a shaker incubator at 220 

rpm until they reached the exponential growth phase [optical density 1.0 at 600 nm]. Prolonged 

incubation was avoided to reduce the number of dead cells and to increase the number of active 

bacterial cells in the Agrobacterium inoculum. Bacterial cells were pelleted at 4,400 rpm for 

10 min, resuspended in MS liquid and the OD readjusted to between 0.05 and 0.20 at 600 nm. 

 

Table 3.9: Details of plasmid construct pJG1513 used to optimise transformation efficiency of 
rapid-cycling B. napus 

Plasmid 
Name 

Selection marker 
genes included 

Agrobacterium 
strain 

Growth condition 
for selection 
 

Source 

pJG1513 
[see 
Appendix 
3] 

NPT II for 
kanamycin 
resistance (driven 
by the OCS 
promoter and 
NOS terminator)  

LBA4404  
 

100 mg/L 
spectinomycin and 
100 mg/L 
streptomycin at 30⁰C 

Dr JF Golz, 
Biosciences, 
The University 
of Melbourne 
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a) Effect of the cotyledon explant preparation method plus delayed antibiotic selection 

The general procedure for explant preparation [see 3.2.5.1, Preliminary transformation 

experiments] was by cutting the cotyledons in MS liquid to avoid dehydration of the cut ends. 

In subsequent experiments, explants were prepared in a sterile Petri plate without liquid 

medium. Once prepared, the cut ends were immediately dipped in 0.05 OD600 Agrobacterium 

solution for 30 sec and co-cultivated.  

A selection pressure of 25 mg/L kanamycin was applied in the SIM, 2 weeks after co-

cultivation with Agrobacterium. This means the selection was delayed by one week compared 

to the procedure described in section 3.2.5.1 [Preliminary transformation experiments]. Green 

shoots were aseptically separated from the callus tissue using a sharp scalpel blade and 

transferred to the SEM with 0.00125 mg/L of BAP and kanamycin at 25 mg/L and (after two 

weeks) then into 50 mg/L kanamycin. 

b) Effect of Agrobacterium concentration on transformation frequency 

This experiment optimised bacterial cell concentration in the Agrobacterium solution to obtain 

a higher proportion of transformants. Cotyledon explants were dipped in bacterial inoculum 

which had Agrobacterium concentrations of 0.05, 0.10, 0.15 or 0.20 at OD600. The experiment 

consisted of five replicates of 10 explants per plate for each of the four treatments. The number 

of explants with green shoots in the 25 mg/L kanamycin selection medium was counted after 

2 weeks in SIM and the average number of explants producing putative transformants was 

calculated as a percentage of the total number of explants. 

c) Effect of dipping time in Agrobacterium solution on transformation frequency 

Cotyledon explants were dipped in 0.1 OD600 Agrobacterium solution for 30 sec, 1, 2 and 5 

min. The experiment consisted of 5 replicates, each of one plate containing 10 explants for 

each treatment. The number of explants with green shoots in the 25 mg/L kanamycin selection 

medium was compared after 2 weeks of selection in SIM. 
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3.2.5.3 Genotyping the putative transformed shoots from transformation 

experiments using the Polymerase Chain Reaction (PCR)  

a) DNA extraction 

For screening for putatively transformed shoots, leaf samples were collected from young green 

shoots grown in the SEM supplemented with kanamycin for selection of transformants. DNA 

was extracted using Edward’s crude extraction method (Edwards et al., 1991). Leaf tissue was 

ground using pellet pestles (Sigma® Z359947, Sigma-Aldrich, U.S.A) in 1.7 mL Eppendorf 

tubes without any extraction buffer. 400 µL of extraction buffer (200 mM Tris HCl pH 7.5, 

250 mM NaCl, 25 mM EDTA and 0.5% SDS), was added and mixed by vortexing. After 1 h, 

the leaf extracts were centrifuged at 13,000 rpm for 5 min. 300 µL from the supernatant was 

collected to a new tube and an equal volume of isopropanol was added. After two minutes the 

solution was centrifuged at 13,000 rpm for 5 min and the resulting pellet was air dried, 

dissolved in x1 TE at pH 7.5 and stored at 4o C.  

b) PCR analysis 

A total reaction volume of 20 µL (x1 PCR buffer, 0.2 mM dNTPs (Bioline® 39044, Bioline 

Pty. Ltd., Australia), 0.2 µM of each primer (Sigma-Aldrich U.S.A), 2 mM MgCl2 (Bioline® 

37026, Bioline Pty. Ltd., Australia), 1-unit MangoTM Taq polymerase (Bioline® 21083, Bioline 

Pty. Ltd., Australia) and 40 ng of gDNA) was used in each PCR reaction [Table 3.10]. PCR 

products were separated by agarose 1.5% (w/v) gel electrophoresis and visualised in the Gel-

Doc image system (Bio-Rad) with ethidium bromide (0.5 µg/mL) or 1XSybrTM Safe DNA gel 

stain dye. The molecular weight of the amplicon was measured by running a 1kb plus ladder 

(Thermo Fisher Scientific® 10787018, Invitrogen, U.S.A) in parallel with the samples. 

Table 3.10: Primer sequences and PCR conditions used for genotyping putative ACBP6 
transformed shoots 

Primer 

pairs 

Primer pair sequences (5’- 3’) and the 

position (bp) in the gene sequence  

PCR 

conditions 

Reference 

35SB F’ 
 
6ACBP02 
R’ 

CAATCCCACTATCCTTCGCAAGACC 
(25-49) 
CAGGTTGAAGCCTTGGAAGCAGCA 
(360-383bp) 
amplicon size: 423 bp 

(95oC- 30 sec, 
65oC- 30 sec, 
72oC- 2 min)  
37 cycles 

(Chen et al., 
2008) 



59 
 

ML838 
  
ML750 

CAGGATCCTGAAGCCTTGGAAGCA 
GCAACT (357-386) 
ATATGGATCCCACGCGTTGTCCTCG 
TCTTCT (19-49) 
amplicon size: 368 bp 

(94oC- 30 sec, 
70oC- 45 sec, 
72oC- 2 min) 
37 cycles 

(Chen et al., 
2008) 

35SB F’ 
 
ML838 
 

CAATCCCACTATCCTTCGCAAGACC 
(25-49) 
CAGGATCCTGAAGCCTTGGAAGCA 
GCAACT (357-386) 
amplicon size: 423 bp 

(94oC- 30 sec, 
70oC- 45 sec, 
72oC- 2 min) 
37 cycles 

(Chen et al., 
2008) 

NPT II F’ 
NPT II R’ 

GAGGCTATTCGGCTATGACTG (54-74) 
ATCGGGAGCGGCGATACCGTA (773-
753) 
amplicon size: 700 bp 

(95oC- 45 sec, 
60°C- 30 sec, 
72°C- 1 min) 
37 cycles 

(Tian et al., 
2009) 

NPT II F’ 
NPT II R’ 

CACGACGGGCGTTCCTTGC (216-234) 
GGTGGTCGAATGGGCAGGTAGC  
(388-409) 
amplicon size: 197 bp 

(95°C- 45 sec, 
65°C- 30 sec, 
72°C- 1 min) 
37 cycles 

(Zhang et 
al., 2015) 

 

3.2.6 Statistical analysis 

The results of the regeneration and transformation experiments were analysed using the 

statistical analysis software Minitab 17. One-way ANOVA (analysis of variance) was 

performed and the means were compared using Fisher’s Least Significance Difference 

(protected) test at the 5% confidence level. The error bars represent standard errors of the means 

or standard deviations as indicated in the figure label. Two-way ANOVA was used to compare 

the interaction of various parameters involved in regeneration and transformation.  

3.3  Results 

3.3.1 In vitro regeneration of rapid cycling Brassica napus  

3.3.1.1 Assessment of shoot regeneration from cotyledons and hypocotyls in 

rapid-cycling B. napus  

Preparation and handling of cotyledon explants were easier than with hypocotyls. The 

hypocotyls were thin (<1 mm) and slender, hence were prone to damage during dissection. In 
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contrast, the cotyledon explants were convenient to manipulate, because they could be 

efficiently dissected from the cotyledon. 

During the first few days in the CIM, the cotyledons enlarged in size, and the petioles elongated 

by about 5 mm. Callus induction started after 3-4 days on cotyledon petioles in CIM. The 

petiole end of the cotyledons produced undifferentiated cell masses making the cut ends 

swollen. This was more prominent after one week in the callus induction medium. Hypocotyls 

took 1-2 weeks to initiate callus cells which did not become very apparent until after two weeks 

in the CIM. Thus, there was about a one-week delay in induction of callus cells from the 

hypocotyl explants compared to cotyledon explants. A high frequency of callus induction was 

observed after 1 week for cotyledons and after 2 weeks for hypocotyls [Figure 3.1] 

 

Figure 3.1: Callus induction from a) cotyledons at 1 week and b) hypocotyls at 2 weeks in 
the tissue culture medium. Scale bar represents 1 cm. 

The average proportion of explants producing callus cells was similar with the two explant 

types, at 67% for cotyledons and 73% for hypocotyls. with no significant difference (p>0.05) 

between the two explant types. [Figure 3.3]. 

Cotyledons started to produce small leaf primordia at the petiole ends within the first week in 

the shoot induction medium. During the next few days, these leaf primordia developed further 

to bear 2-3 true leaves per plantlet.  In contrast, hypocotyls took at least 5 weeks to induce 

shoots from the callus. As a result, the SIM had to be changed twice before hypocotyls started 

to produce shoot buds. Only one shoot per explant at one end of the hypocotyl was observed 

in almost all the shoot producing explants. These were smaller than the shoots that developed 

from cotyledons and displayed hyperhydration (succulent/watery appearance) [Figure 3.2]. 

Shoot induction from cotyledons (mean 21%) was significantly higher than that from hypocotyl 

(mean 3%) explants [Figure 3.3].  
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Figure 3.2: Shoot induction from a) cotyledons at 2 weeks and b) hypocotyls at 4 weeks in the 
tissue culture medium. The scale bar represents 1 cm, the black arrows in the left photo indicate 
two shoot initials from the cotyledons, the white arrow in the right photo indicates a shoot 
initial developed from a hypocotyl. 

 

Figure 3.3: Proportion of explants inducing a) callus cells and b) shoots. The error bars 
represent standard error of mean, means that do not share the same letter are significantly 
different according to Fisher’s Least Significance Difference (protected) test at the 5% 
confidence level (n=10). 
 
The nine different media tested for callus induction from explant tissues showed significant 

differences (p<0.05) between treatments [Table 3.11]. Treatment 1 which had NAA at 0.1 mg/L 

and BAP at 0.5 mg/L gave the highest mean proportion of callus inducing explants, at 93%. 

This value was significantly higher than treatments 5, 6, 8 and 9. At least 70% of explants 

produced callus tissue in 5 treatments (1, 2, 3, 4, 7) while callus induction was the lowest for 
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treatments 6 and 9.  A high level of NAA (0.2-0.3 mg/L) and a high level of BAP (1.0-1.5 

mg/L) in the medium significantly reduced the callus induction from explants. No significant 

difference (p>0.05) was observed between treatments in terms of shoot induction [Table 3.11]. 

There was no clear correlation between the concentration of PGRs and the shoot induction from 

the explants. 

 

Table 3.11: The proportion of explants inducing callus and shoots for treatments 1 to 9. The 
concentrations of 1-naphthaleneacetic acid (NAA) and 6-benzylaminopurine (BAP) are given 
in mg/L. Means in the same column that do not share the same letter are significantly different 
(p<0.05) from each other according to Fisher’s Least Significance Difference (protected) test 
(n=10). 

Treatment 
number 

Level of NAA 
and BAP in mg/L 

Mean proportion of 
explants producing 
callus cells 

Mean proportion of 
explants producing 
shoots  

1 0.1, 0.5 0.93a 0.16a 

2 0.1, 1.0 0.84ab 0.26a 

3 0.1, 1.5 0.72abc 0.09a 

4 0.2, 0.5 0.72abc 0.09a 

5 0.2, 1.0 0.64bc 0.08a 

6 0.2, 1.5 0.49c 0.15a 

7 0.3, 0.5 0.80ab 0.09a 

8 0.3, 1.0 0.64bc 0.11a 

9 0.3, 1.5 0.51c 0.07a 

 

The fastest callus induction followed by shoot induction within 2 weeks was achieved with the 

cotyledon explants. These were easier to manipulate in tissue culture and had higher shoot 

regeneration ability compared to the hypocotyls. Hence cotyledons were selected as the explant 

material for subsequent experiments. 
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3.3.1.2 Optimisation of silver nitrate in shoot regeneration 

Shoot induction medium supplemented with AgNO3 resulted in significantly higher (p<0.05) 

shoot regeneration than the controls without AgNO3 [Figure 3.4]. Explants on SIM with no 

AgNO3 started producing shoots about 1.5 weeks after the explants in SIM with AgNO3 and 

the shoots appeared unhealthy and stunted compared to the shoots from the AgNO3 treatments. 

Although there were no significant differences between 2.5, 5.0 and 7.5 mg/L, the highest 

regeneration occurred with the AgNO3 at 5 mg/L and This was chosen for subsequent 

experiments. 

 

Figure 3.4: Average number of explants producing shoots at four concentrations (0, 2.5, 5.0 
and 7.5 mg/L) of silver nitrate in shoot induction medium at 2 weeks. The error bars represent 
the standard error of mean, means that do not share the same letter are significantly different 
(p<0.05) from each other according to Fisher’s Least Significance Difference (protected) test 
(n=10). 

 

3.3.1.3 Optimisation of plant growth regulators (PGR) for callus induction, 

shoot induction, shoot elongation and root induction 

Callus induction 

Cotyledon explants started to produce callus cells after 2-3 days in the callus induction media 

treatments [Table 3.5] except for the control, which lacked any plant growth regulator [Figure 

3.10 a)]. There were no significant differences between PGR treatments, but all were 

significantly different from the control with no PGRs [Figure 3.5]. Explants in the control 

treatment were unable to initiate healthy callus cells. All other 5 treatments produced healthy 
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callus, with the average proportion of cotyledons producing healthy callus tissue ranging 

between 88% and 97%.  

 

Figure 3.5: Average number of explants producing calluses under different callus induction 
media (I-V, control). Error bars represent the standard error of the mean, means that share the 
same letter are not significantly different (p>0.05) from each other according to Fisher’s Least 
Significance Difference (protected) test (n-=20). 

 

Shoot induction 

Cotyledon explants started to produce shoots at the petiole ends at 1 week in shoot induction 

medium. The control treatment which lacked any of the PGRs did not result in regeneration of 

plantlets from cotyledon explants. There were no significant differences (P>0.05) between the 

treatments I to VI according to one-way ANOVA of treatments [Table 3.5, Figure 3.6]. 

However, the highest shoot induction (70%) was observed with treatment II at 0.1 mg/L NAA 

and 1.0 mg/L BAP with 5.0 mg/L AgNO3. Increasing the concentration of BAP to 5 mg/L in 

the SIM (treatments III and IV) did not result in improved shoot production. Combination of 

BAP with zeatin (treatments III and IV) also did not enhance shoot induction when compared 

to treatments I and II. Moreover, the shoots produced by the explants with zeatin were very 

small and their growth was slow compared to the NAA and BAP combination. There was an 

overall significant improvement in shoot induction with AgNO3 at 5 mg/L for any combination 

of PGRs compared to 2.5 mg/L (Figure 3.7). Consequently, 0.1 mg/L NAA, 1.0 mg/L BAP, 5 

mg/L AgNO3 were used as the combination in subsequent experiments. 
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Figure 3.6: Average number of explants producing shoots under seven different shoot 
induction media (I-VI, control). Error bars represents standard error of mean, means that share 
the same letter are not significantly different (p>0.05) from each other according to Fisher’s 
Least Significance Difference (protected) test (n=9). 

 

 

Figure 3.7: Comparison of shoot induction at 2.5 mg/L and 5.0 mg/L silver nitrate 
concentrations. The error bars represent the standard error of mean. Means that do not share 
the same letter are significantly different (p<0.05) from each other according to Fisher’s Least 
Significance Difference (protected) test (n=9). 
 

Shoot elongation and root induction 

All treatments, including a zero concentration of BAP, supported successful shoot 

development. Shoots appeared healthy and were at least 3 cm in length after 3 weeks in the 

medium [Figure 3.8]. 
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Figure 3.8: Average number of shoots that were 3-4 cm in height in shoot elongation medium 
treatments having 0, 0.00125, 0.01, 0.05, 0.5 and 1 mg/L of BAP. Means that share the same 
letter are not statistically significant (p>0.05) according to Fisher’s Least Significance 
Difference (protected) test (n=3).  
 
 
Root development started after one week in the root induction medium. At the beginning, about 

2-3 small pale yellow/ white roots developed from the crown area of the plantlet. Root systems 

extended further within the next two weeks to produce 20-25 lateral roots per plantlet which 

were 1-2 cm long [Figure 3.10]. In some instances, roots ≥5 cm long were also observed. 

Regular trimming of callus from the crown area before embedding them in the RIM and 

biweekly renewal of the medium greatly helped satisfactory root induction with proper vascular 

connections. Sixty to sixty-five per cent of the total plantlets were successful in rooting at 

concentrations of 1 and 2 mg/L IBA. No IBA or 0.5 mg/L IBA in the medium gave significantly 

lower root induction from plantlets [Figure 3.9]. 

 

Figure 3.9: Average proportion of plantlets with well-developed root systems in root induction 
media with 0, 0.5, 1.0 and 2.0 mg/L IBA as a percentage of total plantlets used. Error bars 
represent the standard error of mean. Means that do not share the same letter are significantly 
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different from each other according to Fisher’s Least Significance Difference (protected) test 
at the 5% confidence level (n=3). 

 

Figure 3.10: Four optimised steps of in vitro regeneration of rapid-cycling B. napus plants 
using cotyledon explants a) Callus induction medium where callus cells start to develop at the 
cotyledon petiole end, b) shoot induction medium where small shoots/ plantlets bud off from 
developed callus cells, c) shoot elongation medium where the shoots further elongate and d) 
root induction medium where the plantlets start to produce root initials. The scale bar represents 
1 cm. 

Conclusion from the regeneration study 

All subsequent regeneration and transformation experiments used 0.1 mg/L NAA, 1.0 mg/L 

BAP, 5 mg/L AgNO3 in the callus induction medium and the shoot induction medium, with 

1.25 µg/L BAP in shoot elongation medium and 2 mg/L IBA in the root induction medium.  

3.3.2 Genetic transformation with Agrobacterium  

3.3.2.1 Preliminary transformation experiments with pAT593  

Putatively transformed callus cells produced healthy green shoots in the 25 mg/L kanamycin 

selection medium while the untransformed callus cells developed plantlets that were 

pink/purple or pale yellow [Figure 3.11]. The number of green shoots that were resistant to 
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kanamycin was extremely low in the initial transformation experiments. In the selection 

medium most of the explants turned pale yellow and produced pink, apparently untransformed 

shoots [Figure 3.11 a)], rather than green healthy shoots [Figure 3.11 b)]. Only 2-5% of 

explants were able to produce green, putatively transformed shoots [Table 3.12] which were 

subsequently confirmed by PCR to be positive transgenics [Figure 3.12]. PCR was unable to 

amplify the transgene in a very low number of shoots (1.5% of the total number of explants 

used in all the experiments) which remained green in the selection medium [Figure 3.12]. The 

highest PCR confirmation of successful transformation was 5%, observed when the dipping 

time was 30 sec and the Agrobacterium concentration was 0.1 OD at 600 nm. [Table 3.12].  

 

Table 3.12: Percentage of putative transformant shoots which remained green in the kanamycin 
selection media at 25 mg/L and were later confirmed to be positive by PCR. The 
Agrobacterium concentration is given as the optical density value at 600 nm (OD600), dipping 
time is displayed in sec, the number of green shoot-producing explants subsequently confirmed 
as transgenic by PCR is given as a percentage of the total explants used in each experiment ± 
standard error of mean.   

OD600 

 

 

 

 

Dipping 
time 
in sec 

No. of 
cotyledons 
producing 
green shoots 
confirmed as 
transgenic by 
PCR 

Total number 
of explants 

Percentage of 
explants 
producing 
green shoots 
confirmed as 
transgenic by 
PCR 

Average % of 
explants 
producing 
green shoots 
confirmed as 
transgenic by 
PCR ± SEM 
 

0.1 30 6 250 2.4 5.0 ± 0.75 
2 60 3.3 
2 29 6.8 
4 60 6.6 
4 63 6.3 
3 63 4.7 

0.2 30 1 50 2 2.0 ± 1.37 
1 17 5.8 
0 31 0 
0 53 0 

0.25 30 1 46 2.1 2.8 ± 0.7 
1 28 3.5 

0.2 120 2 54 3.7 3.2 ± 1.3 
0 27 0 
1 40 2.5 
2 19 10.5 
1 36 2.7 
1 36 2.7 
0 25 0 
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Figure 3.11: a) Explant producing untransformed pink or pale-yellow shoots b) explant 
producing putatively transformed green shoots c) a yellow cotyledon explant with an 
untransformed purple shoot, d) a cotyledon with a putatively transformed green shoot, in shoot 
induction medium containing antibiotic kanamycin at 25 mg/L. Black scale bar represents 1cm, 
white scale bar represents 5 mm. 

 

 

Figure 3.12: PCR screening of putatively transformed green shoots in kanamycin selection 
medium using ML 838 and ML 750 primer pair. Amplicon size – 368 bp, 1kb= 1 kb plus DNA 
ladder, P= plasmid pAT593, UT- untransformed B. napus, 1-17= putatively transformed green 
shoots which survived in kanamycin selection medium. 
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3.3.2.2 Subsequent optimisation experiments 

a) Cotyledon explant preparation method using pAT593 plus delayed antibiotic 

selection  

Cotyledonary petioles which were prepared with no MS liquid and with delayed transformant 

selection (2 weeks after co-cultivation with Agrobacterium) gave a higher proportion of 

putative transformants [Table 3.13, Figure 3.13] than were seen in the preliminary experiments 

which used MS liquid medium in the explant preparation medium and applied the selection 

pressure early at 1 week [Table 3.12]. Explants were confirmed to be transgenic by PCR 

[Figure 3.14] using gene specific primers ML 838/ML750. The average transformation 

efficiency was 16.5% for 3 individual experiments. A control cotyledon preparation medium 

which had LB liquid (used to culture Agrobacterium) was unable to induce any shoots and 

every explant eventually turned yellow and died. 

 

Table 3.13: Transformation efficiencies reported for 3 independent experiments in which MS 
liquid was not used in the explant preparation medium 

Experiment no. Total No. of 
explants used 

Percentage of 
explants 
producing green 
shoots 

Percentage of total explants 
producing green shoots further 
confirmed transgenic by PCR ± 
SEM 

1 61 18.0 16.4 16.5 ± 1.8 
2 45 15.5 13.3 
3 107 21.5 19.6 

 

 

Figure 3.13: a) Callus induction b) shoot induction at initial stage and c) putatively 
transformed green shoots which survived in 25 mg/L kanamycin medium, from cotyledon 
explants prepared according to methods described in section Subsequent optimisation 
experiments. The scale bar represents 1 cm. 
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Figure 3.14: PCR screening of in-vitro shoots obtained from the transformation protocol 
described in the section on subsequent optimisation experiments using ML838 and ML750 
primer pair. Amplicon size – 368 bp 1 kb= 1 kb plus DNA ladder, P= pAT593, W- water, 
putatively transformed green shoot samples: 1-11, UT- untransformed B. napus. 
 
 
A significant improvement (p<0.05) in efficiency of producing transformed plantlets was 

evident when the proportion of explants with PCR confirmed transformant shoots in the above 

3 experiments (16.4%, 13.3% and 19.6%) [Table 3.13] was compared with the lowest (2.4%), 

median (5.5%) and highest (6.8%) percentage values observed in the initial experiments [Table 

3.12], which used MS liquid as the explant preparation medium and dipping for 30 sec in 0.1 

OD600 Agrobacterium [Table 3.14].  

 

Table 3.14: Comparison of transformation efficiencies from initial experiments which used 
MS liquid in cotyledon preparation and applied selection 1 week after co-cultivation and 3 
subsequent experiments in which explants were prepared without liquid and selection was 
applied 2 weeks after co-cultivation. Means that do not share the same letter are significantly 
different (p<0.05) according to Fisher’s Least Significance Difference (protected) test. 

Experiment Mean percentage of explants with PCR 
confirmed transformant shoots 

Initial  4.90b 
Subsequent 16.5a 
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b) Effect of Agrobacterium concentration on transformation efficiency using plasmid 

construct pJG1513 

All Agrobacterium concentrations produced 20% or more potential transgenic shoot initials 

which survived and stayed green in the 25 mg/L kanamycin antibiotic selection medium 

[Figure 3.15]. There was no significant difference (p>0.05) among the four bacterial 

concentrations tested.  

 

Figure 3.15: Mean percentage of cotyledons producing putatively transformed green shoots 
for 5 Agrobacterium concentrations (0.05, 0.10, 0.15 and 0.20 at OD600). Error bars represent 
the standard error of means. Means which share the same letter are not significantly different 
(p>0.05) from each other according to Fisher’s Least Significance Difference (protected) test 
(n=10). 

c) Effect of different dipping times on transformation efficiency using plasmid 

construct pJG1513 

The percentage of putative transformant shoots ranged between 12 and 35 % which was much 

higher than the values reported in the initial experiments. The highest number of putative green 

shoots resulted when a short dipping time of 30 sec was applied, and the lowest transformation 

efficiency was obtained when the dipping time was 5 min. However, there was no significant 

difference (p>0.05) on transformation efficiency with dipping times [Table 3.15].  
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Table 3.15: Mean percentage of explants producing green shoots, after dipping for 30 sec, 60 
sec, 2 min and 5 min in Agrobacterium solution. Means that share the same letter are not 
significantly different from each other according to Fisher’s Least Significance Difference 
(protected) test (n=10). 

 

Dipping time in Agrobacterium 
solution 

30 sec 60 sec 2 min 5 min 

Average % of explants resulting in 
green shoots 

32a 17.5a 25a 12.5a 

 

3.4  Discussion  

Shoot induction from cotyledon explants of rapid-cycling B. napus plants was faster and at a 

higher frequency compared to from hypocotyl explants. Shoot initiation started within 2 weeks 

from cotyledon explants while it took more than 4 weeks from hypocotyl explants. Hypocotyls 

produced masses of callus cells, but with a low capacity for organogenesis resulting in fewer 

shoot buds. Similarly, Kamal et al. (2007) showed that cotyledons had higher regeneration 

frequencies (31%-100%) than hypocotyls (6%-44%) in three commercial canola cultivars 

(Surigol®, Quantum®, Option 500®). In contrast, Maheshwari et al. (2011) reported that ~20% 

more shoot induction was observed for hypocotyls than for cotyledons and that shoot induction 

was faster in hypocotyls than cotyledons for B. napus cultivar Invigor 5020® plants. These 

mixed results suggest that the explant response in tissue culture media may be genotype 

dependent.  

The hypocotyl explants were very slender (<1 mm diameter) and more easily damaged than 

cotyledon petioles during tissue culture. The lower regeneration ability of hypocotyls compared 

to cotyledons, would also mean that there would be low probability of getting transgenic shoots 

from hypocotyls of rapid-cycling plants. Taking these factors into consideration, cotyledons 

were selected as the best explant type for subsequent transformation experiments.  

Shoot induction from cotyledon explants was significantly increased with the ethylene 

antagonist AgNO3 in the tissue culture medium. Without AgNO3 the development of plantlets 

from these explants was also delayed and the shoots displayed stunted growth, indicating the 

importance of AgNO3 for optimal shoot induction. All shoot induction media supplemented 

with AgNO3 resulted in high shoot induction rates of between 58-75%.  Silver nitrate at a 
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concentration of 5.0 mg/L resulted in higher shoot numbers than at 2.5 mg/L and was, therefore, 

used in further experiments. 

The PGR combinations and concentrations tested in the callus induction medium were all 

equally effective in producing a high proportion of successful regeneration of callus tissue from 

the cotyledon explants of rapid-cycling B. napus. The highest average shoot regeneration 

percentage of 70% was achieved from 4-day-old cotyledons when the shoot induction medium 

was supplemented with NAA at 0.1 mg/L, BAP at 1.0 mg/L and 5 mg/L AgNO3. This shoot 

regeneration efficiency is higher than the findings of Tongson (2017) who reported a maximum 

average regeneration percentage of 53% on 4-day-old cotyledon explants of rapid-cycling B. 

napus, at 0.37 mg/L NAA, 1.0 mg/L BAP and 5 mg/L AgNO3. The improvement in shoot 

regeneration efficiency may be linked to the reduced level of NAA used in the new shoot 

induction medium. In a similar experiment, a regeneration percentage of 44.5% was observed 

by Cogbill et al. (2010) from 4-day-old cotyledonary petioles of rapid-cycling B. rapa, with 

the media supplemented with thiadiazuron at 1.5 mg/L and NAA at 0.5 mg/L. However, 

Cogbill et al. (2010) reported that this figure declined to 32.5% for 5-day-old explants and 23% 

for 9-day-old plants, suggesting that the use of young explants was important in tissue culture 

regeneration. Consistently, Maheshwari et al. (2011) stated that a high frequency callus 

induction can be readily achieved from B. napus explants by adding an auxin (e.g. NAA and 

IAA) and a cytokinin (e.g. BAP and kinetin) at a low concentration into the callus induction 

medium. 

Sixty-five per cent of the total shoots were successful in producing roots in root induction 

medium supplemented with 2 mg/L of IBA and 60% were successful with 1 mg/L IBA. In 

some instances, the crown area of the plantlets had to be trimmed in order to remove 

unnecessary callus tissue. This avoided rooting from peripheral callus tissue and initiated roots 

only from the stem, with proper vascular connections. The media had to be renewed biweekly 

to maximise rooting. Washing the roots thoroughly to remove any traces of MS medium was 

very important to minimise colonisation by potentially pathogenic soil bacteria and fungi. 

Tongson (2017) reported 100% root induction when using 1 mg/L of IBA in the medium for 

rapid-cycling plants possibly achieved by continuous maintenance of the plantlets by re-

culturing them into fresh root induction medium. 

The initial transformation experiments using the pAT593 plasmid construct resulted in very 

low transformant percentages, ranging between 2% and 5%. Delaying of the initial antibiotic 
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selection pressure and avoidance of MS liquid medium in the explant preparation medium 

greatly improved the percentage of putative transformant shoots in subsequent transformation 

experiments. An additional week without antibiotic selection allowed proper transgenic cell 

proliferation and the establishment of transgenic callus cells. Two rounds of selection pressure 

applied at the shooting stage (25 mg/L and 50 mg/L of kanamycin) assured that there were no 

or a very minimal number of untransformed escapees. The use of a dry surface to prepare the 

explants and immediate dipping in the Agrobacterium solution most likely allowed more 

contact of Agrobacterium cells with the cut surface of the cotyledon, increasing the probability 

of obtaining transformed callus cells from the explants. Because of these technical adjustments, 

improved transformation efficiencies of 13-22% were observed in subsequent experiments 

performed using the pAT593 plasmid construct. Tongson (2017), in transformation 

experiments with the same plasmid construct and following the same protocol as in the 

preliminary experiments, only obtained a 6.1% transformation efficiency in rapid cycling B. 

napus. 

The lower transformation efficiencies reported in preliminary experiments could also have 

been linked to the use of bacterial cultures that were incubated for at least 36 h (Bhalla and 

Singh, 2008) before inoculation of the explants. Maintaining the bacterial cultures for a 

prolonged period may have increased the number of dead bacterial cells, thus leading to a lower 

number of active Agrobacterium cells in the inoculum. To obtain bacterial cells at the 

exponential or early stationary phase of colony growth and to minimise the number of dead 

cells in the bacterial culture, the subsequent optimisation experiments used Agrobacterium 

cultures that were incubated for only 16-24 hrs (Cardoza and Stewart, 2003). 

Twenty per cent or more putative transformant shoots were obtained (using plasmid construct 

pJG1513), for all four tested Agrobacterium concentrations (OD600- 0.05, 0.10, 0.15, 0.20) with 

no significant difference in putative transformant shoots between the concentrations. These 

results suggested that a range of low bacterial concentrations were efficient in Agrobacterium 

transformation of cotyledon explants. Tongson (2017) reported that Agrobacterium solution 

with 0.10 OD650 resulted in a significantly higher proportion of putatively transformed shoots 

when using the pAT593 plasmid construct, than the 0.05 OD650 solution; and that a 0.50 OD650 

bacterial solution significantly decreased the transformed shoot numbers, making the cotyledon 

petiole tip necrotic. In contrast, some studies have utilised much higher concentrations such as 

OD600 0.40 for cv. Yangyou 6 (Wang et al., 2011) and Westar (Hussain et al., 2014) with an 

8.5% maximum efficiency; OD600 0.60for spring B. napus cultivars with a 5.5% maximum 
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efficiency (Boszoradova et al., 2011) and 0.8 (Cardoza and Stewart, 2003) for cv. Westar with 

a 25% maximum efficiency. Therefore, it appears that the best Agrobacterium concentration 

may be dependent on the genotype.  

No significant difference in transformation efficiency was observed with dipping times of 30 

sec, 1 min, 2 min or 5 min. Even though Bhalla and Singh (2008) suggested that a longer 

dipping time could lead to necrosis and subsequent dying of the explant tissues, the 5-min 

dipping time resulted in high shoot regeneration. Wang et al. (2011) used an even higher 

dipping time of 20 min on cotyledons and managed to get 8.5 % transformation efficiency 

while Hao et al. (2010) used a 30 min dipping time for hypocotyl explants with 13% 

transformation success.  

Development of much simpler transformation systems for B. napus would benefit the GM 

agricultural crop industry. If the floral dip technique, the most common and much easier 

technique used in A. thaliana transformation (Zhang et al., 2006) could be properly adapted to 

B. napus, it would help to greatly reduce the material and labour costs and the complexities 

associated with current tissue culture techniques.  Differing flower morphologies between 

Arabidopsis and Brassica appear to make floral dip technique difficult in B. napus. Testing of 

a direct floral dip technique in B. napus is still at the early stages with a 0.05 to 0.20% 

transformation efficiency reported to date (Wang et al., 2003, Verma et al., 2008).  

3.5 Conclusion 

The regeneration ability of cotyledons was significantly greater than that of hypocotyl explants.  

Silver nitrate was a vital component in the tissue culture medium which ensured proper shoot 

induction from the callus cells. Eighty-eight per cent or more of the total explants produced 

healthy callus cells in a range of low NAA (0.1-0.2 mg/L) and BAP (0.5-1.0 mg/L) 

concentrations. The range of shoot regeneration media tested did not show significant variation 

but were able to produce a high shoot regeneration frequency of 50-70%.  A significantly 

increased root induction of 60-65% was obtained when IBA was increased from 0.5 mg/L (5%) 

to 1 mg/L or 2 mg/L in the root induction medium.  

A low transformation efficiency (2-5%) was seen in the initial transformation experiments but 

was elevated to >10% by introducing technical improvements to the transformation protocol. 

These included, avoiding prolonged incubation of Agrobacterium before infecting the explants, 
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delaying the initial antibiotic selection and removing MS liquid medium from the explant 

preparation method. No significant differences were recorded in the percentage of putative 

transformant shoots over the range of Agrobacterium concentrations or dipping times tested. 
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Chapter 4: Development of disease resistance in transgenic 

Brassica napus plants expressing rice ACYL-COA-BINDING 

PROTEIN 5 (OsACBP5)  

4.1 Introduction 

Brassica napus (canola) is susceptible to a variety of fungal pathogens worldwide, with 

diseases causing huge financial losses to the canola industry. The severity of a disease is 

dependent on the susceptibility of the crop to the disease, favourable climate conditions and 

the virulence of the pathogen. Blackleg (Phoma stem canker) is the most important disease of 

Brassica napus in many countries including Australia and is caused by two major fungal 

pathogens Leptosphaeria maculans and L. biglobosa (Fitt et al., 2006). In Australia, blackleg 

caused by L. maculans, generally, leads to a 10-15% yield loss annually, but sometimes the 

damage can be more severe. A blackleg outbreak which occurred in the Lower Eyre Peninsula 

in South Australia in 2003 led to ~90% yield loss (Van De Wouw et al., 2016).  

Sclerotinia stem rot caused by Sclerotinia sclerotiorum is also an important fungal pathogen 

affecting the rapeseed industry particularly in Australia and China (Li et al., 2009). Infected 

plants show large, off-white lesions on the stems which may eventually lead to lodging. This, 

generally, coincides with the reproductive stage of the plant, thus affecting seed development 

and greatly reducing yield.  Sclerotia, the survival structures produced by Sclerotinia, persist 

for a long time in the soil making it an extremely difficult pathogen to control (Derbyshire and 

Denton Giles, 2016). Other diseases such as Alternaria blight, club-root, damping-off and 

downy mildew also have an impact on the canola industry in Australia (Marcroft, 2008).  

The current control measures for decreasing the impact of fungal diseases depends heavily on 

good cultural practices to reduce inoculum, the use of fungicides and on planting resistant 

cultivars. Conventional resistance breeding has several drawbacks including the length of time 

required to transfer resistance genes to elite varieties, the risk of linked inheritance of 

unfavourable genes from the donor parent variety and the ability of the pathogen to overcome 

resistance. Genetic engineering, in contrast, can directly introduce a gene of interest from other 

species into the plant genome without altering the targeted plants genetic background.  

Plant pathogens produce several proteins to degrade the host cell wall, which is a structural 

mechanical defence against fungal infection and colonisation.  Degradation of the plant cell 
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wall facilitates pathogen penetration into the plant cells and the degraded host plant tissue can 

be a source of nutrients for the pathogens. Inducible defence responses involve plants detecting 

fungal elicitors and stimulating the production of defence-related proteins inside cells. These 

include the production of antimicrobial compounds such as ‘phytoalexins’, and the synthesis 

and release of pathogenesis-related (PR) proteins from the endoplasmic reticulum (ER). These 

defence-related proteins target the infecting pathogen and act to minimise further infection of 

the plant tissue (Alexander et al., 1993, Liu et al., 2011b). 

The PR proteins may be specific enzymes such as chitinase and glucanase which hydrolyse 

pathogen cell walls (Jelitto-Van Dooren Ep et al., 1999). They can also trigger the release of 

other elicitors to continue the defence response. Inducible defence has been confirmed by 

several transgenic studies which overexpressed the PR proteins, in tobacco (Alexander et al., 

1993) and B. napus (Liu et al., 2011b), resulting in enhanced pathogen resistance. 

Using genetic engineering, various novel genetic resources including glucanase and chitinase 

from plants (e.g. rice, potato, soybean, tobacco) and microorganisms (e.g. Streptomyces sp.) 

have been assessed in transgenic B. napus plants for enhanced disease resistance. Plants have 

also been transformed with more than one gene to deliver a higher level of resistance (Ceasar 

and Ignacimuthu, 2012). The Arabidopsis thaliana ACYL-COA-BINDING PROTEIN family 

(ACBP) has been shown to protect plants from abiotic and biotic stresses (Xiao and Chye, 

2009, Xiao and Chye, 2011a). The ACYL-COA-BINDING PROTEIN family of Oryza sativa 

(rice) has been shown to have the potential to induce disease resistance in rice plants (Meng et 

al., 2011, Narayanan et al., 2019).  

There are six ACBPs in rice (OsACBP1 to OsACBP6) with the lengths of these proteins 

ranging from 91 to 655 amino acids. These are expressed at various levels, in almost every 

tissue from leaves to roots. OsACBP5 is a large ACBP (class III) which contains putative stress 

response- related cis- elements, a ‘dehydration responsive element/C-repeat’ (DRE/CRT) and 

‘abscisic acid responsive transcription factors’ (AREB/ABF) (Meng et al., 2011). Meng et al. 

(2011) reported that the expression of OsACBP5 was enhanced when rice plants were infected 

with rice blast fungus (Magnaporthe grisea), while all other OsACBPs were suppressed. Nearly 

a doubling in OsACBP5 mRNA levels was observed in infected plants when compared to non-

infected plants.  

Narayanan et al. (2019) overexpressed rice ACBP5 in A. thaliana and showed that these plants 

were more resistant to bacterial (Pseudomonas syringae) and fungal (Rhizoctonia solani, 
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Botrytis cinerea, Alternaria brassicicola) infections than wild-type plants. A proteomic 

analysis of transgenic plants infected with Rhizoctonia solani confirmed the elevated levels of 

cell wall-related proteins, glucosinolate breakdown proteins and proteins that participate in 

jasmonate biosynthesis (Narayanan et al., 2019). These observations suggested that the 

function of OsACBP5 could be related to plant disease responses. 

Salicylic acid (SA) plays a key role in reacting to biotic stress conditions, including pathogen 

attacks. Once a fungal pathogen infects a plant, the level of SA is increased in the necrotic 

lesion and the surrounding tissue. This increased level of SA could induce hypersensitive 

responses (HR) such as cell death or the expression of pathogenesis-related (PR) genes leading 

to systemic acquired resistance in plants (Ahmad and Prasad, 2011). An increased expression 

of the OsACBP5 was detected after SA was introduced to rice to mimic the cellular 

environment during pathogen attack (Meng et al., 2014) suggesting that the OsACBP5 gene 

could be one of the genes involved in mediating disease stress responses such as HR or PR 

gene expression in plant cells. 

OsACBP5 is localised in the tubular region of the endoplasmic reticulum (ER) of plant cells 

(Meng et al., 2014). Within the ER, the cisternae region is responsible for protein translocation 

while vesicles bud off from the tubular region. Involvement of OsACBP5 in pathogen defence 

is further supported by the fact that the ER has a special role in releasing pathogenesis related 

(PR) proteins. The ER also produces and releases phospholipids and lipid droplets, presumably 

with the help of OsACBP5 and of OsACBP4, which resides in the cisternae region of the ER 

(Meng et al., 2011, Meng et al., 2014). 

Similar to the situation with OsACBP5, Arabidopsis thaliana AtACBP3 is categorised as class 

III (large ACBPs) and displays 56% identity to OsACBP5 at the amino acid level (Meng et al., 

2011).  Unlike other ACBPs, these two proteins have similar domain structure and have their 

ACB domain at the C-terminus. AtACBP3 was highly expressed in ACBP3-overexpressing A. 

thaliana, after Pseudomonas syringae pv tomato DC3000 bacterial infection and Botrytis 

cinerea fungal infection. Expression was also increased when the plants were treated with a 

fungal elicitor, arachidonic acid. Arabidopsis plants overexpressing AtACBP3 showed 

enhanced resistance to P. syringae, while AtACBP3 mutant plants were more susceptible (Xiao 

and Chye, 2011b). This suggests some similarities between AtACBP3 and OsACBP5 in their 

involvement in plant defence. However, since AtACBP3 is membrane associated and targeted 

to the apoplast, its mode of action during pathogen infection is presumably different.  
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The objective of the research reported in this chapter was to test the potential of the OsACBP5 

cDNA to increase disease resistance in transgenic Brassica napus (canola). The specific aims 

were to develop OsACBP5 transgenic rapid-cycling B. napus and canola cv. Westar plants 

using tissue culture-based Agrobacterium mediated transformation and to evaluate transgenic 

plants at T3 for resistance against blackleg and Sclerotinia stem rot diseases. The blackleg assay 

was based on infecting young cotyledons (Koch et al., 1991, Mengistu et al., 1991, Wang et 

al., 1999, Raman et al., 2012b, Van de Wouw et al., 2014). A convenient yet reliable detached 

true leaf assay (Wang et al., 2009) was used to test the tolerance of B. napus plants toward S. 

sclerotiorum.  

4.2 Materials and Methods 

4.2.1 Genetic transformation of B. napus with rice ACBP5 cDNA using 

plasmid construct pOS879 

4.2.1.1 Optimisation of hygromycin B for selection of putatively transformed 

shoots  

Cotyledon explants were tested for sensitivity to hygromycin B with a range of hygromycin B 

concentrations in order to establish an optimal concentration for use in transgenic shoot 

selection. Four-day-old cotyledons were aseptically cut leaving a 1-2 mm petiole and cultured 

in MS medium (0.1 mg/L NAA, 1.0 mg/L BAP, 5 mg/L AgNO3, 0.1 mg/L GA3) with 

hygromycin B concentrations ranging from zero to 60 mg/L. Three Petri plates with 30 explants 

per plate were used in the experiment. The cotyledon tissues were observed for shoot induction 

after 3-4 weeks in a growth chamber at 24±1°C with 16 h light at a photosynthetic photon flux 

density of ~100 μmol·m-2·s-1 and at 60% humidity. 

4.2.1.2 Agrobacterium-mediated transformation 

Agrobacterium LBA4404 harbouring pOS879 [Appendix 5 and 6] was provided by SP 

Narayana and ML Chye (Biological Sciences Lab, University of Hong Kong). Transformation 

was performed using the optimum conditions reported in Chapter 3.  
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Preparation of bacterial cultures 

A loopful of Agrobacterium LBA4404 harbouring the plasmid pOS879 was spread on a LB 

agar (Sigma® L2897, Sigma-Aldrich U.S.A) plate with streptomycin at 100 mg/L and 

kanamycin at 50 mg/L, in aseptic conditions. The culture was incubated at 30oC for four days.  

Single isolated bacterial colonies were picked up by a sterile pipette tip and used to inoculate 

LB broth containing streptomycin at 100 mg/L and kanamycin at 50 mg/L in a 50-mL falcon 

tube. The tubes were incubated in a shaker incubator at 220 rpm at 30oC. At an optical density 

value of approximately 1.0 at 600 nm, the medium was centrifuged at 4400 rpm for 15 min to 

pellet the bacteria. The pellet was washed, resuspended and diluted in MS liquid to the required 

OD value of 0.10.  

Inoculation of explants and in vitro regeneration of transgenic plants 

Two experiments were performed using rapid-cycling B. napus explants and two separate 

experiments were conducted using B. napus cv. Westar explants. With rapid-cycling B. napus 

explants, there were 11 culture plates in the first experiment and 12 in the second experiment, 

with 9-10 explants per plate. For cv. Westar, there were 17 individual culture plates in the first 

experiment and 22 in the second experiment, again with 9-10 explants per plate.  

Aseptically prepared four-day-old cotyledon explants of rapid-cycling B. napus and cv. Westar 

were dipped in the Agrobacterium solution for 30 sec and then immediately placed in the co-

cultivation medium (0.1 mg/L NAA, 1.0 mg/L BAP, 5 mg/L AgNO3, 0.1 mg/L GA3). After 2 

days, the cotyledons were transferred onto fresh medium in Petri dishes for callus induction 

(0.1 mg/L NAA, 1.0 mg/L BAP, 5 mg/L AgNO3, 0.1 mg/L GA3), which was supplemented 

with carbenicillin antibiotic at 500 mg/L. The cultures were kept in 16 h light at a 

photosynthetic photon flux density of ~100 μmol·m-2·s-1 at 60% humidity following a week in 

the dark (covered with aluminium foil) for one week. Explants were transferred to shoot 

induction medium (0.1 mg/L NAA, 1.0 mg/L BAP, 5 mg/L AgNO3, 0.1 mg/L GA3, 500 mg/L 

carbenicillin) containing hygromycin B at 5 mg/L to select the putative transformants. 

Hygromycin B was increased to 10 mg/L after two weeks.  

New shoot initials which survived both rounds of selection and were able to remain green were 

counted in each of the four experiments (two with rapid-cycling B. napus and two with cv. 

Westar) to calculate the efficiency of production of putatively transformed shoots. To avoid 

using genetically identical shoots, only one healthy shoot was extracted per explant. The 
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putatively transformed shoots were extracted and transferred into root induction medium 

supplemented with 2 mg/L IBA. Once the shoots had developed several healthy roots, they 

were carefully removed from the rooting medium. The roots were washed with lukewarm tap 

water to remove gel traces. The plants were then transferred into Jiffy pots (Jiffy-7® peat pellets, 

Bunnings Warehouse, Australia) under in vitro conditions to further enhance root induction. 

After the roots were fully established, these potential transgenic plants were transplanted into 

pots with Debco® potting mix (50% composted medium bark, 40% composted coarse bark, 

10% sand, SaturaidTM, lime, iron, nitrogen and trace elements) and maintained in the 

glasshouse at 23-25°C under 16 h light supplied by GE Lucalox™ PSL (GE Lighting, U.S.A). 

They were fertilised initially with slow release fertiliser ‘Osmocot®’ granules and bi-weekly 

with ‘Aquasol®’ fertiliser as directed by the manufacturer. Once they were well established, 

plants were confirmed to contain the OsACBP5 gene by genotyping with gene specific primers 

[Table 4.1].  

The same procedure was used to develop pCAMBIA 1304 vector-only control rapid-cycling 

and cv. Westar B. napus plants in two individual experiments. The transformed shoots were 

selected on hygromycin B medium. The pCAMBIA transformation experiment with rapid-

cycling B. napus included 13 culture plates with 9-10 explants per plate. The transformation 

experiment with cv. Westar included 14 culture plates with 9-10 explants per plate.  

4.2.2 Molecular characterisation of transgenic plants 

4.2.2.1 Sample collection for DNA, RNA and protein analysis 

Leaf samples collected from putatively transformed plants at the 5-6 leaf stage were 

immediately snap frozen in liquid nitrogen and stored at -80oC.  

4.2.2.2 Genotyping of transgenic plants by Polymerase Chain Reaction  

DNA extraction 

DNA was extracted from leaves as per section 3.2.5.3 in Chapter 3. 

PCR analysis 

Twenty microliters of total reaction volume [X1 PCR buffer, 0.2 mM dNTPs (Bioline® 39044, 

Bioline Pty. Ltd., Australia), 0.2 µM of each primer (Sigma-Aldrich, U.S.A) [Table 4.1], 2 mM 
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MgCl2 (Bioline® 37026, Bioline Pty. Ltd., Australia), 1-unit Taq polymerase (Bioline® 21083, 

Bioline Pty. Ltd., Australia) and 50 ng of gDNA] was used in each PCR reaction. PCR products 

were separated in agarose 1.5% (w/v) gel electrophoresis and visualised in the Gel-Doc image 

system (Bio-Rad) with ethidium bromide (0.5 µg/mL) or 1X SybrTM Safe DNA gel stain dye. 

The molecular weight of the amplicon was measured against a 1kb plus ladder (Thermo Fisher 

Scientific® 10787018, Invitrogen, U.S.A) by running in it parallel to the samples. 

 

Table 4.1: Primer sequences and PCR conditions used for genotyping of OsACBP5 transgenic 
plants 

Primer pair Primer sequence (5’-3’) and the base pair 
position within the gene in brackets 

PCR condition 

35SB 
ML1055 

CAATCCCACTATCCTTCGCAAGACC (25-49) 
CTCCGTCTCTGCCAATGCCAC (928-948) 
Amplicon size- 1.1 kb 

(95oC-30 sec,  
60oC-45 sec, 
72oC-1.5 min) 
37 cycles 

ML1111 
ML1112 
(Meng et al., 
2011) 

GAGGCTATTCCAGGATGGAT (1495-1514) 
CTGTCATGTTGGTTGATTGTAT (1592-1613) 
Amplicon size-118 bp 

(95oC-30 sec,  
60oC-45 sec, 
72oC-1.5 min) 
37 cycles 

OS5 4F 
OS5 4R 

GGACGAAGCTAAATGCAAGC (1011-1030) 
TGCTTCCATGGCTAATTTCC (1101-1120) 
Amplicon size-110 bp 

(95oC-30 sec,  
60oC-30 sec, 
72oC-1 min) 
37 cycles 

OS5 5F 
OS5 5R 

GGACGAAGCTAAATGCAAGC (1011-1030) 
GTCAATTCCTCCTCGGTCAA (1146-1166) 
Amplicon size- 156 bp 

(95oc-30 sec,  
60oC-30 sec, 
72oC-1 min) 
37 cycles 

OS5 6F 
OS5 6R 

TATCTGACGTGACGCTGGAG (658-677) 
CAATCCAGATGACCCTGCTT (979-998) 
Amplicon size- 341 bp 

(95oc-30 sec,  
60oC-30 sec, 
72oC-1 min) 
37 cycles 

4.2.2.3 Semi-quantitative reverse transcription PCR 

RNA was extracted from the putatively transformed plants using TRIzol reagent (Invitrogen® 

15596018, Thermo Fisher Scientific, U.S.A) according to the manufacturer’s instructions. 

RNA was treated with DNase (TURBO DNA free kit Invitrogen® AM1907, Thermo Fisher 

Scientific, U.S.A) to remove any traces of genomic DNA. One µg of RNA was reverse 

transcribed using iScript TM cDNA synthesis kits (Bio-Rad® 170-8891, Bio-Rad Laboratories, 

U.S.A) according to the manufacturer’s instructions. A 1.5 µL aliquot from each cDNA sample 

was used in conventional PCR with gene-specific primers. 
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4.2.2.4 Western blot analysis 

Protein extraction 

Finely ground frozen leaf tissue samples were mixed with protein extraction buffer (150 mM 

NaCl, 1 mM EDTA, 1% β mercaptoethanol, 1 mM Tris-HCl, 5% glycerol, 1mM 

phenylmethylsulfonyl fluoride (PMSF) – a serine protease inhibitor) and vortexed to mix the 

contents. Samples were then chilled in ice for 30 min with shaking at 5-8 min intervals. The 

tubes were centrifuged at 3,300 rpm at 4oC for 30 min and the aqueous clear supernatant was 

gently pipetted to a new tube. The concentration of the protein solution was measured using a 

total protein kit using the Micro Lowry method with Peterson’s modification (Sigma® TP0300, 

Sigma-Aldrich, U.S.A) as per the manufacturer’s instructions. Before storing the protein, 

samples were mixed with 2×Leammi sample loading buffer (Bio-Rad® 1610737, Bio-Rad 

Laboratories, U.S.A) mixed with β- mercaptoethanol (50µL for 950 µL buffer) at a 1:1 sample: 

buffer ratio.  

SDS-PAGE  

A Mini-PROTEIN® 3 cell system (Bio-Rad® 165-3301, 165-3302, Bio-Rad Laboratories, 

U.S.A) was used for poly-acrylamide gel electrophoresis. A resolving gel of 10% acrylamide/ 

bis-acrylamide gel and stacking gel of 4% acrylamide/ bis-acrylamide were prepared to a 

thickness of 0.75 mm. Protein samples were denatured at 95oC for 5-7 min just before loading 

into the gel at a maximum volume of 30 µL per well. A total of 45 µg of protein was loaded 

into each well. The electrophoresis was carried out at 150 volts for 1-1.5 h depending on the 

sample migration in the gel. All gels were duplicated. One gel was used to prepare the blot 

while the other gel was used for Coomassie blue staining.  

Western blot preparation and analysis 

A Mini Trans-Blot® electrophoretic transfer cell system (Bio-Rad® 170-3930, 170-3935, Bio-

Rad Laboratories, U.S.A) was used for western blot preparation. Once the samples had run 

more than half of the length of polyacrylamide gel, the gel was removed from the cassette and 

soaked in transfer buffer until used. The protein blotting sandwich was prepared according the 

manufacturer’s instructions. Amersham Hybond-P Polyvinylidene Fluoride (PVDF)® 

membrane was used to blot the proteins. The protein transfer system was run at 30 v overnight 

at 4oC.  The blots were air dried between two filter papers and sent to S. P. Narayanan at the 
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University of Hong Kong for immunoblotting with anti-OsACBP5 antibodies to confirm 

protein expression in transgenic lines. Rice protein was used as the positive control for the 

western blot and wild-type rapid-cycling and B. napus cv. Westar canola were used as the 

negative controls.  

Coomassie blue staining 

Replicate gels used to prepare the blot were stained with Coomassie blue to check for the proper 

loading of the proteins onto the gel. Once the run was complete, gels were washed three times 

in water for 5 min each, before incubating in Bio-Safe™ Coomassie stain (Bio-Rad® 1610786, 

Bio-Rad Laboratories, U.S.A) for 1 h. Gels were de-stained in water for 30 min and 

photographed.  

4.2.3 T1 and T2 progeny analysis 

T1 and T2 seeds from two independently transformed rapid-cyling B. napus lines (T7, T10) and 

two independently transformed B. napus cv. Westar lines (T6, T27) which were confirmed to 

be expressing OsACBP5 by antibiotic selection, genotyping, reverse transcription PCR and 

western blot analysis, were soaked in 100 mg/L hygromycin B solution for 36 h (Li et al., 

2010). The seeds were sown in Debco® potting mix (50% composted medium bark, 40% 

composted coarse bark, 10% sand, SaturaidTM, lime, iron, nitrogen and trace elements) and 

maintained in the glasshouse at 23oC in 16/8 h light/dark. There were three replicates per each 

transgenic line. The number of seedlings which appeared healthy, with green true leaves and 

stems (putatively transformed, providing the resistance to hygromycin B) were counted at 10 

d after initial sowing. Purple to pale yellow, susceptible seedlings were also counted. Four 

independent lines were tested against the 3:1 ratio for Mendelian inheritance of a single 

dominant gene using the Chi-square goodness of fit test.  

4.2.4 Pathogenicity tests on transgenic OsACBP5 lines 

4.2.4.1 Plant material 

Plants from four independent lines (T6, T7, T10 and T27) were maintained in the glasshouse 

at 23oC in 16/12 light/dark. The seeds were selected at T1 and T2 by soaking in 100 mg/L 

hygromycin B for 36 h and directly sowing into soil (Li et al., 2010). Surviving plants which 

were re-confirmed to be transgenic by PCR analysis, were maintained in the glasshouse to 
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harvest seeds for the pathogenicity assays. The pathogenicity assays were performed on T3 

plants for three independent OsACBP5 transgenic B. napus lines (T6, T7 and T10) and on T2 

plants of one Westar line (T27).  

4.2.4.2 Leptosphaeria maculans cotyledon assay for blackleg  

Preparation of spore suspension 

Pathotype D5 (Sonah et al., 2016), a key representative of the most aggressive pathotypes of 

Leptosphaeria maculans was obtained from A. Idnurm, Mycology lab, School of Biosciences, 

University of Melbourne to use in the bioassay.  It was inoculated onto 10% V8 medium (400 

mL of V8 medium (pH 6.5) contains 40 mL of V8® juice (Campbell Australia Pty. Ltd), 1.5 g 

calcium carbonate (CaCO3) and 8 g Agar, plus rifampicin at 10 mg/mL and chloramphenicol 

at 30 mg/mL) and incubated at 23oC. After 12 days, the pycnidia on the V8 cultures were 

scraped and mixed with 10 mL of sterile distilled water to dislodge the pycnidiospores. The 

spore suspension was centrifuged at 4,400 rpm for 30 min and the pellet was re-suspended in 

a new 10 mL volume of sterile distilled water. The spore concentration was measured using 

haemocytometer and adjusted to 1×106 spores/mL with sterile distilled water. 

Preparation of plants 

Seeds were sown at a density of 10 seeds per 10×20 cm punnet. Four punnets were used per 

line tested. These were covered with plastic lids and the seeds were germinated in a plant 

growth cabinet at 23/18oC day/night in 16/8 h light/dark. After 12 d, the seedlings were 

prepared for inoculation by gently pricking the two lobes of each cotyledon using a sterile 

surgical needle. Ten microlitres of spore suspension was dispensed on to the pinpricked point 

using a pipette [Figure 4.1]. One plant in every 4 punnets was inoculated with distilled water 

as a control. The plants were carefully returned into the original plant growth cabinet and 

maintained for two weeks until symptoms developed. Twenty individual plants per plant line 

were tested with each plant having 4 inoculation points.  At the 12th day after inoculation, the 

lesion diameter was measured using a mm scale ruler. Two measurements were made 

perpendicular to each other, for each of the four inoculation points per seedling.  Disease 

severity was also recorded according to a modified version of disease scoring system used by 

Koch et al. (1991) as per Figure 4.2. Both mean disease scores and median disease scores (by 

arranging the 4 observations per plant in numerical order and obtaining the mean of the second 
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and third values) were calculated to avoid any bias due to the non-linear nature of the scoring 

system.  

 

Figure 4.1: Inoculation of 12-day-old B. napus seedlings with L. maculans. a) Schematic 
representation of the inoculation points on seedlings where the spore suspension was placed b) 
12-day-old B. napus seedlings inoculated with the 1×106 spores/mL L. maculans spore 
suspension. The scale bar represents 1 cm. 

 

 

Figure 4.2: Disease scoring system used to score the disease severity in the cotyledon assay 
for blackleg based on (Koch et al., 1991). (Photo source: Based on photos from the Mycology 
lab, School of Biosciences, University of Melbourne) 
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4.2.4.3 Sclerotinia sclerotiorum agar plug assay on detached leaves 

The tolerance or susceptibility of OsACBP5 transgenic B. napus plants to Sclerotinia 

sclerotiorum was tested using a detached leaf assay following Wang et al. (2009) with minor 

modifications. Since this pathogen does not produce asexual/sexual spores when cultured in 

fungal growth media, agar plugs containing fungal mycelia were used as inoculum for the 

assay. Three-millimetre diameter agar plugs were prepared from an actively growing 4-day-

old S. sclerotiorum pathotype UQ1280 culture (Source: Mycology lab, School of Biosciences, 

University of Melbourne). Thirteen young but fully expanded leaves were collected from 

transgenic lines, wild-type and vector-control plants and arranged on Petri plates layered with 

moist filter paper. Agar plugs were placed on the adaxial surface of the leaves with hyphae 

facing down, avoiding major veins [Figure 4.3]. The leaves were incubated at room 

temperature (23oC) in 10/14 h light/dark. Lesion development was measured at 24 and 48 h 

after inoculation (Solgi et al., 2015) using a mm scale ruler.  

 

 

Figure 4.3: Inoculation of detached leaves of B. napus with Sclerotinia. a) Schematic 
representation of a B. napus leaf inoculated with Sclerotinia agar plugs b) detached leaves 
arranged on Petri plates and inoculated with Sclerotinia agar plugs. The scale bar represents 1 
cm 

 

4.2.5 Statistical analysis 

The results from transformation experiments and pathogenicity assays were analysed using the 

statistical analysis software Minitab 17. One-way ANOVA results were calculated at the 5% 

confidence level, and the means were compared using Fisher’s significant difference 

(protected) test. The error bars presented in the figures are the standard errors of the means. 
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4.3 Results 

4.3.1 Genetic transformation of B. napus  

4.3.1.1 Optimisation of hygromycin B in the growth medium for selecting 

potential transformed shoots 

The cotyledon explants showed high sensitivity to hygromycin B antibiotic. In the control MS 

medium without hygromycin B, 94% of the total explants regenerated new shoot initials. This 

decreased significantly (p<0.05) to 36% with 5 mg/L hygromycin B [Figure 4.4 and 4.5] where 

the developed shoots were unhealthy and pale green with a stunted appearance. At 10 mg/L the 

cotyledon tips showed necrosis in almost all the explants, and the regenerated new shoot initials 

were shrivelled and reddish with anthocyanin pigmentation, indicating stressed shoots. These 

were unable to elongate and eventually died. From 20 to 60 mg/L hygromycin B, the explants 

showed a pale-yellow colouration and the cut end of the petiole turned red. They were unable 

to develop any shoot initials [Figure 4.4 and 4.5].  

 

Figure 4.4: Sensitivity of B. napus explants to hygromycin B at a) 0 mg/L, b) 10 mg/L, c) 20 
mg/L, d) 30 mg/L. The scale bar represents 1 cm. 
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Figure 4.5: The average number of explants producing shoots for eight levels of hygromycin 
B. The error bars are the standard error of mean Means that do not share the same letter are 
significantly different (p<0.05) from each other according to Fisher’s Least Significance 
Difference (protected) test (n=30).  
 

The 5 mg/L concentration was selected for the initial antibiotic selection medium and the 10 

mg/L concentration was selected for the high level of selection to apply two weeks after the 

initial selection.  

4.3.1.2 Agrobacterium mediated transformation of B. napus plants 

Cotyledons started producing callus cells within the first few days in callus induction medium. 

Petiole ends became swollen and cell masses were visible. Within two weeks in the 5 mg/L 

hygromycin B supplemented shoot induction medium, shoot buds started developing from the 

callus tissue [Figure 4.6]. One shoot initial per explant was observed in most instances, while 

two initials were seen only rarely.  

From the two experiments of rapid-cycling B. napus explants transformed with the pOS879 

construct, a total of 23% and 25% were able to produce shoots which stayed green in the 10 

mg/L hygromycin B selection medium. The proportions of cv. Westar explants with putatively 

transformed OsACBP5 green shoots were 25% and 33% for the two experiments [Table 4.2]. 

For transformation experiments with the vector-only control (pCAMBIA 1304 plasmid), 23% 

of the rapid-cycling and 24% of the cv. Westar explants were successful in producing putative 

shoots which stayed green in the 10 mg/L hygromycin selection medium. There was no 

significant difference (p>0.05) between the six transformation experiments in terms of the 

mean percentage of explants producing green shoots according to one-way ANOVA.  
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Figure 4.6: In vitro transgenic B. napus plant production. a) Co-cultivation of 4-day-old 
cotyledons in Agrobacterium b) swollen cotyledon petiole end with masses of callus tissue 
observed in callus induction c) shoot induction in 10 mg/L hygromycin B selection medium 
where putative transformants produced green shoots and untransformed cotyledons were 
bleached or produce pink-yellow shoots d) a green putatively transformed shoot being excised 
and transferred to root induction medium e) further elongation and development of roots from 
putative transformed plants in coir pots (Jiffy) f) successfully rooted plants transferred into soil. 
The scale bar in a)-d) represents 1 cm, e) and f) represents 5 cm. 

 

Table 4.2: Proportion (%) of putatively transformed explants which continued to develop green 
shoots after two weeks in 10 mg/L hygromycin B selection medium. Means that share the same 
letter are not significantly different (p>0.05) according to Fisher’s Least Significance 
Difference (protected) test. 

Experiment Number of 

replicates 

Mean percentage of explants 

producing green shoots  

Transformation with pOS879 of rapid-cycling Brassica napus 

1 11 23.0 a 
2 12 25.3 a 
Transformation with pOS879 of Brassica napus cv. Westar 
1 17 24.8 a 
2 22 33.4 a 
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Transformation with pCAMBIA 1304 vector-control of rapid-cycling 
Brassica napus 
1 13 23.4 a 
Transformation with pCAMBIA 1304 vector-control of Brassica napus 
cv. Westar 
1 14 24.4 a 

 

However, not all the shoots were successful in developing into healthy plants. Some of the 

plantlets were unable to elongate in the shoot elongation medium and showed low recovery in 

the tissue culture medium. Other plantlets failed to produce roots in root induction medium 

even when they were trimmed at the base (to remove callus cells) and transferred to new rooting 

medium biweekly. Five of the few fully developed plants failed to adapt to the change in 

environmental conditions once they were transferred from in vitro to the glasshouse. Seventeen 

putatively transformed OsACBP5 rapid-cycling B. napus plants and 19 putatively transformed 

OsACBP5 cv. Westar plants were successful in adapting to the glasshouse environment and 

continued their development. Seven vector-control rapid-cycling plants and five cv. Westar 

plants were successful in fully establishing in the glasshouse. 

4.3.1.3 PCR analysis of fully developed transgenic plants from the 

glasshouse 

From 17 fully developed rapid-cycling plants, only 10 plants were confirmed to carry the 

OsACBP5 gene by genotyping. Out of 19 cv. Westar plants, 12 plants were confirmed to be 

transgenic by PCR [Figure 4.7]. 

 

Figure 4.7: PCR screening of the putatively transformed To plants screened with the OS5 5F 
and OS5 R primer pair. Expected band size= 156 bp L=1kb plus ladder, 1-10=putative cv. 
Westar OsACBP5 transformants, 1-46= OsACBP5 putative transformants (1, 6, 15, 22, 
26,27,28 30-34= Westar, 7, 10, 41-46= rapid-cycling plants), P= positive control (pOS879), 
Wt= wild-type, W= water.  



94 
 

4.3.1.4 Reverse transcription PCR for the PCR confirmed plants  

The OsACBP5 mRNA levels in the putative transgenic plants 7, 10, 22 and 28 were 

comparatively higher than other lines. Plants 1, 6 and 27 showed slightly faint bands suggesting 

the presence of OsACBP5 mRNA. Plants 15, 25 and 27 resulted in very faint bands indicating 

a minimum/no expression of the transgene. This band was clearly absent in the wild-type rapid-

cycling and Westar plants confirming that the PCR product was highly specific to the 

transgene. Other PCR positive plants (30-48) also showed a varying degree of OsACBP5 

mRNA expression [Figure 4.8].  

 

Figure 4.8: Reverse transcription PCR of cDNA synthesised from RNA extracted from PCR 
positive transgenic TO lines using the ML1111 and ML1112 primer pair. Expected band 
size=118bp L=1kb plus ladder, 1-48= OsACBP5 putative transformants (1, 6, 15, 22, 25, 
26,27,28 30-34= Westar, 7, 10, 41-48= rapid-cycling plants), Wt= wild-type, Ntc= no template 
control, Wtw= wild-type Westar, OS= rice positive control, P= plasmid control (pOS879), E= 
empty well. 

 

4.3.1.5 Western blot analysis of PCR confirmed individual plants 

Out of seven cv. Westar plants that were confirmed by reverse transcription-PCR (plants 1, 6, 

22, 27, 28, 30, 32, 33, 34), only 2 individual plants (6 and 27) expressed the OsACBP5 protein 

in Western blot hybridisation conducted at Hong Kong University [Figure 4.9]. From 10 RT-
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PCR confirmed OsACBP5 rapid-cycling B. napus plants (7, 10, 41-48), only 2 individual plants 

(7 and 10) expressed the OsACBP5 protein in the western blot analysis. Plants 6 and 7 gave a 

dense band indicating high levels of OsACBP5 protein. The lowest level of expression was in 

rapid-cycling transgenic line 10 [Figure 4.9]. 

 

 

Figure 4.9: Western blot analysis of PCR and reverse transcription PCR positive OsACBP5 
transgenic To plants. a) The western blots for exposed overnight showing the 62.6 kDa 
OsACBP band, b) duplicate Coomassie blue stained gels. L= protein ladder, lane 1, 6, 25, 26, 
27= putatively transformed cv. Westar plants identified by PCR, lane 7 and 10= putatively 
transformed rapid-cycling B. napus plants identified by PCR, V= vector-control plant, O= rice. 

 

4.3.1.6 T1 and T2 progeny analysis 

The T1 generation of the four transgenic lines (T6, T7, T10, T27) later confirmed by western 

blot analysis showed a 3:1 (hygromycin-resistant: hygromycin-sensitive) ratio of segregation 

confirming the Mendelian inheritance of a single dominant gene (p<0.05) [Table 4.3]. The T2 

generation for T7 and T10 followed a similar pattern but T6 and T27 showed a non-significant 

X2 value. Only T2 plants of lines T6, T7, T10 and T27 which were confirmed by PCR with 

OsACBP5 specific primers [Figure 4.10] were continued to harvest and collection of T3 seeds 

for the pathogenicity assays. 
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Table 4.3: Segregation analysis of T1 and T2 progeny of OsACBP5 transgenic B. napus lines 
in 100 mg/L hygromycin B selection medium, to test for Mendelian inheritance of a single 
dominant gene (3:1 ratio) P value (0.05) = 3.841, df=1, * for non-significant values using the 
X2 test (n=3). 

T1 generation 
Plant Line Avg. number of 

seeds per replicate 
Avg. number of 
green seedlings 

Avg. number of 
pink seedlings 

X2 

T6 15 9.3 6.3 3.4 
T7  20 13.7 6.3 1.2 
T10 20 13.0 7.0 1.8 
T27 12 8.3 3.7 0.9 

T2 generation 
Plant Line Number of seeds 

per replicate 
Avg. number of 
green seedlings 

Avg. number of 
pink seedlings 

X2 

T6 29  15.0 13.7 8.2* 
T7  23  18.7 4.3 1.1 
T10 19  12.0 6.7 1.3 
T27 15  15.0 0.0 5.0* 

 

 

Figure 4.10: PCR analysis of OsACBP5 transgenic plants using OsACBP5 gene specific 
primers ML1111 and ML 1112. a) T1 progeny analysis and b) T2 progeny analysis. Expected 
band size=118 bp. E=empty lane, L= 1 kb plus ladder, Lanes labelled 1-20 in picture a) are T1 
transgenic plants of T6 (1-5), T7 (6-10), T10 (11-15) and T27 (16-20) lines. Lanes labelled 1-
27 in picture b) are T2 transgenic plants of T10 (1-9), T6 (10-13), T7 (14-20), T10 (21-26) and 
T27 (27). Lanes marked Wt= wild-type and P= rice (Oryza sativa) DNA. 
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4.3.2 Pathogenicity assays on blackleg and Sclerotinia stem rot diseases 

4.3.2.1 Blackleg pathogenicity assay on 12-day-old B. napus seedlings  

Inoculated seedlings started to develop symptoms 9 d after inoculation. Ash-grey circular 

lesions initiated at the pinpricked inoculation points and started to diffuse away from the 

inoculation point over time. The wild-type plants and the vector-control plants showed 

significantly larger lesions (p<0.05) than the respective transgenic plants [Figure 4.11, Table 

4.4] 12 d after inoculation. Plants which were inoculated with sterile distilled water as negative 

controls did not show any disease symptom development around the pinpricked points. 

 

 

Figure 4.11: Lesion sizes observed 12 d after L. maculans inoculation. a) wild-type plants 
showing large lesions, b)-d) OsACBP5 transgenic B. napus plants of three independent lines 
(T7, T6 and T10) showing variable but comparatively smaller lesions 12 d after L. maculans 
inoculation. The scale bar represents 1cm.  

 

The average lesion diameter for the tested genotypes ranged between 2.9 and 6.8 mm [Table 

4.4]. The largest lesion diameters were recorded from the control plants, with the largest 

average lesion diameter of 6.8 mm in vector-control Westar plants. Wild-type Westar plants 

also showed large lesions (average of 6 mm). In contrast, the two transgenic Westar lines T6 

and T27 showed significantly (p<0.05 using Fisher’s protected least significant difference test) 
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smaller mean lesion sizes of 5 mm and 4.5 mm, respectively. For rapid-cycling plants, the wild-

type control plants and vector-control plants showed significantly smaller mean lesion sizes 

than Westar control plants (at 5.4 mm and 5.1 mm, respectively). However, they were 

significantly larger (p<0.05) than lesion sizes observed for the rapid-cycling transgenic plant 

lines T7 and T10. The smallest lesion size of all genotypes tested was on line T7 with an 

average lesion diameter of 2.9 mm. Mean disease score and the median disease score values 

given based on the 0-9 blackleg scoring system showed a similar trend [Table 4.4]. 

The average median score was the highest for vector-control Westar plants at 6.9 (close to the 

score 7 on the disease scale in Figure 4.2. This means that most of these plants developed grey-

green lesions which were larger than 5 mm in diameter. Wild-type rapid-cycling plants 

displayed an average median score of 6.0 whereas the wild-type Westar showed a 6.4 average. 

These scores were significantly higher than the average median disease score of OsACBP5 

rapid-cycling line T7 (3.6) and T10 (4.4) and Westar lines T27 (5.1) and T6 (5.4) [Table 4.4]. 

 

Table 4.4: Average lesion diameter, the average of mean disease score and the average of 
median disease score for four transgenic lines and their respective wild-type and vector-control 
plants. Lesion diameter is given in mm. The disease score was recorded on a 0-9 disease 
severity scale. Means in each column that do not share the same letter are significantly different 
(p<0.05) according to Fisher’s least significant difference (protected) test (n=20). 

Genotype 
Average lesion 
diameter (mm) 

Average mean 
disease score 

Average median 
disease score 

T6 (transgenic Westar) 5.0c 5.5cd 5.4b 

T27 (transgenic Westar) 4.5d 5.0d 5.1bc 

Wild-type Westar 6.0b 6.2ab 6.4a 

Vector-control Westar 6.8a 6.7a 6.9a 

T7 (transgenic rapid-cycling) 2.9e 3.5f 3.6d 

T10 (transgenic rapid-cycling) 3.5e 4.3e 4.4cd 

Wild-type rapid-cycling 5.4c 6.0b 6.0ab 

Vector-control rapid-cycling 5.1cd 5.8bc 5.7ab 
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4.3.2.2 Detached leaf assay with Sclerotinia sclerotiorum  

Light brown necrotic lesions started to develop around the agar plug by 24 h after inoculation 

[Figure 4.12 upper row]. The smallest mean lesion size (p<0.05) among the rapid-cycling B. 

napus plants occurred in transgenic line T7 at 8.8 mm. Line T10 (rapid-cycling) also showed a 

low mean lesion size of 10.3 mm but this was not significantly different when compared to 

corresponding wild-type and vector-control plants. Of the cv. Westar plants, transgenic lines 

T6 and T27 showed a significantly smaller (p<0.05) lesion sizes of 8.5 mm and 9.2 mm, 

respectively, when compared the vector-control plants (12.1 mm) and the wild-type (10.8 mm) 

plants. [Table 4.5].  

Lesion sizes increased more rapidly within the next 24 h, where all genotypes tested showed 

mean lesion sizes greater than 20 mm [Table 4.5]. Many of the lesions spread throughout the 

leaf, making the leaf tissue more necrotic and water-soaked [Figure 4.12 lower row]. Even 

though the means of transgenic lines were slightly smaller than that of the control plants, there 

was no significant difference (p>0.05) in the mean lesion size observed between any of the 

genotypes after 48 h.  

 

Figure 4.12: Detached leaves 24 h and 48 h after inoculation with Sclerotinia sclerotiorum: 
After 24 h: a) wild-type Westar b) T6 Westar transgenic line c) wild-type rapid-cycling d) T7 
rapid-cycling transgenic line showing similar, modest sized lesion development. After 48 h: e) 
wild-type Westar f) T6 Westar transgenic line g) wild-type rapid-cycling h) rapid-cycling T7 
transgenic leaves showing larger lesion sizes. The scale bar represents 2 cm. 
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Table 4.5: Average lesion diameter at 24 h and 48 h after Sclerotinia agar plug inoculation for 
four transgenic lines and their respective wild-type and vector-control plants. Means in each 
column that do not share the same letter are significantly different (p<0.05) according to 
Fisher’s least significant difference (protected) test (n=13). 

 

4.4 Discussion  

Transgenic B. napus plants carrying rice ACYL-COA-BINDING PROTEIN 5 (OsACBP5) 

cDNA, were successfully developed using Agrobacterium mediated transformation of 

cotyledon explants. In the 10 mg/L hygromycin B selection medium, 23 to 25 per cent of rapid-

cycling explants produced putatively transformed green shoots as did 24-33 per cent of cv. 

Westar explants. This is high compared with most other studies with B. napus and the similarity 

in putatively transformed shoot efficiency reported for two genotypes suggested that the 

transformation protocol would be useful for routine testing for Agrobacterium mediated 

transformation of novel genes in many B. napus cultivars.  

Only 61% of the fully established cv. Westar plants and 63% of rapid-cycling B. napus plants 

were confirmed as putatively transformed to carry the OsACBP5 gene using PCR, despite all 

fully established plants showing resistance to hygromycin B during the initial antibiotic 

selection process. The low number of OsACBP5 transgenic plants detected using PCR could 

be linked to incomplete/improper integration or rearrangement of the OsACBP5 transgene 

during the Agrobacterium transformation process. For example, if the nucleotides surrounding 

the binding sites of gene specific primers were altered during gene transformation, the 

transgene would not be detected during PCR genotyping. Spontaneous occurrence of T-DNA 

Genotype 
 

Average lesion diameter (mm) 

24 h after inoculation 
48 h after 
inoculation 

T6 (transgenic Westar) 8.5d 21.5a 

T27 (transgenic Westar) 9.2cd 23.7a 

Wild-type Westar 10.8ab 24.0a 

Vector-control Westar 12.1a 27.2a 

T7 (transgenic rapid-cycling) 8.8cd 24.8a 

T10 (transgenic rapid-cycling) 10.3bc 25.4a 

Wild-type rapid-cycling 11.5ab 26.1a 

Vector-control rapid-cycling 11.2ab 26.5a 
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rearrangement and/or truncation during genetic transformation has also been described as 

causing unsuccessful detection of the second half of a T-DNA sequence during Agrobacterium 

transformation in plants which are amenable to transformation (Kohli et al., 2010, Singer, 

2018). 

Only the putative transgenic plants that were confirmed by antibiotic selection, genotyping, 

reverse transcription PCR and, most importantly, confirmed to successfully express the ACBP5 

protein by Western blot analysis, were continued to T3 and tested for their disease tolerance 

capacity against blackleg and Sclerotinia stem rot. Two cv. Westar plants (T6, T27) and two 

rapid-cycling B. napus plants (T7, T10) that were originally developed by transformation 

showed expression of OsACBP5 protein in western blot analysis, confirming that the full intact 

OsACBP5 cDNA had been integrated and that the site of integration had not resulted in gene 

silencing. Transgene silencing frequently occurs due to methylation of the transgene at 

transcriptional or post-transcriptional levels (Morel et al., 2000). Further, if the transgene was 

to integrate in a region with repetitive sequences or transposable elements, this could lead to 

transgene silencing. These types of regions are aggregated in specific segments of the 

subgenomes of the allotetraploid B. napus genome (Kohli et al., 2010). 

The size of the binary plasmid pOS879 used for transformation was 12.3 kb and the OsACBP5 

cDNA was 1.7 kb, presumably making Agrobacterium mediated transformation more difficult 

than having to transfer much smaller transgenes. For example, the rapid-cycling B. napus and 

cultivar Westar genetic transformation study reported by Tongson (2017) used plasmid 

pAT593 which had the transgene from Arabidopsis thaliana (AtACBP6) which was one third 

the size of the OsACBP5 (0.63 kb). Thus, the T-DNA region was much smaller in the construct, 

probably increasing the proportion of successfully transformed plantlets that were expressing 

the AtACBP6 protein in the western blot. 

The Leptosphaeria maculans bioassay performed on 12-day-old B. napus seedlings suggested 

that cv. Westar transgenic lines (T6 and T27) and rapid-cycling B. napus transgenic lines (T7, 

T10) were more resistant to blackleg pathotype D5 than their corresponding wild-type and 

vector-only control plant lines. Westar was used in the blackleg assay, because this cultivar is 

highly susceptible to blackleg due to the absence of any resistance gene (Balesdent et al., 2002). 

The rapid-cycling B. napus line 7 that was confirmed to have the highest expression of the 

OsACBP5 cDNA by reverse transcription PCR and of the protein by western blot analysis 
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displayed the highest resistance to blackleg. Other transgenic lines also showed a significant 

level of resistance.  

Even though the disease severity in transgenic lines was significantly lower than their 

corresponding controls, there are reports of commercial canola cultivars that could perform 

similarly or better than the ACBP5 transgenic plants in cotyledon assays towards same or 

different isolates (Van De Wouw et al., 2018).  Further work to test these lines against other L. 

maculans pathotypes to identify the variation in resistance against different isolates would be 

highly desirable. Field testing of the transgenic plants could also aid in understanding the level 

of resistance given by the OsACBP5 on adult plants.   

During the bioassay, wounding to introduce the pathogen might have triggered the expression 

of OsACBP5 in transgenic B. napus lines leading to an increased resistance to blackleg. Meng 

et al. (2011) reported that in rice, wounding suppressed the expression of all ACBPs except for 

ACBP5 and ACBP6. Investigation of the OsACBP5 RNA expression patterns after wounding 

and at the initial stages of L. maculans infection would help understand the pattern of activity 

of this gene in a B. napus background. 

Wounding bioassay is the standard published bioassay for assessing resistance to blackleg in 

B. napus seedlings (Koch et al., 1991, Van de Wouw et al., 2014). The assay was a convenient, 

non-destructive yet reliable method of testing the level of tolerance of genotypes against 

blackleg. There are a small number of other blackleg inoculation techniques. One such method 

is the inoculation of 5-6 leaf stage plants (with 1 cm thick stems) in the crown near to the third 

node from the soil level, with a L. maculans spore suspension. The plants are then evaluated 

according to both superficial lesion length and the percentage necrosis in the stem cross section 

(Wang et al., 1999, Raman et al., 2012b). Other studies have used the first 2-3 leaves from 

plants about 20 days old, rather than inoculating the cotyledons (Bohman et al., 2002). 

Even though the inoculation of cotyledons with pycnidiospores could provide reliable 

infection, there has been reports to suggest that the seedlings which were ranked as resistant 

using cotyledon test, being susceptible as adult plants in the field. A lack of correlation has 

been reported between the reactions shown by inoculated cotyledons/seedlings and the adult 

plant reactions in Australia and in other countries. (Salisbury et al., 1995).  Salisbury and 

Ballinger (1993) reported that the seedling resistance and adult plant resistance were two 

distinct characters. Yet, Kutcher et al. (1993) and Bansal et al. (1994) (using double haploid 
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lines) indicated that the results from seedling assays can reflect the field reactions to blackleg 

infection (Salisbury et al., 1995).  

Since the resistance of adult plants to stem canker is a key factor of resistance required in 

Australia, selection for blackleg resistance is mainly performed using on field screening of 

adult plants against a mixture of L. maculans races (Salisbury et al., 1995). The National 

Blackleg Rating program, which is operating since 2000, independently assesses all 

commercial and pre-release cultivars of Australia for resistance against blackleg. There are 

eight disease nurseries or field sites across Australia, where canola cultivars that require testing 

(commercial and pre-released) are sown into the previous year’s stubble to provide a high level 

of disease pressure. The data on plant survival is then collected and analysed to rank the 

cultivars according to their resistance against blackleg that is then published online in the 

Australian National Blackleg Management Guide. International breeding companies use these 

nurseries of blackleg-infested stubbles in Australia to select lines with increased resistance to 

L. maculans for international markets (Van De Wouw et al., 2016). 

Lesion sizes measured 24 h after S. sclerotiorum infection, showed that the OsACBP5 in 

transgenic B. napus was beneficial in reducing initial infection compared to wild-type control 

plants. Significantly smaller lesions were observed in all four OsACBP5 transgenic lines than 

in their respective control plants. However, this effect was not observed after 48 h, when the 

lesion sizes had more than doubled for all plant lines, with no significant difference between 

genotypes. Given that OsACBP5 protein is mainly located in the tubular region of the 

endoplasmic reticulum (Meng et al., 2011) from which the pathogenesis related proteins (PR) 

are released (Jelitto-Van Dooren Ep et al., 1999), this gene may be one of the many genes that 

are switched on in the very beginning of the process of PR protein release from ER to acquire 

inducible defence which is displayed by plants at very early stage of pathogen infection and 

generally short lived (Ebel et al., 1998). Therefore, it is possible that the OsACBP5 protein 

may have only been expressed during the initial stages of pathogen infection to elicit an initial 

defence response. With time, the initial resistance provided by the OsACBP5 in the transgenic 

Brassica lines was perhaps overcome by the pathogen resulting in rapid infection of the leaf 

tissue. 

Another possible explanation for the loss of resistance by 48 h after inoculation could be linked 

to a reduction in the expression of defence related genes and loss of full metabolic activity 

because the leaves were excised from the plant. Further Sclerotinia assays should be 



104 
 

undertaken on intact plants to test whether the results were compatible. However, Wang et al. 

(2012) assessed the salicylic acid and jasmonic acid signalling pathways in B. napus during 

Sclerotinia infection and reported that the results of a detached leaf assay and intact plants were 

comparable, and a greater uniformity in the results from the detached leaf assay.  

Other than the detached leaf assay, the oxalate resistance test, inoculation of stems and the use 

of sclerotia in semi-natural field trials have been used to evaluate resistance to Sclerotinia. A 

new technique adapted by Zhao et al. (2004) from soybean to challenge canola with S. 

sclerotiorum is also promising. This method uses inoculation of the cut ends of petioles and 

assessment of the number of days taken until the plant wilts. The plant responses among 

different methods/techniques and experimental structures could be different and therefore, 

difficult to compare (Zhao et al., 2004). 

Assessing the expression pattern of the OsACBP5 during pathogen infection may provide 

supporting evidence for the involvement of the gene in disease resistance and help to establish 

the extent to which its expression is induced by wounding. A total gene expression and 

transcriptome analysis would assist elucidation of other genes that are upregulated and/or 

downregulated during pathogen infection and in the mapping of the pathways of OsACBP5 

mediated disease resistance in transgenic plants. High expression levels of OsACBP5 in rice 

during salinity treatment (Meng et al., 2011) suggested that it might be advantageous to test 

these developed B. napus transgenic lines for salinity stress tolerance. Meng et al. (2011) found 

that the OsACBP5 mRNA levels peaked 12 h post a high salinity treatment and remained high 

thereafter. If the B. napus plants expressing OsACBP5 showed a similar effect and better 

tolerance to high salt treatment, it would provide support for consideration of utilising the rice 

ACBP5 cDNA, to engineer both disease tolerance and salinity tolerance into B. napus.   

Conclusions 

Transgenic Brassica napus cv. Westar plants and rapid-cycling plants expressing OsACBP5 

were successfully developed using Agrobacterium mediated transformation of cotyledon 

explants. The transgenic plants showed significant resistance (p<0.05) to two economically 

important diseases in canola in Australia, blackleg and Sclerotinia stem rot. In the blackleg 

assay, performed on 12-day-old cotyledon explants, the rapid-cycling and cv. Westar B. napus 

OsACBP5 transgenic plants showed significantly smaller lesions (p<0.05 using Fisher’s least 

significant difference (protected) test) than the control plants 12 d after inoculation. Sclerotinia 

disease resistance was evident 24 h after infection but was lost by 48 h after inoculation, 
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suggesting that the function of ACBP5 may be linked to inducible defence in plants. Overall, 

the OsACBP5 gene may be useful to enhance disease tolerance in B. napus.  
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Chapter 5: Evaluation of low temperature/frost tolerance in 

transgenic rapid-cycling Brassica napus plants expressing 

Arabidopsis ACYL-COA-BINDING PROTEIN 6  

5.1 Introduction 

Cold stress and frost injury are common abiotic stresses affecting production of canola and 

other seed crops in temperate regions of the world. These stresses may have severe effect on 

growth and development of plants (Xiong et al., 2002, Thakur et al., 2010) and in the worst 

cases can result in plant death. Australia has significant risks of frost events over large areas, 

especially in the southern regions of the country. Frost events in Australia lead to losses of 

about 120 to 700 million dollars to the industry annually (Crimp et al., 2016). The climate, 

location and the landscape of canola fields are the main determinants of the severity of frost 

risk of canola in Australia. Frost events occur when the temperature drops below 0oC (-2 to -

5oC) at night, in the presence of low humidity, a clear sky and little or no wind (Chen et al., 

2009). These conditions are common during winter and spring seasons in Australia. Light rains 

during susceptible periods increase the chances of frost events through a process of ice 

nucleation (Ryan, 2019). The number of days a certain area experiences frost risk per month 

can vary from 0 to >10 days. The persistence of the frost event can be several nights in a row 

(in severe cases) depending on the climatic conditions (Risbey et al., 2017). Winter rape is 

mainly exposed to cold winter temperatures at the seedling stage, with a high chance of freezing 

injury (Lei et al., 2015) while spring oilseed rape is subjected to low temperature stresses during 

the reproductive stage.  

The degree of damage due to low temperature stress depends on several factors including the 

species or varieties subjected to the stress (Gusta, 2003, Snyder and Melo-Abreu, 2005), the 

particular suboptimal temperature and the length of low temperature stress encountered (Grey, 

2014). During cold temperatures, the expression of a plant’s full genetic potential is hindered, 

leading to severe obstruction in important metabolic pathways (Chinnusamy et al., 2007). As 

a result, the ability of plants to utilise O2 is retarded and the excess O2 is converted into reactive 

oxygen species (ROS). These are highly toxic to plants and when accumulated at high levels 

damage the lipid membrane structure through lipid peroxidation (Suzuki and Mittler, 2006). 

This produces malondialdehyde (MDA) (Jiang et al., 2011) which is an indicator of the degree 

of membrane damage due to ROS in plants (Hara et al., 2003). When ROS levels are not 
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properly regulated, they may lead to destruction of chloroplast structure and eventually impair 

the photosynthetic activity of plants (Ahmad et al., 2008).   

During desiccation damage, plant cellular water may diffuse out of the cell and may form 

extracellular ice crystals (Hincha and Zuther, 2014). The effect of this phenomenon is often 

visible on plants as dry and brown leaf tips. Freezing damage on the other hand occurs as a 

result of ice nucleation and ice crystal formation within the cells (Snyder and Melo-Abreu, 

2005). This leads to cellular dehydration and mechanical injury caused by the ice crystals. 

Symptoms of frost damage include wilting or bleaching of the leaves due to phyto-oxidation 

of leaf pigments and in the worst cases, plant death (Wilson, 1997). As a result of this damage 

to plant cells and consequent weakened photosystem efficiencies, the yield and the quality of 

the oilseed produced are reduced (She et al., 2015).  

The cell membrane is one of the most sensitive parts of a plant cell during low temperature 

stress. Altered metabolic events, reduced enzyme activities, decreased photosynthetic capacity 

and alterations in cell membrane fluidity experienced by plant cells during low temperature 

stress, can adversely affect the membrane permeability during this stress condition. As a result, 

membrane integrity and the compartmentalisation within the cells are disrupted (Bajji et al., 

2002, Campos et al., 2003). Solutes and electrolytes leak out of the cell and this leakage has 

been used as an important measurement of the level of membrane damage during freezing 

conditions (Wright and Simon, 1973). Electrolyte leakage measurements can be correlated with 

physiological and biochemical attributes of a plant as responses to environmental conditions 

and these include antioxidative enzyme synthesis (Sreenivasulu et al., 2000), membrane lipid 

composition, water use efficiency, stomatal resistance, osmotic potential (Premachandra et al., 

1989) and spectral reflectance (Vainola and Repo, 2000). 

Appropriate adaptation to cold temperatures and mechanisms to overcome these adverse effects 

is important for all temperate crop plant species (Lei et al., 2015). Some plants species are 

better able to withstand freezing temperatures by the process of cold-acclimation or winter 

hardiness. This occurs when plants are subjected to low but non-freezing temperatures before 

the freezing temperature stress. Cold-acclimation induces the expression of cold-responsive 

genes (COR) leading to physiological and biochemical changes within the cells allowing the 

plant to better withstand the harsh freezing conditions (Zuther et al., 2015).   

Various measures have been implemented to minimise frost damage and consequent yield 

losses during low temperature conditions. With increasing funds for frost research in Australia, 
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the Grains Research and Development Corporation established the National Frost Initiative 

(NFI) in 2014 to investigate methods to improve frost impact on agricultural crops. The main 

objectives of NIF included, screening for resistant cultivars (wheat and barley), climatic 

modelling to predict severe frost events which enabled better risk management and 

investigating management practices or preventive products/compounds that farmers could 

adopt to minimise the frost damage. Identification and testing of potential genetic resources to 

mitigate frost damage in canola would benefit the agricultural community in temperate areas 

including southern Australia and southern Canada.  

Testing for freezing tolerance in the field situation is impractical due to the unpredictability of 

weather conditions. Owing to the complexity involved in freezing events, designing a relatively 

simple and efficient method to test frost tolerance is also difficult to achieve. Shabala (2012) 

stated that the results obtained from artificial freezing experiments were ‘relative’ rather than 

‘absolute’. Gusta (2003) pointed out that the temperature effects on soil in pots in a freezer may 

not mimic the effects on soil in the field at the same air temperature for the same time period. 

However, once designed, freezing experiments performed in controlled environments can 

provide useful indications of relative frost tolerance abilities of different germplasm 

(Fiebelkorn and Rahman, 2016) and by extension, the likely level of protection which could be 

provided by novel candidate genes introduced into transgenic plants. 

The Arabidopsis thaliana ACBP6 protein (10 kDa) resides in the cytosol of plant cells and has 

been demonstrated to be vital in mitigating frost damage in A. thaliana (Chen et al., 2008). The 

AtACBP6 complete coding sequence (NM_102916.4) is 779 base pairs in length while the 

corresponding protein (NP_174462.1) has 92 amino acids. In Arabidopsis, this AtACBP6 gene 

showed enhanced expression when subjected to cold-acclimation at 4oC for 48 hrs. The ability 

to withstand freezing temperatures was enhanced when a second copy of AtACBP6 was 

overexpressed in Arabidopsis driven by the Cauliflower Mosaic Virus 35 (CaMV 35s) 

promoter. In contrast, ACBP6 deficient mutant plants were highly susceptible to freezing 

temperatures (Chen et al., 2008).  

Transgenic Brassica napus plants carrying the AtACBP6 cDNA were initially developed by 

Tongson (2017) using Agrobacterium mediated transformation of cotyledon petioles. Tongson 

(2017) screened rapid-cycling and cv. Westar transgenic plants at the early pod development 

stage in non-acclimated conditions for frost, by utilising a 10-h freezing regime with artificial 

frosting. AtACBP6 transgenic plants showed much lower electrolyte leakage values, higher 
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CO2 assimilation rate and minimal reduction in photosynthetic efficiency [Y(II)] when 

compared to the stressed wild-type plants. Further analysis of various physiological parameters 

such as stomatal conductance, Y(II) and intercellular CO2 concentration, also indicated that the 

freezing-stressed non-transformed transgenic plants performed significantly better than 

freezing-stressed wild-type plants. Tongson (2017) also reported that the developing embryos 

of frost-treated AtACBP6 plants were more tolerant to freezing injury than wild-type seeds. 

The research reported in this chapter provides a further detailed evaluation of frost tolerance of 

the AtACBP6 transgenic rapid-cycling Brassica napus developed by Agrobacterium mediated 

transformation by Dr Tongson at the University of Melbourne as a part of her PhD thesis. Dr 

Tongson’s stored transgenic lines (which were confirmed to carry the AtACBP6 gene by 

antibiotic selection, genotyping, western blot analysis and reverse transcription polymerase 

reaction), were retrieved at the T2 generation and continued to T3. Transgenic T3 AtACBP6 

plants at the vegetative, initial flowering to podding and seed-setting stages were tested for 

their tolerance to freezing conditions in cold-acclimated and non-acclimated conditions. 

Vegetative plants were subjected to cold treatment (-2.9 ± 0.5oC without artificial frosting) and 

freezing treatment (-2.6 ± 0.4oC with artificial frosting) and the recovery of the plants when 

returned to ambient temperatures was recorded in terms of growth and development (new 

shoots, flowers and silique production) and yield potential. Freezing stress was applied (-3.6 ± 

0.5) on seed-setting plants to test the effect of freezing on mature seeds.   

5.2 Materials and methods 

5.2.1 Plant material 

The seeds of AtACBP6 transgenic Brassica napus lines developed by Agrobacterium-mediated 

transformation using the pAT593 plasmid [Appendix 1 and 2] in Agrobacterium strain GV3010 

(Tongson, 2017) were retrieved from the University of Melbourne collection at T2 progeny. 

Seeds were surface sterilised in 4% active sodium hypochlorite bleach solution and sown in 

rooting medium containing 100 mg/L kanamycin (RIM in Chapter 4). The surviving green 

seedlings were transferred into the glasshouse. These plants were reconfirmed to contain the 

AtACBP6 transgene by genotyping with gene specific markers ML838 and ML750 using the 

PCR profile; 5 min at 95oC, 30 cycles of 30 sec at 95oC, 30 sec at 65oC, 1.5 min at 72oC 

followed by final extension for 5 min at 72oC. 
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AtACBP6 transgenic rapid-cycling B. napus T3 seeds were obtained by selfing the confirmed 

AtACBP6 T2 plants. Plants were selected on rooting media containing kanamycin at 100 mg/L. 

Green seedlings were transferred into the glasshouse and the presence of the transgene was 

confirmed by PCR with gene specific markers ML838 and ML750.  

The experiments included 5 plants of each of the AtACBP6 transgenic lines (01, 81, 109 and 

111) in each treatment plus five wild-type controls. Two sets of plants, cold-acclimated and 

non-acclimated, were tested in each experiment. 

5.2.2 Arrangement of plants inside the freezer 

An upright fan-forced freezing chamber (60.96 x 73.66 x 147.32 cm3) with a CAREL® ir33 

electronic microprocessor temperature controller and a temperature probe inside, was used for 

the freezing experiments. During freezing experiments, the real-time temperature in the middle 

of the plants inside the chamber was recorded using a portable electronic temperature logger 

(MicroLite, Fourier Systems). 

The plants were arranged in a complete randomized block design inside the freezing chamber.  

An additional row of wild-type plants was placed at the front of the freezer, facing the door, 

and on either side of the experimental block, to act as a ‘buffer’ during the freezing treatments 

as earlier work (Tongson, 2017) had shown that temperature conditions were variable in these 

areas [Figure 5.1]. 

 

 

Figure 5.1: Arrangement of B. napus plants inside the freezer during freezing treatments. The 
white blocks denote the area occupied by the randomised test AtACBP6 plants and wild-type 
plants. Grey blocks indicate the buffer plants. 
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5.2.3 Plants at the vegetative stage: recovery after cold/freezing and frost 
stress 

5.2.3.1 Plant material – treatments prior to cold/freezing stress 

Rapid-cycling B. napus transgenic AtACBP6 lines and wild-type plants were grown in the 

glasshouse until they produced 5-6 leaves but were still in the vegetative stage [Figure 5.2]. 

Cold-acclimation treatment was given to a set of plants by keeping them at 4oC for 7 d, with 

12/12 h dark/light conditions. Non-acclimated plants were kept under glasshouse conditions at 

23oC, 16 h light until freezing treatments 1 and 2 were applied on the separate plant sets. 

 

Figure 5.2: Rapid-cycling B. napus plants at 5-6 leaf stage ready to be challenged with freezing 
stress. 

 

5.2.3.2 Vegetative plants: Treatment 1 (freezing-without-frosting) 

A mild cold temperature regime lasting 9 h [Figure 5.5 a)] was applied to the plants ensuring 

that the treatment was not extreme enough to prevent recovery of the plants. The regime started 

at 4oC and dropped in steps to approximately -3oC at a rate of 2oC/h. Plants were kept at -3oC 

(-2.9 ± 0.5oC recorded in the temperature logger located inside the cabinet) for 1 h and the 

temperature was then increased back to 4oC at the same rate. The next oldest leaf below the 

youngest fully expanded leaf was collected to take electrolyte leakage and relative water 

content measurements. The plants were allowed to recover at 4oC for 24 h and then moved 

back into the glasshouse. They were maintained in the glasshouse until maturity to check the 

impact of the cold treatment at the vegetative stage on the overall performance of the plants in 

terms of new shoot, inflorescence and flower emergence and the eventual seed yield.  
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5.2.3.3 Vegetative plants: Treatment 2 (freezing stress with frosting) 

An extreme freezing treatment of 9 h with an artificial frost event [Figure 5.5 b)] was applied 

to plants to test recovery rates in terms of shoot regeneration ability after the treatment. The 

temperature regime started at 5oC and was dropped to 0oC at a rate of -2oC/h. Ice crystals were 

placed on the soil surface in each pot to induce an artificial frosting event. The temperature was 

further decreased to -3oC. After 1 h at -3oC (-2.6 ± 0.4oC recorded in the T logger), the 

temperature was gradually increased to 4oC at the same rate and the next oldest leaf below the 

youngest fully expanded leaf was collected to take electrolyte leakage measurement. Plants 

were then allowed to recover at 4oC for 24 h before moving them to the glasshouse.  

5.2.4 Plants at the flowering to early silique formation stage and at the 
seed-setting stage: effect of freezing plus frost stress 

5.2.4.1 Plant Material - treatments prior to freezing plus frost stress 

Flowering to early silique formation stage 

Both wild-type and AtACBP6 transgenic plants were cold-acclimated at the 5-6 leaf stage at 

4oC for 7 d with 12/12 h dark/light. They were moved into the glasshouse until they reached 

reproductive maturity (flowering stage to early silique development). At this stage, the 

inflorescences were fully elongated. The tip contained newly emerging flowers, while fertilised 

siliques were present at the base of the inflorescence (5-10 d after pollination) [Figure 5.3]. 

Plants were challenged with freezing-with-frosting treatment 3 [see section 5.2.4.2].  

 

Figure 5.3: Rapid-cycling B. napus plants at flowering to early silique formation stage ready 
to be challenged with freezing stress. 
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Seed-setting stage 

Rapid-cycling plants (transgenic lines 1, 109, 81 and wild-type) were taken from the 

greenhouse at the seed-setting stage (50% of the seeds were light brown and hard, 50% were 

green and succulent) and were briefly cold-acclimated at 4oC for 3 d with 12/12 h dark/light. 

A non-acclimated plant set was kept in the glasshouse [Figure 5.4] until freezing plus frost 

treatment 3 described below. 

 

Figure 5.4: Rapid-cycling B. napus plants at seed-setting stage ready to be challenged with 
freezing stress. 
 

5.2.4.2 Flowering and seed-setting plants: Treatment 3 (freezing-with-
frosting treatment) 

The freezing trial [Figure 5.5 c)] consisted of 10 h where the temperature was dropped from 4o 

C to -2o C at a rate of 1oC/ h. Once -2oC was reached, ice crystals were introduced on to the 

soil to induce frost. Plants were kept at -2oC for 2 h and the temperature was then lowered at 

1oC/h to -4oC (-3.7 ± 0.3oC recorded in the temperature logger for the flowering stage and -3.6 

± 0.5oC for the seed-setting stage). After an hour, the temperature was increased back to 4oC 

at which temperature plants were thawed and allowed to recover for 24 h before being moved 

back to the glass house (Tongson, 2017). The next oldest leaf below the youngest fully 

expanded leaf was collected to take electrolyte leakage measurement once the temperature 

inside the cabinet reached at 4oC.  
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Figure 5.5: Temperature recording of freezing regimes used to screen freezing/frost tolerance 
ability of AtACBP6 transgenic plants. a) mild cold stress treatment applied on vegetative plants 
[minimum T= -2.9 ± 0.5oC] without frost induction, b) harsh freezing treatment applied on 
vegetative plants [minimum T= -2.6 ± 0.4oC] with frosting at 0oC c) Frost treatment applied on 
flowering plants [minimum T= -3.7 ± 0.3oC] and seed-setting stage [minimum T= -3.6 ± 0.5oC] 
based on the protocol used by Tongson (2017). The spikes in b) and c) reflect the times at 
which the door was opened to place ice crystals on the soil surface in each pot.   
 

5.2.5 Measurements  

5.2.5.1 Electrolyte leakage 

Electrolyte leakage from leaves was measured immediately after the end of the freezing stress 

using a benchtop conductivity meter, Aokton CON 700. For each plant, two leaf discs were 

prepared from the next oldest leaf below the youngest fully expanded leaf, using a 15 mm cork-

borer and placed separately in 50 mL Falcon tubes having 15 mL of milli-Q water. Tubes were 
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shaken at 80 rpm for 30 min before taking the initial electrolyte leakage measurements. The 

leaf samples were autoclaved at 121oC for 15 min at 10.34 kPa to obtain the total electrolyte 

content. Initial electrolyte leakage was expressed as a percentage of the total ionic strength 

(electrolyte leaked plus electrolyte remaining).  

Percentage electrolyte leakage =  electrolyte leakage from the leaf tissue x100 

                                       total electrolyte content of the leaf tissue 

5.2.5.2 Chlorophyll fluorescence 

To assess the effect of freezing on photosynthesis, chlorophyll fluorescence measurements 

were taken immediately before and 24 h after the treatment using a MINI PAM-II 

photosynthesis yield analyser. Three to five measurements were taken per plant at each time 

point using 2 fully expanded leaves at the same level. The leaf was inserted into the Leaf-Clip 

Holder 2030-B avoiding areas with major veins. All measurements were taken under constant 

light condition. The instrument was zeroed just before taking the first measurement and after 

every 50 measurements. The effective phytochemical quantum yield of PS-II [Y (II)], 

fluorescence yield (F’) and the maximum fluorescence yield (Fm’) were recorded for each 

plant. The data was downloaded using WinControl- V3 software. 

5.2.5.3 Recovery of plants at the vegetative stage  

Growth of freezing-treated vegetative stage plants 

Plants at the vegetative stage were monitored every two weeks following freezing (without 

frosting) treatment to record new shoot and bud formation, flowering and silique formation 

[section 5.2.3.2]. Five plants per genotype per treatment were evaluated. The fresh total plant 

biomass was measured after harvesting after two months. Then the plants were oven dried at 

70oC for one week until a constant dry weight was obtained. The dry weights of shoots, roots 

and seeds were measured, and were used to calculate the root/ shoot ratio and the harvest index.  

Growth of freezing plus frost-treated vegetative stage plants 

Plants at the vegetative stage were monitored once every two weeks following the freezing-

with-frosting stress [section 5.2.3.3] to record new bud/shoot formation. All the plants were 

maintained until the flowering to early seed-setting stage, with the number of flowers closely 
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monitored. Plants were harvested two months after treatment and weighed for the fresh total 

biomass, then dried as above for dry shoot and root weights. 

5.2.5.4 Seed analysis 

Seed viability - Fluorescein Di-Acetate (FDA) staining  

Seeds from both cold-acclimated and non-acclimated freezing plus frost-treated, seed-setting 

plants [section 5.2.4.2] were harvested after the recovery for 24 h at 4oC to analyse the 

percentage of living tissue using the fluorescein di-acetate (FDA) staining procedure. About 

15-20 seeds per plant were removed from at least 4 siliques and the seed coat was removed 

gently without damaging the embryos, using a tissue culture needle. FDA was dissolved in 

acetone to a working stock of 2 mg/mL. To prepare the final solution, 1µl from the FDA 

working solution was added to 1 mL of 10% sucrose solution. De-coated embryos were 

arranged on microscope slides and covered with the FDA solution. The stained embryos were 

observed with a stereomicroscope (Leica® M205A) under fluorescent light provided by an 

external light source (Leica® EL6000) through a Green Fluorescence Pigment (GFP) filter. 

Photos were captured with Leica® DMC2900 digital microscope camera. The proportion of 

fluorescent living embryos was calculated as percentage of the total number of embryos 

examined. 

Seed viability – seed germination  

Mature seeds from frost-treated, seed-setting plants [section 5.2.4.2] were collected and sown 

in the Debco® potting mix (50% composted medium bark, 40% composted coarse bark, 10% 

sand, SaturaidTM, lime, iron, nitrogen and trace elements) and maintained in the glasshouse at 

23oC and 16 h light conditions. After 8 days, the proportion of successfully germinated ≥ 3cm 

tall seedlings was calculated as a percentage of the total seed number which had been sown. 

5.2.6 Statistical analysis  

The data was statistically analysed using Minitab 17 statistical analysis software. One-way 

ANOVA and Two-way ANOVA were used, and the means were compared using Fisher’s 

Least Significant Difference (protected) test at the 5% confidence interval. Paired T- tests were 

used to compare the measurements taken before and after freezing treatment, while Pearson’s 

correlation coefficient was used to measure the association between variables of interest at the 

5% confidence level.  



117 
 

5.3  Results  

5.3.1 Kanamycin antibiotic selection and genotyping of T2 and T3 progeny 
of rapid-cycling AtACBP6 plants  

Kanamycin resistant seeds produced healthy seedlings with light green stems and green true 

leaves, while kanamycin susceptible seeds were unable to sprout or produced bleached 

seedlings [Figure 5.6]. A higher proportion of T2 and T3 seedlings from lines 109, 111, 1 and 

81 were potentially transgenic, remaining green in the selection medium [Table 5.1 and 5.2]. 

Tongson (2017) reported that these four genotypes segregated according to the expected 

Mendelian segregation for dominant transgene inheritance (3:1 ratio) at T1 progeny. 

 

 

Figure 5.6: Screening of AtACBP6 transgenic T2 and T3 seeds using 100 mg/L kanamycin 
antibiotic selection medium. a) transgenic B. napus plants producing green true leaves and stem 
b) non-transgenic seedlings that failed to sprout. Scale bar represents 1 cm. 

 

Table 5.1: The percentage of T2 seeds that survived in the 100 mg/L kanamycin selection 
medium to produce green seedlings. 

Plant line at 
T2 

Total number 
of seeds 

Percentage of seeds 
producing green seedlings 

Percentage of seeds 
producing purple seedlings 

109 12 91.6 8.4 
111 20 65.0 35.0 
1 15 66.7 33.3 
81 25 88.0 12.0 

 

The kanamycin resistant plants were PCR screened with AtACBP6 specific primers and a 

representative gel picture is shown in Figure 5.7. Most of the kanamycin selected plants showed 
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the presence of the AtACBP6 transgene. For a few of the plants there was no amplification of 

the expected transgene (e.g. lane 21). These plants were eliminated from the study.  

 

Figure 5.7: PCR screening of AtACBP6 T2 seedlings using AtACBP6 specific primers ML 750 
and ML838. Amplicon size= 368 bp; 1-35-T2 seedlings of AtACBP6 transgenic lines 1, 109, 
81 and 111, P= pAT593 plasmid control, W= water, WT= wild-type control. 

 

T3 seeds which were collected from kanamycin resistant and PCR positive selfed T2 plants 

showed 60-100% kanamycin resistance in all 4 transgenic lines. Seedlings from plant 2 of line 

109, plant 1 and 3 of line 111, plant 2 and 3 of line 1 and plant 1 and 2 of line 81 showed 100% 

kanamycin resistance with green true leaves and pale-green stems. A low proportion of seeds 

from plant 1 and 3 of line 109, plant 2 of line 111 and plant 1 of line 1 failed to develop or 

produce purple seedlings [Table 5.2]. Genotyping of kanamycin resistant T3 green seedlings 

indicated that 90% of selected plants carried the AtACBP6 transgene [Figure 5.8].  
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Table 5.2: The percentage of T3 seeds which survived in the 100 mg/L kanamycin selection 
medium to produce green seedlings. 

Plant line at T3 Total number of 
seeds 

Percentage of seeds 
producing green 
seedlings  

Percentage of seeds 
producing purple 
seedlings  

109-1 15 80 20 
109-2 15 100 - 
109-3 15 93 7 
111-1 8 100 - 
111-2 15 93 7 
111-3 10 100 - 
1-1 10 70 30 
1-2 17 100 - 
1-3 20 100 - 
81-1 15 100 - 
81-2 15 100 - 
81-3 15 60 40 

 

 

 
 

Figure 5.8: PCR screening of AtACBP6 T3 seedlings using AtACBP6 specific primers ML 750 
and ML838. Amplicon size= 368 bp, L= 1 kb plus ladder, P= plasmid, 1-34=T3 seedlings of 
AtACBP6 transgenic lines 1 (1-7, 29-34), 109 (8-13), 81 (12-19) and 111 (20-28), WT= wild-
type control, W= water. 

 



120 
 

5.3.2 Electrolyte leakage measurements 

a) Vegetative plants: freezing [min. T. = -2.9 ± 0.5oC] without frosting treatment 

After the mild cold treatment on vegetative plants [Table 5.3], the overall solute leakage from 

the cell membranes was below 23% of the total solute content for all plant lines. The highest 

mean electrolyte leakage was reported for wild-type plants in both the cold-acclimated 

(22.14%) and the non-acclimated (16.8%) plant sets. In non-acclimated conditions, plants 

from AtACPB6 transgenic lines 109 and 81 showed significantly lower mean electrolyte 

leakage values at 7.6% and 8.6% respectively, than the wild-type. All four cold-acclimated 

transgenic lines displayed significantly smaller mean electrolyte leakage values than the cold-

acclimated wild-type plants. Two-way ANOVA of genotype*treatment (g*t) indicated that 

cold-acclimation significantly increased the electrolyte leakage from leaves of wild-type and 

transgenic line 81 plants. In other transgenic lines, values for non-acclimated plants and cold-

acclimated plants did not show significant difference (p<0.05).  

 

Table 5.3: Mean percentage electrolyte leakage values for cold-acclimated and non-acclimated 
plants subjected to a freezing treatment [min. T. = -2.9 ± 0.5oC] without frosting at the 
vegetative stage. NA- non-acclimated, CA-cold-acclimated, One-way ANOVA for genotype 
in black (a-f) values in the same column followed by the same letter are not significantly 
different. Two-way ANOVA for genotype*treatment (NA/CA) in red (p-u) over the entire 
table. Values followed by the same letter are not significantly different. (n=5 plants per 
genotype). 

 

b) Vegetative plants: freezing [min. T. of -2.6 ± 0.4oC] with frosting treatment  

The electrolyte leakage values after the freezing treatment with frosting on vegetative plants 

[Table 5.4] indicated that the membrane damage increased for all plant lines, compared to non-

frosting, freezing-treated plants [Table 5.3]. With the addition of frost, about two thirds of 

Freezing treatment [min. T= -2.9 ± 0.5oC] on vegetative plants without frosting 

Percentage electrolyte leakage  
Plant Line /genotype(g) Non-acclimated (NA) Cold-acclimated (CA) 
109 7.55b,s  9.49c,rs                             
111 11.13ab,rs                        9.38c,rs                             
1 13.84ab,qr                        8.61c,rs                             
81 8.60b,s                            14.24b,qr                           
WT 16.80a,q                          22.14a,p                           
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available electrolytes leaked from wild-type plant cells in both cold-acclimated and non-

acclimated plants, which was significantly more (genotype*treatment= p<0.05) than from any 

transgenic plant line. The lowest membrane damage was observed in lines 81 and 109 in the 

non-acclimated plant set with an approximate value of 20%, while lines 111 and 1 displayed 

the lowest mean electrolyte leakage value in cold-acclimated plants. Similar to freezing-treated 

vegetative plants, in the freezing plus frost-treated transgenic lines 109, 81 and wild-type 

displayed slightly but not significantly higher electrolyte leakages in the cold-acclimated 

condition than in non-acclimated condition, while line 111 and 1 had significantly higher 

(p<0.05) electrolyte leakage in the non-acclimated condition.  

 

Table 5.4: Mean percentage electrolyte leakage values for cold-acclimated and non-acclimated 
plants subjected to a freezing treatment (-2.6 ± 0.4oC) with frosting at the vegetative stage. NA- 
non-acclimated, CA-cold-acclimated, One-way ANOVA for genotype in black (a-f) for each 
column and two-way ANOVA for genotype*treatment (NA/CA) in red (p-u) over the entire 
table. Values followed by the same letter are not significantly different (n=5 plants per 
genotype). 

 

c) Flowering plants: freezing [min. T.= -3.7 ± 0.3oC] with frosting treatment  

The level of membrane damage which occurred in frost-treated plants at the flowering stage 

was generally higher than occurred in the vegetative and seed-setting stages [Table 5.5]. In the 

non-acclimated treatment, the highest membrane damage was observed in wild-type plants with 

an average electrolyte leakage value of 81%. According to a two-way ANOVA of 

genotype*treatment, a significantly lower electrolyte leakage value (p<0.05) was observed for 

non-acclimated transgenic plant line 81 (60.58%), while transgenic lines 109, 1 and 111 showed 

a slightly higher mean value of about 69%. No significant difference occurred in the transgenic 

Freezing treatment [min. T.= -2.6 ± 0.4oC] on vegetative plants with frosting 

Percentage electrolyte leakage  
Plant Line /genotype(g) Non-acclimated (NA) Cold-acclimated (CA) 
109 19.98c,rs 31.49b,qr 
111 34.76b,q 16.45c,s 
1 30.19bc,qr 15.39c,s  
81 20.00c,rs 28.77b,qr 
WT 66.81a,p 67.02a,p 
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lines in the cold-acclimated plants. Overall, in plants expressing the transgene, any effect of 

cold-acclimation on electrolyte leakage in freezing plus frost-treated flowering plants, is likely 

to be minor. 

 

Table 5.5: Mean percentage electrolyte leakage values for cold-acclimated and non-acclimated 
plants subjected to a freezing treatment [min. T.= -3.7 ± 0.3oC] with frosting at the flowering 
stage. NA- non-acclimated, CA-cold-acclimated, One-way ANOVA for genotype in black (a-
f) for each column and two-way ANOVA for genotype*treatment (NA/CA) in red (p-u) over 
the entire table. Values followed by the same letter are not significantly different (n=5 plants 
per genotype). 

 

d) Seed-setting plants: freezing [min. T. = 3.6 ± 0.5oC] with frosting treatment  

In frost-treated plants at the seed -setting stage, the wild-type plants showed 63% to 69% mean 

solute leakage for cold-acclimated or non-acclimated plants, respectively [Table 5.6]. In 

comparison, electrolyte leakage from non-acclimated transgenics varied between 32% to 47%, 

which was significantly below the values for wild-type plants. No significant differences were 

observed for genotype* treatment (CA/NA) two-way ANOVA, possibly due to some major 

variations between the leakage values recorded for individual plants within the same genotype. 

 

Table 5.6: Mean percentage electrolyte leakage values for cold-acclimated and non-acclimated 
plants subjected to a freezing treatment [min. T. = -3.6 ± 0.5o] with frosting at the seed-setting 
stage. NA- non-acclimated, CA-cold-acclimated, One-way ANOVA for genotype in black (a-
f), values in each column followed by the same letter are not significantly different (n=5 plants 
per genotype). 

 

Freezing treatment [min. T.= -3.7 ± 0.3oC] on flowering/early silique formation stage with 
frosting 

Percentage electrolyte leakage  
Plant Line /genotype(g) Non-acclimated (NA) Cold-acclimated (CA) 
109 69.5 ab,pq 66.69a,pq 
111 69.57 ab,pq 67.93a,pq                               
1 68.57 b,pq 81.41a,p                              
81 60.58 b,q 69.5a,pq                                 
WT 81.09 a,p 69.09a,pq                               
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5.3.3 Effective phytochemical quantum yield of photosystem II (PS II)  

The effective phytochemical quantum yield of PS II measured using a MINI-PAM II before 

the cold/freezing stress (with or without frosting) showed no significant difference (p>0.05) 

between the genotypes, including the wild-type plants for non-acclimated and cold-acclimated 

plants at any developmental stage [Tables 5.7, 5.8, 5.9].  

a) Vegetative plants: freezing [min. T. = -2.9 ± 0.5oC] without frosting treatment  

According to paired-T tests, the only significant reduction in phytochemical quantum yield 

(p<0.05) for freezing-treated plants at the vegetative stage was observed in cold-acclimated 

wild-type plants, after the freezing treatment [Table 5.7]. All the other plant sets showed slight 

but not significant reduction in phytochemical quantum yield after the treatment.  

 

Table 5.7: Mean effective phytochemical quantum yield of PS II for cold-acclimated and non-
acclimated plants before and after freezing treatment [min. T. = -2.9 ± 0.5oC] without frosting 
at the vegetative stage. NA- non-acclimated, CA-cold-acclimated. One-way ANOVA for 
genotype for each column in black (a-f) and two-way ANOVA for genotype*treatment 
(NA/CA) in red (p-u) for both columns and rows. Values followed by the same letter are not 
significantly different. Highlighted blocks indicate significant declines in yield as shown by 
paired T-test for before and after values, ns= no significant T-value (n=5 plants per genotype). 

Effective phytochemical quantum yield of PS II reported for freezing-treated vegetative 
stage plants 
 
Genotype 

Before treatment ns 
 

After treatment  
 

NA CA NA CA 
109 0.762 0.775 0.618a,pq                        0.649a,pq                        
111 0.755 0.757 0.724a,p                       0.696a,pq                        
1 0.752 0.681 0.556a,q                       0.698a,pq                        

Freezing treatment [min. T.= -3.6 ± 0.5oC] on seed-setting stage with frosting 

Percentage Electrolyte leakage  
Plant Line /genotype(g) Non-acclimated (NA) Cold-acclimated (CA) 
109 45.06b                         25.75b 
1 32.92c 26.23b 
81 41.25bc 26.48b 
WT 69.08a 63.14a 
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81 0.741 0.683 0.685a,pq                        0.666a,pq                        
WT 0.725 0.688 0.681a,pq                       0.207b,r                        

ns=No significant difference was observed by two-way ANOVA for genotype*treatment (NA/CA) effect in 
phytochemical quantum yield reported before the freezing test. 

b) Freezing [min. T. of -2.6 ± 0.4oC] with frosting treatment on vegetative plants  

In both cold-acclimated and non-acclimated wild-type plants, a significant reduction (p<0.05) 

in the effective phytochemical yield was revealed when the before and after treatment values 

were compared using paired T-tests. This suggested a measure of protection of PS II system 

due to the presence of the transgene although this effect was also seen in transgenic line 81 

(pink blocks in Table 5.8) but not in the other lines. However, there was no significant 

difference between phytochemical yield values recorded after the freezing test in any of the 

genotypes according to two-way ANOVA of genotype*treatment in both cold-acclimated and 

non-acclimated conditions. 

 

Table 5.8: Mean effective phytochemical quantum yield of PS II for cold-acclimated and non-
acclimated plants before and after freezing treatment [min. T. = -2.6 ± 0.4oC] with frosting at 
the vegetative stage. NA- non-acclimated, CA-cold-acclimated, Highlighted blocks indicate 
significant declines (p<0.05) in yield as shown by paired T-test for before and after values, ns= 
no significant T-value (n=5 plants per genotype). 

Effective phytochemical quantum yield of PS II reported for frost-treated vegetative plants 
 
Genotype  

Before treatment ns  After treatment ns 
NA CA NA CA 

109 0.674 0.638 0.590  0.467  
111 0.677 0.624 0.461  0.576  
1 0.688 0.606 0.595  0.665  
81 0.652 0.727 0.586  0.464                      
WT 0.680 0.748 0.322  0.504  

ns=No significant difference was observed by two-way ANOVA for genotype*treatment (NA/CA) effect in 
phytochemical quantum yield values reported before the freezing test and after the freezing test. 

c) Seed-setting plants: freezing [min. T. = 3.6 ± 0.5oC] with frosting treatment  

Comparison of before and after values using paired T-tests showed that the wild-type seed-

setting plants had a strong reduction (p<0.05) in phytochemical quantum yield after the low 

temperature stress compared to the values recorded before the treatment for both CA and NA 

(pink blocks in Table 5.9). A significant (two-way ANOVA) yield reduction was also evident 

in NA transgenic plants from line 109 and 81 [Table 5.9]. 
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Table 5.9: Mean effective phytochemical quantum yield of PS II for cold-acclimated and non-
acclimated plants before and after freezing treatment [min. T. = -3.6 ± 0.5oC] with frosting at 
the seed-setting stage. NA- non-acclimated, CA-cold-acclimated, One-way ANOVA for 
genotype in black (a-f) and two-way ANOVA for genotype*treatment (NA/CA) in red (p-u). 
Highlighted blocks indicate significant declines in yield as shown by paired T-tests for before 
and after values. Values followed by the same letter are not significantly different, ns= not 
significant T-value (n=5 plants per genotype). 

a) Effective phytochemical quantum yield of PS II reported for frost-treated seed-
setting plants 

 
Genotype 

Before treatment ns   After treatment  
NA CA NA CA 

109 0.546 0.576 0.288b,rs                   0.577a,p                      
1 0.607 0.595 0.487a,pq                     0.418b,qr                      
81 0.583 0.614 0.287b,rs                    0.485ab,pq                  
WT 0.577 0.543 0.109b,t                     0.145c,st                     

ns=No significant difference was observed in two-way ANOVA for genotype*treatment (NA/CA) effect in 
phytochemical quantum yield values reported before the freezing test. 

 

5.3.4 Recovery of the vegetative plants 

5.3.4.1 Vegetative plants: after freezing [min. T. = -2.9 ± 0.5oC] without 
frosting treatment  

Although there was always a lower number of shoots in cold treated wild-type plants than for 

transgenics, no significant difference was found in the average number of new green shoots for 

wild-type or transgenic plants between non-acclimated and cold-acclimated treatments. For 

example, in non-acclimated plants, the average number of new shoots at harvest was 2.8 for 

wild-type while for transgenics it ranged between 3.7 and 4.8 For the CA treatment, the wild-

type showed an average of 3.3 new shoots while for transgenics it was from 3.7 to 4.5 shoots 

per plant. However, the interaction of genotype*treatment did not show any significance of 

average shoot number at any level [Table 5.10]. 

For NA plants, the average number of siliques plus flowers at 8-week stage was significantly 

higher (p< 0.05) for transgenic line 109 (65.8) than for any other line. For the cold-acclimated 

plant set, the average siliques plus flowers was significantly higher (p< 0.05) in transgenic lines 

109 (43.5) and 111 (36.5) than in other lines. The lowest mean number of fertilised siliques 

plus flowers was observed for the NA wild-type (14.7). Two-way ANOVA of 
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genotype*treatment for the average silique number at the 8-week stage showed significant 

differences (p< 0.05), grouping 109 CA and NA, 111 CA separately above the other lines.  

The number of inflorescences, total fertilised silique number and the number of siliques with 

fully mature seeds, at harvest also showed a similar variation among plant lines. The final total 

silique number not surprisingly paralleled the number of flowers, inflorescences and siliques 

observed earlier. For the non-acclimated plant set, 51.3 siliques were counted on average for 

transgenic line 109. The other transgenic lines and the wild-type showed significantly lower 

(g*t= p< 0.05) silique numbers than line 109. In the cold-acclimated plant set, transgenic line 

81 grouped with wild-type showing a low silique number of 14.7. A similar pattern was 

observed in the number of fully mature pods [Table 5.10]. 

 

Table 5.10: The recovery of cold-acclimated and non-acclimated plants after freezing 
treatment without frosting at the vegetative stage in terms of new shoots, flowers, siliques and 
pod production. NA- non-acclimated, CA-cold-acclimated, One-way ANOVA results for 
genotype for each column are shown in black (a-f) and two-way ANOVA for 
genotype*treatment (NA/CA), for individual parameters measured for rows versus columns 
are indicated in red (p-u). Values followed by the same letter are not significantly different, 
ns= no significant T-value in one-way ANOVA, ns= no significant T-value according to two-
way ANOVA of genotype*treatment (n=5 plants per genotype). 

Treatment (t) NA CA NA CA 
Genotype (g) Avg. number of shoots  

at 6 weeks ns 
Avg. number of flowers   
at 6 weeks ns 

 ns ns Ns ns 
109 4.3  3.3  16.3  16.5  
111 4.5  4.5  9.3  13.3  
1 3.0  2.7  12.3  15                              
81 4.0  4.3  9.0  8.3                            
WT 2.5  2.3  17.3  11.3                           
Genotype (g) Avg. number of shoots at 8 

weeks ns 
Avg. number of fertilised siliques at 
8 weeks  

 ns ns   
109 3.5                          4.5                              65.8a,p                        43.5a,q                          
111 4.2                           4.3                              21.8b,s                        36.5ab,qr                        
1 3.3                          3.3                             21.0b,s                        26.7bc,rs                         
81 4.5                          4.0                              16.5b,s                        23.3c,rs                           
WT 2.8                        3.0                              23.5b,s                        14.7c,s                           
Genotype (g) Avg. number of shoots at 

harvest ns 
Avg. number of inflorescences at 
harvest ns 

 ns ns   
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109 4.8                           4.3                          8.3a                            6.8a                          
111 4.2                            4.5                          6.5ab                          5.5ab                        
1 3.7                            4.3                         4.3b                            4bc                          
81 4.7                            3.7                          5.3b                            5abc                         
WT 2.8                            3.3                          5.0b                               3.3c                          
Genotype (g) Avg. number of all siliques 

(10 DAP to fully mature) at 
harvest 

Avg. number of pods bearing fully 
mature seeds at harvest ns 
 

     
109 51.3a,p 39a,q 34.4a                                          30.8a                      
111 22.3bc,stu 26bc,rst 16.3b                        24.8a                      
1 20.7bc,stu 33.3ab,qr 18.6b                        27a                       
81 19.2c,tu 14.7c,u 11.0b                         8.3b                         
WT 29.5b,qrs 18c,tu 16.3b                       16.5ab                     

 

A moderate positive relationship was observed between the number of inflorescences and the 

number of siliques at harvest, in both cold-acclimated and non-acclimated plants. The number 

of pods at the 8-week stage and number of pods at harvest had a moderate positive relationship 

in cold-acclimated plants, whereas there was a strong positive relationship in non-acclimated 

plants [Table 5.11].  

 

Table 5.11: Pearson correlation coefficients between recovery measurements taken from 
vegetative plants after freezing (without frosting) treatment. Values for cold-acclimated plants 
are indicated in bold black. 
 Shoots at 6 

weeks 
Shoots at 8 
weeks 

Siliques at 8 
weeks 

Shoots at 
harvest 

Inflorescences 
at harvest 

Shoots at 6 
weeks 

-     

Shoots at 8 
weeks 

0.66** 
0.32 

-    

Siliques at 8 
weeks 

0.27 
0.09 

0.45* 
0.00 

-   

Shoots at 
harvest 

0.66** 
0.57** 

0.09** 
0.40 

0.33 
0.05 

-  

Inflorescences 
at harvest 

0.29 
0.17 

0.71** 
0.24 

0.78** 
0.50* 

0.41 
0.42* 

- 
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Total siliques 
at harvest 

-0.12 
-0.08 

0.28 
-0.10 

0.58* 
0.81** 

0.39 
0.03 

0.53* 
0.65* 

* indicates significance at 0.05, ** indicates significance at 0.01  

 

The line graphs in Figure 5.9 shows the gradual accumulation of green shoots and flowers 

through the recovery period. The wild-type plants struggled to produce as many new shoots as 

the transgenics. To reveal further statistical differences in shoot and flower numbers, the total 

area under the lines was calculated for each plant and the average values presented in Table 

5.12. A statistically significant difference (p<0.05) was observed for individual plots except 

for average green shoots for cold-acclimated vegetative plants. However, no variation was 

observed for a genotype*treatment effect. 

 

 

Figure 5.9: The average number of green shoots and flowers plus fertilised siliques recorded 
for the freezing-without-frosting treatment at the vegetative stage from 2 weeks until harvest. 
Shoots; a) non-acclimated (NA) b) cold-acclimated (CA), flowers; c) non-acclimated (NA) and 
d) cold-acclimated (CA).  

 



129 
 

Table 5.12: Average of area under individual line graphs for number of green shoots and the 
number of flowers for non-acclimated and cold-acclimated plants after freezing-without-
frosting treatment. NA- non-acclimated, CA-cold-acclimated. One-way ANOVA for genotype 
for each column (a-f), values in the same column followed by the same letter are not 
significantly different (n=5 plants per genotype). 

Plant Line/ genotype (g) 
 

Treatment (t) 
NA CA 

Average plot area of number of green shoots from 2 weeks until harvest  
109 31.13a                          35.67a                                
111 30.63a                          29.38a                        
1 21.83ab                        26.83a                        
81 29.88a                          28.83a                        
WT 15.83b                          21.17a                        
Average plot area of number of flowers from 2 weeks until 8 weeks  
109 215.8a                          208.7a                      
111 119bc                           152b                         
1 131.8b  125.3b                       
81 100.5bc                       119bc                         
WT 92.5c                           76.3c                         

There was no significant difference (p>0.05) in the plot area of number of shoots and flowers, according to two-

way ANOVA of genotype*treatment (NA/CA)  

 

Consistent with the recovery parameters from Table 5.10, transgenic line 109 showed a 

significantly higher (p<0.05) mean fresh biomass (9.36 g) when compared to other plant lines 

in the NA treatment. For the CA plant set, 109 and 111 grouped separately from other lines 

(p<0.05) showing 8.37 g and 7.53 g fresh weight, respectively. Transgenic line 81 even had a 

lower fresh biomass (5.7g for NA and 3.87g for CA) than the wild-type (6.13 g for NA and 

5.38 g for CA) [Table 5.13].  

The pod dry weight and the seed dry weight followed a similar pattern to the mature pod 

numbers [Table 5.13]. All AtACBP6 transgenic lines showed a harvest index of around 0.20 

with the exception of line 81. This line grouped with the wild-type plants showing a lower 

harvest index of around 0.1. The dry weights of harvested seeds and the harvest index for both 

treatments indicated that the ACBP6 transgenic plants had an increased seed yield compared 

with the wild-type with the exception of line 81. There was no significant interaction for 

genotype and treatment for any of the parameters tested. 
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Table 5.13: Final fresh biomass, harvest index and other yield parameters of harvested cold-
acclimated and non-acclimated plants subjected to freezing treatment without frosting. NA- 
non-acclimated, CA-cold-acclimated. One-way ANOVA for genotype for each column (a-f), 
values in the same column followed by the same letter are not significantly different (n=5 plants 
per genotype). 

Treatment (t)  NA  CA  NA  CA 
Parameter Fresh Biomass in g   Total pod weight (dry) in g   
Genotype (g)     
109 9.36a                         8.37a                         0.62a                      0.53a                       
111 6.34b                        7.53a                        0.49ab                     0.53a                        
1 5.66b                       4.63b                         0.43ab                     0.41ab                      
81 5.70b                         3.87b                         0.26b                       0.22b                       
WT 6.13b                         5.38b                         0.29b                       0.31b                        
parameter Harvest Index  

 
Dry seed weight in g 
 

Genotype (g)     
109 0.20ab                     0.20a                        0.41a                                  0.35a                        
111 0.20ab                     0.18ab                       0.28ab                       0.29ab                      
1 0.25a                      0.22a                     0.30ab                       0.25ab                      
81 0.11b                       0.08c                        0.13b                         0.07c                        
WT 0.09b                       0.10bc                       0.15b                         0.14bc                      

There was no significant difference (p>0.05) in fresh biomass, total pod weight, harvest index and dry seed weight, 

according to two-way ANOVA of genotype*treatment (NA/CA)  

In both cold-acclimated and non-acclimated plants, a moderate positive relationship was 

observed between harvest index and the dry pod weight and a strong positive correlation 

between harvest index and dry seed weight [Table 5.14].  

 

Table 5.14: Pearson correlation coefficients between fresh biomass, harvest index, total 
number of fully mature seeds and dry weights of pods and seeds of plants subjected to freezing 
treatment without frosting. Values for cold-acclimated plants are indicated in bold.  

 Fresh Biomass Harvest Index Total pod 
number 

Dry pod weight 

Fresh 
Biomass 

-    

Harvest 
Index 

0.37 
0.09 

-   

Total pod 
number 

0.66** 
0.62** 

0.71** 
0.23 

-  
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Dry pod 
weight 

0.71** 
0.54** 

0.64** 
0.68** 

0.88** 
0.67** 

- 

Dry seed 
weight 

0.70** 
0.50** 

0.87** 
0.84** 

0.81** 
0.57** 

0.82** 
0.89** 

** indicates significance at p<0.01  

 

5.3.4.2 Vegetative plants: after freezing [min. T. of -2.6 ± 0.4oC] with 
frosting treatment 

Frost-treated plants started to recover two weeks after the treatment by producing new green 

shoot buds [Figure 5.10]. In the NA plant set, the new green shoot number at four weeks was 

significantly higher for two transgenic lines, 109 and 111 than for lines 1, 81 and the wild-type 

plants. A similar pattern was observed for the CA plants where the highest shoot regrowth was 

shown by lines 109 and 111, with an average of 4 or more new buds. No differences for 

genotype*treatment interaction were reported in shoot number at any time point. Flower 

numbers recorded at 8-weeks showed significant variation among plant lines, where both cold-

acclimated and non-acclimated wild-type plants and non-acclimated transgenic line 1 plants 

had significantly fewer flowers than the other lines [Table 5.15]. 

 

Table 5.15: Emergence of new shoots and flowers for cold-acclimated and non-acclimated 

plants subjected to freezing treatment with frosting at the vegetative stage. NA- non-

acclimated, CA-cold-acclimated. One-way ANOVA for genotype (a-f) for each column and 

two-way ANOVA for genotype*treatment (NA/CA) for individual parameter measured in bold 

red (p-u) for across rows and columns. Values followed by the same letter are not significantly 

different, ns= no significant T-value in one-way ANOVA, ns= no significant T-value in two-

way ANOVA of genotype*treatment. (n=5 plants per genotype). 

Treatment (t)  NA  CA NA CA 
Genotype (g) Avg. number of shoots at 4 

weeks ns  
Avg. number of shoots  

at 6 weeks ns 

  ns ns ns 
109 4.6a                            4.6                          6.4                           5.2                      
111 4.8a                             4.8                           5.4                              5.8                           
1 1.0b                                2.4                           3.0                                  4.4                            
81 1.4b                             2.8                           3.4                              5.2                            
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WT 1.4b                             2.8                          2.6                              3.2                           
Genotype (g) Avg. number of flowers at 6 

weeks  

Avg. number of flowers  

at 8 weeks  

  ns  ns 
109 18ab,pq                            16.6pq                       59.8a,p 30.0a,qr 
111 15.8ab,pq                        18.8 pq                      30.8b,qr 41.8a,q 
1 11.0b,q                            16.6pq                       19.8bc,rs 31.8a,qr 
81 21.8a,p                           19.6pq                     31.0b,qr 27.4a,qr 
WT 0.0c,r                               9.4qr                      10.2c,s 17.0a,rs 
Genotype (g) Number of shoots  

at 8 weeks ns 

Number of inflorescences at 8 
weeks ns  
 

 ns ns  ns 
109 6.0                        5.6                   8.0a,p                          4.0a,q                         
111 4.8                         5.8                      3.0b,q                           4.6a,q                        
1 3.2                      4.8                   2.2b,q                             3.6a,q                        
81 3.6                         4.2                     2.2b,q                        3.2a,q                         
WT 2.8                         3.4                    2.2b,p                          2.8a,q                         

 

Positive correlation coefficients were evident between the shoot numbers at the 4-week, 6-

week and 8-week stages and for flower numbers at the 6-week and 8-week stages. A strong 

positive correlation was observed between the number of flowers, inflorescences and shoot 

numbers at the 8-week stage in all plant sets [Table 5.16]. 

 

Table 5.16: Pearson correlation coefficients between recovery parameters of cold-acclimated 
and non-acclimated plants after freezing treatment with frosting at the vegetative stage. Values 
for cold-acclimated plants are indicated in bold.  

 Shoots at 4 
weeks  

Shoots at 6 
weeks  

Shoots at 8 
weeks 

Flowers at 
6 weeks 

Flowers at 
8 weeks 

Shoots at 4 
weeks 

-     

Shoots at 6 
weeks 

0.63** 
0.53** 

-    

Shoots at 8 
weeks 

0.50* 
0.68** 

0.79** 
0.96** 

-   

Flowers at 6 
weeks 

0.29 
0.31 

0.53** 
0.41* 

0.54 
0.36 

-  
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Flowers at 8 
weeks 

0.44* 
0.45* 

0.64** 
0.67** 

0.78** 
0.66** 

0.57** 
0.6 2** 

- 

Inflorescences 
at 8 weeks 

0.46* 
0.63** 

0.63** 
0.77** 

0.842** 
0.79** 

0.34 
0.23 

0.72** 
0.80** 

* indicates significance at p<0.05, ** indicates significance at p<0.01  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.10: Recovery of freezing-with-frosting treated plants. a) Example of varying degrees 
of recovery (low  high) after 2 weeks of recovery b) regeneration of new shoot buds from 
stressed plants indicated by arrows. 

 

The development of new shoots and flowers during the recovery period is graphed in Figure 

5.11. Similar to the freezing-without-frosting treated plants, the wild-type plants showed a 

lower capacity than the transgenics to develop new green shoots. Plant lines 111 and 109 

performed best producing around 5-6 new shoots by the end of the recovery period. Flower 

production was also relatively poor for wild-type control plants at 10 to 15 flowers per plant, 

while the transgenics were able to produce about 30 flowers on average. In the non-acclimated 

plants set, plant line 109 produced a strikingly higher number of flowers, at around 60 which 

was significantly higher than any of the other lines. 
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Figure 5.11: The average number of green shoots and flowers plus fertilised siliques recorded 
for the freezing-with-frosting treatment at the vegetative stage from 2 to 8 weeks. Shoots; a) 
non-acclimated (NA) b) cold-acclimated (CA), flowers; c) non-acclimated (NA) and d) cold-
acclimated (CA).  

 

Areas under graphs for shoots and flowers in Table 5.17 indicated that there were differences 

in means for genotypes for non-acclimated shoots and flowers and for cold-acclimated flowers. 

Non-acclimated transgenic plants of line 109 and 111 showed significant recovery compared 

to the wild-type, in terms of production of new shoots. Apart from transgenic line 1, all other 

transgenic lines showed significantly higher production of flowers over the 8 weeks than the 

wild-type plants, in both cold acclimated and non-acclimated conditions.  
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Table 5.17: Average of area under individual line graphs for number of green shoots and the 
number of flowers for non-acclimated and cold-acclimated plants after freezing-without-
frosting treatment. One-way ANOVA for genotype for each column (a-f), values followed by 
the same letter are not significantly different (n=5 plants per genotype). 

Plant line/genotype (g) Treatment (t) 
Non-acclimated (NA) Cold-acclimated (CA) 

Area under the weeks-number of shoots graph line  
109 29.6a                             32.25a 
111 27.2ab 32.25a 
1 12c 22.00a 
81 14bc 27.25a 
WT 11.6c 21.75a 
Area under the weeks-number of flowers graph line  
109 88.6a                             68.5a 
111 58.4b 79.75a 
1 40.2bc 55.5ab 
81 70ab 82.5a 
WT 10.2c  34.25b 

There was no significant difference (p>0.05) in the plot area of number of shoots and flowers for each line, 

according to two-way ANOVA of genotype*treatment (NA/CA)  

 

5.3.5 Seed-setting plants: survival of seeds/embryos after hard freezing 
stress with frosting  

The highest percentage of fully viable seeds after freezing plus frost treatment was 73.4% from 

non-acclimated plants in line 109. This was followed by line 1, with 52.9 % viable seeds and 

81 with 40.3% of fully viable seeds. The lowest percentage of fully viable seeds was from wild-

type plants with a value of 19.5% in the non-acclimated treatment. For the cold-acclimated 

treatment both line 109 and line 1 showed values of close to 60%, while line 81 showed a lower 

value of 37%. Again, the lowest percentage of viable seeds came from wild-type plants. The 

mean seed germination percentage was significantly higher in lines 109 and 1 for both non-

acclimated and cold-acclimated conditions, more than double the results for line 81 and the 

wild-type plants. There was a moderate positive relationship between the percentage of fully 

viable seeds as shown by the FDA staining method and by the seed germination test in both 

cold-acclimated (0.68) and non-acclimated (0.58) plants, though not as strong as might have 

been expected [Table 5.18, Figure 5.12]. There was no significant difference (p>0.05) between 
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the CA an NA in fully viable seeds and the seed germination percentage, according to two-way 

ANOVA of genotype*treatment (NA/CA). 

 

Table 5.18: Viability of seeds collected from cold-acclimated and non-acclimated seed-setting 
plants after freezing treatment with frosting, as seen by FDA staining and seed germination. 
NA- non-acclimated, CA-cold-acclimated. One-way ANOVA for genotype (a-f). Values in the 
same column followed by the same letter are not significantly different (n=4 plants per 
genotype). 

Fully viable seeds as seen by FDA staining  
Plant line/genotype (g) Non-acclimated (NA) Cold-acclimated (CA)                                  
109 73.4a                          63.4a 
1 52.9ab 66.2a 
81 40.3bc 37.5ab 
WT 19.5c 27b 
Seed germination percentage  
109 80a                             64.4a 
1 76.5a 60.1a 
81 18.85b 17.5ab 
WT 31.3b 10.3b 
Correlation coefficient between fully viable seeds in the FDA test and seed germination 
R 0.58* 0.68** 

*indicates significance at p<0.05, ** indicates significance at p<0.01 for correlation coefficient. 
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Figure 5.12: Analysis of mature embryos using FDA staining method and seed germination. 
a) ten out of eleven embryos observed fully glowing b) four out of twelve embryos fully 
glowing in the fluorescence images captured. Scale bar represents 2 mm c) comparison of the 
germination ability of wild-type and transgenic seed sets after the freezing plus frost stress. The 
left three punnets are from wild-type plants and the right three punnets are from AtACBP6 
transgenic plant lines 1 and 109 (20 seeds/punnet) 

 

5.4 Discussion  

 
Rapid-cycling B. napus expressing AtACBP6 that were developed by introducing Arabidopsis 

thaliana ACBP6 cDNA using Agrobacterium-mediated transformation (Tongson, 2017), were 

tested at T3 progeny for low temperature and freezing tolerance in cold-acclimated and non-

acclimated plants in an upright, fan-forced freezer with an electronic temperature controller. 

Electrolyte leakage, which arises from damage to biological membranes during freezing was 

found to be lower in AtACBP6 transgenic lines than in the wild-type in both non-acclimated 

and cold-acclimated conditions at the vegetative and seed-setting stages. Frost-treated 

AtACBP6 vegetative stage plants showed only half the electrolyte leakage in both non-

acclimated and cold-acclimated plants when compared to wild-type plants. 

a) b) 
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Frost-treated, seed-setting transgenic plants also showed significantly lower electrolyte leakage 

compared to the wild-type. Tongson (2017) similarly reported per cent electrolyte leakages 

between 51% and 73% in AtACBP6 transgenic rapid-cycling plants and 96% in wild-type 

rapid-cycling plants at the early podding stage. The percentage electrolyte leakage reported for 

frost-treated flowering plants were 60% to 82% including for transgenic plants, thus indicating 

a higher membrane damage than in vegetative plants. Overall, the electrolyte leakage results 

suggest that the presence of the AtACBP6 transgene supports the minimisation of membrane 

damage with improved membrane integrity retained, during low temperature stress, at the 

vegetative and seed-setting stages.  

Photosynthetic efficiency, as measured by effective phytochemical quantum yield [Y(II)] was 

significantly lower in wild-type plants than in the AtACBP6 transgenic plants after applying 

cold/freezing stress at the vegetative or seed-setting stages. The measurements taken before 

cold/freezing stress confirmed that the plants were healthy and that the different lines had 

similar photosynthetic profiles. The integrity of the chlorophyll protein complex in the 

chloroplasts of AtACBP6 transgenic plants was probably less affected than for the wild-type 

plants with the latter likely to be considerably affected by low temperature stress. Tongson 

(2017) consistently reported a significant decline in effective phytochemical quantum yield in 

wild-type plants compared to that of transgenic plants at the early pod stage when under 

freezing stress. The effective phytochemical quantum yield has been used in several studies in 

B. napus (Rapacz, 1999) to assess the effect of low temperature stress on photosynthetic 

activity. Savitch et al. (2005) used phytochemical efficiency data to demonstrate that the 

overexpression of COR genes BNCBF5 and 17 in B. napus elevated freezing tolerance of the 

transgenic plants, by increasing both photosynthetic efficiency and photosynthetic capacity of 

these plants. 

After exposure to the cold/ freezing conditions, AtACBP6 transgenic plants started to produce 

new shoots and flowers faster than the wild-type plants, demonstrating a more rapid recovery 

from the cold/freezing stress. Shabala (2012) proposed that the emergence of new green shoots 

after an environmental constraint such as cold, implied that the plants were well adapted to the 

ambient environment and ready to continue their development. Cold stressed transgenic rapid-

cycling plants were able to retain a harvest index around 0.20 in the glasshouse, close to the 

average for commercial B. napus under field conditions (0.2 and 0.3) (Yuan et al., 1999, Luo 

et al., 2015). By contrast, the value of the harvest index decreased by half in cold challenged 

wild-type plants. Apart from shoot induction and high yield potential, Shabala (2012) also 
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described the growth of new white to pale yellow healthy roots as an indication of good plant 

recovery. 

Cold-acclimation seemed to provide at best a modest improvement in recovery parameters but 

not for all lines or parameters. Cold-acclimation did not significantly affect the recovery 

performance of the transgenic plants although there was slight variation between the two 

treatments. It is possible that the cold-acclimation effect was relatively weak in rapid-cycling 

B. napus lines, as they were originally developed by recurrent selection of early flowering lines, 

and cold-acclimation or stress tolerance traits were not considered (Williams and Hill, 1986). 

Therefore, the effect may or may not be similar in commercial B. napus canola.   

There were variations in the freezing/frost susceptibility of B. napus rapid-cycling plants 

depending on the developmental stage. The cold/frost tolerance mechanisms displayed by 

plants may have varied depending on the developmental stage of the plant. Flowering plants 

displayed the highest damage in both the transgenic ACBP6 plants and the wild-type. The 

vegetative plants were better protected, enabling them to recover well after the freezing/frost 

shock.  

Several studies have reported that cold responsive (COR) genes were expressed during frost 

tolerance in spring-type B. napus (Orr et al., 1992, Sangwan et al., 2001, Megha et al., 2018) 

and in winter-type B. napus (Jiang et al., 1996, Gao et al., 2002). However, Chen et al. (2008) 

demonstrated that ACBP6-mediated low temperature stress tolerance in Arabidopsis rosettes 

was independent of COR genes (COR6.6, COR15a, COR47, and COR78), using northern blot 

analysis. No expression of these genes was detected in rosettes before cold-acclimation, in the 

wild-type, acbp6 mutant and ACBP6 over-expressing Arabidopsis lines, but a similar level of 

expression was evident for all three genotypes after the cold-acclimation treatment. No further 

enhancement of COR gene expression was observed by Chen et al. (2008) for AtACBP6 over-

expressing lines. At 4oC, the ACBP6 gene showed higher expression after 48 h than at 0, 6, 12 

or 24 h. Chen et al. (2008) therefore suggested that the ACBP6-mediated freezing tolerance in 

rosettes was not governed by COR gene expression. 

In contrast, Liao et al. (2014) found that the freezing tolerance displayed by flowers of 

Arabidopsis plants over-expressing ACBP6 was due to the expression of various COR related 

genes and related transcription factors such as C-repeat binding factors (CBFs). Further, the 

flowers displayed increased levels of phosphatidylcholine (PC) and 
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monogalactosyldiacylglycerol (MGDG), but a decrease in phosphatidic acid (PA). Apparently, 

the mechanism of freezing tolerance in Arabidopsis differed between organs (Liao et al., 2014).  

The viability of seed embryos (15-20 DAP) from frost-treated, seed-setting plants, evaluated 

using the FDA staining test, indicated that the wild-type seeds were greatly affected with only 

about 30% or less of the seeds viable. Amongst the transgenics, line 109 showed the highest 

viability with an average of 70% fully viable seeds. This viability was fully established using 

the seed germination test. There was a moderate positive relationship between the FDA staining 

method and seed germination test, indicating that the observations from two methods were 

reasonably comparable. Tongson (2017) reported that the proportion of viable transgenic seeds, 

after being subjected to freezing stress, was between 48 and 77% (~10 DAP), whereas viability 

was 26 % for wild-type seeds (~10 DAP). Lardon et al. (1995) subjected winter rapeseed 

(Brassica napus, cv. Samourai) plants to -3°C for 4 h and reported that the sensitivity of ovules 

to freezing increased from 8-day before anthesis to anthesis. Further, the pollen viability was 

not greatly affected if the stress was not applied at the binucleate stage. With regards to seeds, 

they were increasingly susceptible from just after fertilisation to 20 days after fertilisation. 

Freezing stress applied on seeds 35 days after fertilisation had much less effect (Lardon et al., 

1995). 

Young seeds, with high moisture content (≥80%), are affected by freezing due to dehydration 

and intracellular ice formation, leading to rapid loss of seed development and viability 

(Johnson-Flanagan et al., 1991). However, during the late embryonic phase, an increased 

production of late embryogenesis -abundant (LEA) mRNAs assists in lowering the freezing 

sensitivity of seeds (Lardon et al., 1995).  

During seed maturation, canola seeds undergo a process called ‘degreening’, by which they 

lose their intense green colour to turn pale yellow however, in low temperature stressed seeds, 

this process is inhibited. As a result, the oil extracted from these green seeds is green, which 

results in additional processing costs (Johnson-Flanagan and McLachlan, 1990).  Johnson-

Flanagan et al. (1991) further reported that the quantity and quality of storage proteins (e.g. 

cruciferin, napine) and of C18:1 C18:2 fatty acid-rich storage lipids, were altered when seeds 

were subjected to freezing during the seed maturation process. These seeds also showed a 

decline in fatty acid chain elongation, changes in fatty acid unsaturation patterns, elevated lipid 

levels and lower protein levels (Johnson-Flanagan et al., 1991). 
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Raboanatahiry et al. (2015) compared the ACBPs in B. napus with those in Arabidopsis and 

found that there were considerable differences in the amino acid sequences and arrangement 

of protein domains. There were four AtACBP6-like small ACBP sequences (90-92 amino 

acids) in B. napus (BnaA05g36060D, BnaA08g07670D, BnaAnng25690D and 

BnaCnng15340D). They were proposed to have been inherited from the B. rapa and B. 

oleracea genomes. Although the position of the acyl-CoA-binding domain (ACBD) is the same 

in both Arabidopsis ACBP6 and B. napus ACBP6-like small ACBPs (amino acid positions 3 

to 87 in the ACBP sequence), there exists dissimilarities in the amino acid sequence within the 

ACBP domain. As a result, differences in affinities to acyl-CoA in ACBPs in the two species 

could be expected. However, these four B. napus proteins showed an average amino acid 

identity of 82.6% with AtACBP6. Given the high similarity, it might be possible to modify the 

existing ACBP6-like gene in B. napus using the CRISPR/Cas9 system to provide the same 

functionality as AtACBP6, without the need to transfer the gene from A. thaliana. This would 

greatly enhance the commercial appeal of the exploitation of this gene. 

The freezing bioassay could be further improved by using a more advanced automated 

commercial scale freezing chamber.  This would assist in minimising the technical difficulties 

such as space limitations and temperature fluctuations, associated with the freezing chamber 

used in the study. Testing the AtACBP6 gene in commercial cultivars in more extensive trials 

would further broaden the understanding of capacity of this transgene to mitigate the effects of 

cold and frost conditions in canola. 

Conclusion 

Rapid-cycling B. napus plants expressing AtACBP6 displayed an improved protection from 

freezing and frost stress at the vegetative and seed-setting stages. A significantly lower 

electrolyte leakage was observed in these plants compared to the wild-type, suggesting reduced 

damage to cell membranes during stress conditions. The photosynthetic performance of the 

transgenic plants was also not greatly affected by low temperature stress, in contrast to the 

effects on wild-type plants. Improved recovery of cold and frost-treated vegetative stage 

transgenic lines resulted in plants which were much healthier than the wild-type, leading to a 

higher production of flowers and seeds. The mature seeds collected from frost-treated 

transgenic plants showed better survival and germination rates than for the wild-type. 

Transgenic line 109 showed the strongest tolerance effects overall and line 81 the weakest. 

Nevertheless, the presence of Arabidopsis ACBP6 elevated the capacity of B. napus, rapid-
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cycling plants to tolerate low temperature stress. This suggests an economic imperative for 

further work with native or Arabidopsis ACBP6 genes in commercial varieties of B. napus with 

a view to commercial applications.  
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Chapter 6: General Discussion 

6.1 Rapid-cycling Brassica napus plants as a model system for 

Agrobacterium-mediated transformation 

Rapid-cycling B. napus plants were genetically engineered using Agrobacterium mediated 

transformation. These plants have a short seed-to-seed cycle (~60 days vs ~120 days in 

commercial cultivars) thus can be used as a model system to assess the expression of novel 

genes in the B. napus genome. Due to the labour-intensive nature of tissue culture-based 

transformation, any improvement in the regeneration and transformation techniques is 

favourable. This was particularly the case with rapid-cycling B. napus as very little work has 

been carried out on optimising the steps and conditions of Agrobacterium mediated 

transformation. 

Cotyledon explants were shown to be the best explant source for in vitro transformation studies. 

Shoot initiation was much quicker in 4-day-old cotyledons (2 weeks in SIM) than in hypocotyls 

(4 weeks in SIM), reducing plant regeneration time. Seven-day-old hypocotyls showed 

significantly poorer shoot induction than cotyledon explants emphasising that they are less 

suitable for rapid-cycling B. napus regeneration. Kamal et al. (2007) also reported a higher 

regeneration frequency for cotyledons (>31%) than for hypocotyls (6-44%), for three 

commercial canola cultivars, Option 500®, Surigol® and Quantum®. Cogbill et al. (2010) 

reported a shoot induction efficiency of 44.5% from 4-day-old rapid-cycling B. rapa and 

demonstrated that the induction of shoots declined to 23% when 9-day-old cotyledons were 

used.  

The proportion of explants producing callus cells was over 87% in five different media 

supplemented with NAA at either 0.1 or 0.2 mg/L. The addition of AgNO3 to the medium was 

essential for obtaining a high efficiency of shoot induction from callus cells.  Silver ions have 

been shown to act as an ethylene antagonist, which replaces copper ions in the ethylene receptor 

to stop activation of ethylene receptors by ethylene and thus preventing the action of ethylene 

(Chi and Pua, 1989, Rodrıguez et al., 1999). Shoot induction was significantly reduced in the 

absence of AgNO3 in the medium, with initiated shoots appearing stunted, suggesting the 

importance of AgNO3 for healthy shoot production from B. napus explants. In contrast, Teo et 

al. (1997) reported a significant decrease in shoot induction from rapid-cycling B. rapa, when 
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AgNO3 was added to the SIM, and instead used an alternative ethylene inhibitor, AVG for 

improved shoot induction. 

The average proportion of explants producing shoots was 70% on shoot induction medium 

supplemented with 1 mg/L BAP, 0.1 mg/L NAA and 5 mg/L AgNO3. This was a 13% 

improvement to the regeneration rate reported by Tongson (2017) for rapid-cycling B. napus 

where a maximum regeneration rate of 53% was achieved when the medium was supplemented 

with 1 mg/L BAP and 0.37 mg/L NAA. The increase in regeneration could possibly be linked 

to the lower concentration of NAA used in the shoot induction medium. A comparatively low 

shoot induction rate of 33% was reported from rapid-cycling B. rapa by Teo et al. (1997) with 

0.37 mg/L NAA, 4.5 mg/L BAP and 0.3 mg/L AVG in the shoot induction medium.  

Regardless of the concentration of BAP in the shoot elongation medium, all tested media were 

effective in facilitating shoot elongation. Even in medium which did not contain BAP but only 

the basic MS medium, shoots were able to elongate. This was possibly because of the 

successful excision/separation of shoot initials from the callus tissue without damaging the 

vascular connections which was the major factor in healthy shoot elongation. The shoots were 

green and healthy with expanded leaves and were ready to root. Similarly, Boszoradova et al. 

(2011) successfully developed spring-type B. napus shoots in MS basal medium without the 

addition of BAP for shoot elongation. 

IBA was a crucial supplement in the root induction medium. One or two mg/L of IBA worked 

better than 0.5 mg/L or less in the medium, giving a proportion of 60-65% shoots successfully 

rooting. In order to avoid the development of roots directly from the callus tissue, excision of 

masses of callus from the crown area was important before transferring the shoots into the RIM. 

This inhibited rooting from callus tissue and encouraged the development of proper vascular 

connections with the stem. A similar procedure was described by Conner and Thomas (1982) 

for establishing plants that are amenable to tissue culture regeneration.  

Agrobacterium mediated transformation was performed using 4-day-old cotyledon explants 

following the optimum tissue culture PGR concentrations for rapid-cycling plant regeneration. 

The transformation efficiencies in the initial experiments with rapid-cycling B. napus were 

rather low (2%-5%) but comparable to the efficiency reported by Tongson (2017) at 6.1%. 

Several technical modifications were introduced to improve the transformation frequency to 

16%, such as incubation of the Agrobacterium cultures for approximately 18 h (overnight) 

instead of prolonged incubation for 36 h before the transformation experiment. Overnight 
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incubation has been the standard in many Brassica transformation protocols (Cardoza and 

Stewart, 2003). In addition, preparation of explants without MS liquid medium (on a sterile dry 

surface) presumably increased the contact of bacterial cells with petiole cut ends, elevating the 

efficacy of Agrobacterium mediated transformation. Delay in commencing antibiotic selection 

by an additional week most likely provided more time for the transformed callus cells to 

establish and proliferate before being subjected to the antibiotic selection pressure. Two rounds 

of antibiotic selection pressure applied subsequently aided the minimisation of non-transgenic 

escapees. Similarly, Bhuiyan et al. (2011) described 14% improvement in the transformation 

efficiency for B. juncea by delaying the initial antibiotic selection of the cotyledonary explants. 

Improvements to the Agrobacterium-mediated transformation efficiency will contribute to 

minimising the labour, costs and facility requirements associated with development of useful 

transgenic plants. 

No significant differences in transformation efficiency were seen for Agrobacterium 

concentrations at optical density at 600 nm (OD600 1.0=8 x 108 CFU/mL) of 0.05, 0.10, 0.15 

and 0.20 optical densities with transformation efficiencies between 20% and 34%. This 

suggested that a range of low bacterial concentrations can be utilised in Agrobacterium 

transformation experiments with rapid-cycling B. napus. Dipping times between 30 sec and 5 

min also did not show any significant effect on transformation (12.5%-32%), but a lower 

transformation efficiency was reported for 5 min dipping time. Higher concentrations of 

Agrobacterium and longer dipping times may be unfavourable for successful transformations. 

Bhalla and Singh (2008) suggested that higher Agrobacterium concentrations may be harmful 

to explant tissues, making them necrotic. Tongson (2017) reported that use of 0.50 OD650 

bacterial solution made the cotyledon tips of rapid-cycling plants necrotic, leading to a 

significant reduction in the proportion of explants with putatively transformed shoots. 

Additionally, Hussain et al. (2014), who used a bacterial solution of 0.60 at OD600 was able to 

reach a maximum efficiency of only 8.5% with B. napus cv. Westar. 
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6.2 Development of disease resistance in transgenic Brassica napus 

plants expressing the rice ACYL-COA-BINDING PROTEIN 5 

(OsACBP5) 

The rice (Oryza sativa), ACYL-COA-BINDING PROTEIN 5 (ACBP5) cDNA was introduced 

into the B. napus genome for the first time, using the optimised regeneration and transformation 

protocol described previously. The average proportion of explants producing putative 

transformed shoots (which survived in the hygromycin B selection medium) was 24% for 

transformation experiments with rapid-cycling B. napus and 29% for cv. Westar, suggesting 

that the protocol was efficient for both rapid-cycling B. napus and conventional B. napus. In 

addition to antibiotic selection and genotyping, developed transgenic plants were tested for 

expression of OsACBP5 protein using anti-ACBP5 antibodies in western blot analysis.  

Four independent plants expressed the OsACBP5 transgene in the B. napus genome was 

relatively a low number compared to the total number of plants shown to be positive by 

antibiotic selection and genotyping with transgene specific markers. Since the process of 

Agrobacterium mediated transformation is completely random and, in some instances, can lead 

to gene silencing (Ahuja and Fladung, 2014, Liu et al., 2011b), it is possible that some of the 

plant lines were unable to successfully express the protein. This could be due to a positional 

effect of the transgene or due to deletions in the coding sequence during the genetic 

transformation process. The large size of the transgene (1.7 kb) itself may have contributed to 

the poor transformation efficiency.  Plant lines which were positively expressing the protein 

were continued to the next generations (T2 and T3) to test for resistance to the pathogens of 

canola. 

A cotyledon inoculation assay that was used to identify the level of blackleg resistance 

conferred by the presence of OsACBP5 transgene revealed that both transgenic Westar plants 

and rapid-cycling B. napus plants were significantly less affected by blackleg than the non-

transformed controls. Mean/median disease severity scores based on the scoring method of 

Koch et al. (1991), revealed that the severity of lesions was significantly less in all transgenic 

plants than in the respective wild-type plants, demonstrating the expression of resistance due 

to the OsACBP5 gene in transgenic plants. This was the first time that disease resistance 

attributable to the presence of the OsACBP5 gene has been shown in B. napus, extending the 

work on rice by Meng et al. (2011). 
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A detached leaf assay performed on young, but fully expanded leaves of transgenic cv. Westar 

and rapid-cycling B. napus, using Sclerotinia sclerotiorum inoculum in agar plugs showed that 

up to 24 h there was a delay in Sclerotinia lesion progression in plants expressing the OsACBP5 

gene. A significantly lower lesion size was recorded for three tested transgenic lines (T6, T7, 

T27) than for the control lines. Even though the lesion sizes recorded for line 10 were lower 

than for the wild-type plants, this difference was not significant. At 48 h after inoculation, the 

lesion diameters of all plant lines, including the transgenic plants more than doubled, and 

showed no significant differences between genotypes. This suggested that the OsACBP5 

transgene may only be expressed at the initial stage of pathogen infection and may be 

instrumental in the acquisition of inducible defence mechanisms. This type of defence is 

displayed by plants at the onset of pathogen infection and may eventually decrease with time. 

Meng and Chye (2014) reported that ACBP5 expression was induced in rice by salicylic acid, 

which plays a key role in inducing systemic acquired resistance. An increased level of SA 

induces hypersensitive responses such as cell death and the expression of pathogenesis-related 

genes (Ahmad and Prasad, 2011). Localisation of OsACBP5 in the endoplasmic reticulum 

(Meng and Chye, 2014), where phospholipid and lipid droplet production and pathogenesis-

related (PR) protein release occurs (Jelitto-Van Dooren Ep et al., 1999), further suggests that 

OsACBP5 is possibly involved in mediating biotic stress responses in plant cells by inducing 

systemic acquired resistance via PR protein release. Moreover, Narayanan et al  (2019) reported 

an increase in the expression of proteins which were related to cell wall-mediated defence and 

SA and JA-mediated defence mechanisms in Arabidposis plants overexpressing OsACBP5, 

following Rizocctonia solani infection. 

Although whole-plant inoculation of B. napus with Sclerotinia has not been widely reported, 

inoculating intact plants could aid in understanding whether the gradual loss of tolerance 

reported for detached leaves was related to the depletion of resources available in detached 

leaves that are necessary for the continuance of proper metabolic functioning, including the 

expression of defence related genes. However, in an experiment to study the salicylic acid and 

jasmonic acid signalling pathways in B. napus (canola) during Sclerotinia infection, Wang et 

al. (2012) showed that detached leaf assays and intact plants assay were comparable and there 

was a higher uniformity in the results obtained with the detached leaf assay. 

Assessing the ACBP5 mRNA level at various times from initial infection through disease 

progression could enable better understanding of the regulation of ACBP5 gene during plant 

defence processes. A transcriptome analysis would determine other genes that are up/down 
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regulated during pathogen attack in the presence or absence of the transgene and assist in 

mapping the molecular pathways of OsACBP5-mediated disease resistance in transgenic 

plants.  

OsACBP5 overexpressing plants could be further tested for salinity stress tolerance as Meng et 

al. (2011) reported an increased level of OsACBP5 mRNA in salt-treated rice plants and 

suggested that the gene could be related to alleviation of salinity stress. If OsACBP5 expressing 

B. napus can also withstand high salinity, the commercial implications of the introduction of 

this gene could be considerable. 

If canola plants could overexpress high levels of OsACBP5 to confer disease resistance, then 

introduction of the OsACBP5 cDNA into the canola genome could be beneficial in reducing 

severity of infection by fungal plant pathogens. This would assist in reducing fungicide use in 

canola fields, the costs associated with disease control and in minimising the yield penalties 

which can occur due to fungal disease outbreaks. The OsACBP5 cDNA comes from an entirely 

different genetic background in a monocot and no similar genes of closely similar sequence 

have been found within the B. napus genome. Unlike the rice ACBP5 [a large ACBP with 569 

amino acids], the four large ACBPs in the B. napus genome (BnaA01g13710D, 

BnaA03g46540D, BnaC01g16110D, BnaC07g38820D) described by Raboanatahiry et al. 

(2015) were much shorter ranging between 361 and 381 amino acids in length. Hence, a large 

difference between the rice and B. napus sequences in terms of total coverage (38.2% gaps) 

and sequence identity (23.3%) was evident.  Therefore, if this gene is going to be utilised to 

improve disease tolerance in the agricultural industry, it would have to be genetically 

transferred to B. napus to commercial varieties, presumably by Agrobacterium mediated 

transformation. 
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6.3 Evaluation of AtACBP6 transgenic B. napus for frost tolerance 

AtACBP6 transgenic rapid-cycling B. napus were tested for their freezing and frost tolerance 

ability at the vegetative and seed-setting stages, in non-acclimated and cold-acclimated 

conditions. The AtACBP6 transgenic rapid-cycling B. napus plants were less affected after the 

freezing stress in terms of damage to cell-membranes, photosynthetic performance, and these 

plants showed improved recovery plus higher yield potential compared to the wild-type plants.  

Freezing treatment (without frosting) of the vegetative plants resulted in much less membrane 

damage, with leakage values well below 15% in both cold-acclimated and non-acclimated 

transgenic plants, and 17% in non-acclimated and 22% in cold-acclimated wild-type plants. On 

the other hand, the freezing-treated (with frosting) vegetative plants showed a 2-3-fold increase 

in their solute leakage, with a mean of 33% and a range from 15% and 67% with wild-type 

vegetative plants displaying significantly larger mean electrolyte leakage of 67%.  

Similarly, the frost-treated seed-setting plants showed significantly lower membrane damage 

in transgenic plants than the non-transgenic plants. Tongson (2017) used a freezing-with-

frosting treatment to report 51% to 65% solute leakage for non-acclimated AtACBP6 transgenic 

plants at flowering to early podding stage and 96% solute leakage in wild-type plants. Thus, 

the electrolyte leakage values reported suggested that the membrane damage was more 

significant in wild-type plants and that in all three developmental stages, these plants were 

more affected during cold/freezing stress than the transgenic plants. 

Megha et al. (2018) using a 3-week-old spring variety of B. napus, reported a gradual increase 

in electrolyte leakage values with increases in the incubation period at 4oC. However, the 

maximum leakage value reported was around 11%, at 48-h after the onset of the cold treatment. 

This value was well below the observations recorded in experiments reported in this thesis, 

presumably because of the variations in the temperature regime and experimental setup used. 

Alongside electrolyte leakage values, measuring the level of malondialdehyde (MDA), a 

product of lipid peroxidation of plant cell membranes, would enhance the understanding of 

membrane damage due to chilling stress (Taulavuori et al., 2001).  

The photosynthesis of AtACBP6 transgenic plants appeared to receive better protection from 

the impact of freezing stress compared to the non-transgenic plants. Measurements of the 

effective quantum yield of photosystem II of vegetative plants following freeze treatment 

(without frosting) did not show a significant reduction in photosynthetic capacity in the non-
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acclimated conditions, but the yield was significantly reduced in cold-acclimated wild-type 

plants compared to AtACBP6 transgenic plants. In the freezing plus frost-treated vegetative and 

seed-setting plants, a significant reduction of effective quantum yield was evident in wild-type 

plants in both cold-acclimated and non-acclimated conditions. The effective quantum yield of 

a majority of the AtACBP6 transgenic plants were not significantly affected by freezing/frost. 

The exceptions were the cold-acclimated frost-treated vegetative plants of line 81 and non-

acclimated seed-setting plants of lines 109 and 81.  

Tongson (2017), working with non-acclimated B. napus at the early podding stage, reported 

similar results, where transgenic AtACBP6 plants were significantly more tolerant to freezing 

in terms of photosystem II efficiency. Additionally, CO2 assimilation rate, stomatal 

conductance and intercellular CO2 concentration were reported to be higher in the AtACBP6 B. 

napus plants than in the wild-type (Tongson, 2017). Inhibition of proper metabolic function, 

damage to photosynthetic apparatus (Baker and Rosenqvist, 2004) and reduced utilisation of 

light (Allen and Ort, 2001) are some of the adverse effects on plant photosynthesis that are 

initiated by cold stress.   

Assessment of the recovery of freezing/frost-treated vegetative plants demonstrated that 

AtACBP6 plants recovered better after the application of low temperature stress than the wild-

type plants. The transgenic plants produced new green shoots quicker than the wild-type plants 

allowing them to produce a higher number of inflorescences and flowers. Further, they showed 

significantly higher harvest index values and flower numbers compared to the wild-type plants, 

which had a lower yield potential. In addition to the emergence of new green shoots, induction 

of healthy roots is considered as a good indication of a plant’s resilience (Gusta et al., 2003).  

There was no significant improvement to the cold/freezing tolerance ability of transgenic rapid-

cycling B. napus plants subjected to cold acclimating treatment before the freezing treatments. 

Increased expression of cold-responsive genes (COR) and CBF (C-repeat binding factor) has 

been described in Arabidopsis, barley and canola, following low temperature stresses to 

mitigate frost (Gao et al., 2002, Chinnusamy et al., 2007). However, in the study conducted 

using ACBP6 overexpressing Arabidopsis plants, Chen et al. (2008) reported that the low 

temperature tolerance shown by the rosettes of these plants was independent of COR 

expression. Megha et al (2018) reported enhanced expression of important cold induced genes, 

BnCBF5, BnCBF 17, BnCOR25 and Bn115(Jan et al., 2017) in B. napus when subjected to -

4oC. Rapid-cycling B. napus plants may have been partly or not at all acclimated by being 
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subjected to low temperatures (4oC) before freezing test as they were originally developed 

prioritising the shortness of their seed to seed life-cycle (Williams and Hill, 1986) with no 

mention of selection for stress. Further studies should be undertaken to assess the effect of 

cold-acclimation of commercial canola varieties in the presence of introduced AtACBP6 and 

whether this treatment would improve tolerance to freezing compared to that in non-acclimated 

conditions. 

Seeds (~15-20 DAP) of frost-treated plants showed a 37-73% average viability using the FDA 

staining method in the four transgenic lines while the wild-type plants had significantly lower 

values of 27% and 20%. Seed germination testing further established viability and showed a 

moderate positive correlation with the results from FDA staining method. Similarly, Tongson 

(2017) reported that the proportion of seed viability in frost-challenged plants was between 47 

and 77% in transgenic seeds (~10 DAP), whereas it was 26 % for wild-type seeds (~10 DAP). 

These results suggest that the embryos/seeds of the ACBP6 transgenic plants were better 

protected during freezing and frost events than are wild-type seeds. 

With regards to potential commercial applicability, utilisation of the ACBP6 gene from 

Arabidopsis could be advantageous to the canola industry. With this proof of concept of the 

AtACBP6 transgene as a genetic resource for better freezing/ frost tolerance in terms of 

recovery of stressed plants and better protection for seeds during freezing stress, engineering 

of AtACBP6 into commercial B. napus could assist in minimising financial losses due to crop 

damage during moderate to severe frost events in oilseed growing regions in Australia. Given 

the high similarity of B. napus ACYL-COA-BINDING PROTEINS (BnaA05g36060D, 

BnaA08g07670D, BnaAnng25690D, BnaCnng15340D) to Arabidopsis ACYL-COA-

BINDING PROTEINS (82.6% average amino acid identity) (Raboanatahiry et al., 2015), it 

might be possible to utilise genome editing techniques such as the CRISPR/Cas9 system to 

perform targeted gene editing of B. napus ACBPs to engineer the same functionality as the 

AtACBP6. Plants which bear edited native genomes rather than carrying transgenes, are widely 

accepted as not requiring the full suite of safety evaluations required for transgenic plants.  

Introduction and commercialisation of such products would be more acceptable to the industry 

(in part for cost reasons) and to regulators and consumers. 
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6.4 The status of GM crops in Australia and Canada 

At present, about 24% of canola cultivation (Agriculture Biotechnology Council of Australia, 

2017) and more than 95% of total Australian cotton produce comes from genetically modified 

(GM) cultivars. So far, in canola only herbicide tolerance has been approved as a transgenic 

trait for commercial production in Australia. The Birchip Cropping Group (on behalf of The 

Grains Research and Development Corporation) conducted a survey to assess the impact of 

growing transgenic glyphosate tolerant Roundup Ready® canola as opposed to non-GM 

triazine-tolerant canola in New South Wales and Victoria from 2008 until 2010 (Hudson and 

Richards, 2014). The survey reported effective weed control, reduced use of pesticides and 

cultivation, a low risk of development of herbicide resistance, similar or improved yields 

compared to non-GM canola and a decreased environmental footprint, as key advantages 

obtained by cultivating GM canola. The economic improvement was variable over different 

growing areas over the three years due the high costs associated with GM technology and 

uncertainties regarding the GM grain market. On the other hand, the rapid increase in GM 

cotton cultivation since the initial introduction in 1996 (Bt resistant INGARD® developed by 

CSIRO using a Monsanto gene construct) has been found to be linked with enhanced 

productivity, a lower environmental footprint and improved farmer incomes (Hudson and 

Richards, 2014). 

CropLife Australia found that there has been $1.37 billion in extra income for growers between 

1996 and 2015, from growing GM crops [cotton (herbicide tolerant and insect resistant) and 

canola (herbicide tolerant)] in Australia. The use of GM crops eliminated the use of 22 million 

kilograms of chemical products, saved approximately 27 million litres of fuel and avoided 71.5 

million kilograms of carbon dioxide release to the atmosphere between 1996 and 2015 in 

Australia (Locke, 2016).  

Canola cultivation in Canada provides another successful example of the adoption of transgenic 

canola. After the initial introduction in 1995 in Western Canada, commercial production of 

GM canola (Roundup Ready® by Monsanto and LibertyLink® by AgroEvo) started in 1997 

and adoption increased rapidly, reaching 93% of total canola cultivation by 2010. A producer 

survey which took place in 2007 revealed that there was around $US 1 billion increase in net 

direct/indirect profits for the growers in 2005-2007, as a result of reduced costs in weed 

management chemicals and practices (Gusta et al., 2011). Concerns of outcrossing with related 

weed species or of GM canola being invasive and uncontrollable in other crop fields, were not 
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realised. GM canola cultivation in Canada helped decrease tillage passes and cultivations and 

elevated carbon sequestration in the soil. Studies further demonstrated that between 1995 and 

2006, there had been a 53% reduction in the total toxicity of applied herbicides and a 1.3 million 

Kg reduction in chemical active ingredient applied, which was 38% less than the estimated 

amount if no GM crops had been grown (Smyth et al., 2011, Biden et al., 2018).  

Given these examples from Australia and Canada, testing novel GM products which can 

address important biotic and abiotic constraints, both natural and man induced, holds out the 

prospects of further advantages for the agricultural industry and the wider community, in 

respect of economy, agronomy and environment. This thesis aimed to take a small step in that 

direction.  
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5 Appendices 

Appendix 1: Schematic representation of pAT593 binary plasmid construct used 

in transformation experiments described in Chapter 3 (Source: M Wei and ML 

Chye, University of Hong Kong) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix 2: Coding sequence of Arabidopsis thaliana ACBP6  

>gi|145336317|ref|NM_102916.3| Arabidopsis thaliana acyl-CoA-binding protein 6 mRNA, 
complete cds 

AGGTTTATCATGACGCCCATATATATCTCACGCGTTGTCCTCGTCTTCTCCGTCTT
ACACTGATTTAATTCTCCTACCAATCTCAACTTCCGACGTCTATTCATCATGGGTT
TGAAGGAGGAATTTGAGGAGCACGCTGAGAAAGTGAATACGCTCACGGAGTTGC
CATCCAACGAGGATTTGCTCATTCTCTACGGACTCTACAAGCAAGCCAAGTTTGG
GCCTGTGGACACCAGTCGTCCTGGAATGTTCAGCATGAAGGAGAGAGCCAAGTG
GGATGCTTGGAAGGCTGTTGAAGGGAAATCATCGGAAGAAGCCATGAATGACTA
TATCACTAAGGTCAAGCAACTCTTGGAAGTTGCTGCTTCCAAGGCTTCAACCTGA
TGAATCAAATCCTCATCTGCAGTAACTTTATCTTAAGCATCAAAATAACATTGCA
TAAGACTTGTTCTTGCTCTTGTGTTTCTATCATATTTAAGCTATCTACTTTGTGACA
TGGTGTGATCTCTTAAAAATGCTTGATATTGGTTAAAACAGAGAATCATGATGCA
AACTAAATCCATAAGTTATTTTTGGTCCGTCCTCGATATGGTCTTAGTTAAAACA
GTTGAATTCAAGATGATATATTCGTTCTGGTCCGT 
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Appendix 3: Schematic representation of the pJG1513 plasmid construct used for 

transformation experiments described in chapter 3 (Source: JF Golz, Biosciences, 

University of Melbourne) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix 4: NPTII coding sequence used in pJG1513 plasmid construct 

GGGCAGGTTCTCCGGCCGCTTGGGTGGAGAGGCTATTCGGCTATGACTGGGCAC
AACAGACAATCGGCTGCTCTGATGCCGCCGTGTTCCGGCTGTCAGCGCAGGGGC
GCCCGGTTCTTTTTGTCAAGACCGACCTGTCCGGTGCCCTGAATGAACTGCAGGA
CGAGGCAGCGCGGCTATCGTGGCTGGCCACGACGGGCGTTCCTTGCGCAGCTGT
GCTCGACGTTGTCACTGAAGCGGGAAGGGACTGGCTGCTATTGGGCGAAGTGCC
GGGGCAGGATCTCCTGTCATCTCACCTTGCTCCTGCCGAGAAAGTATCCATCATG
GCTGATGCAATGCGGCGGCTGCATACGCTTGATCCGGCTACCTGCCCATTCGACC
ACCAAGCGAAACATCGCATCGAGCGAGCACGTACTCGGATGGAAGCCGGTCTTG
TCGATCAGGATGATCTGGACGAAGAGCATCAGGGGCTCGCGCCAGCCGAACTGT
TCGCCAGGCTCAAGGCGCGCATGCCCGACGGCGAGGATCTCGTCGTGACCCATG
GCGATGCCTGCTTGCCGAATATCATGGTGGAAAATGGCCGCTTTTCTGGATTCAT
CGACTGTGGCCGGCTGGGTGTGGCGGACCGCTATCAGGACATAGCGTTGGCTAC
CCGTGATATTGCTGAAGAGCTTGGCGGCGAATGGGCTGACCGCTTCCTCGTGCTT
TACGGTATCGCCGCTCCCGATTCGCAGCGCATCGCCTTCTATCGCCTTCTTGACG
AGTTCTTCTGAGCGGGACTCTGGGGTTCGAAATGACCGACCAAGCGACGCCCAA
CCTGCCATCACGAGATTTCGATTCCACCGCCGCCTTCTATGAAAGGTTGGGCTTC
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GGAATCGTTTTCCGGGACGCCGGCTGGATGATCCTCCAGCGCGGGGATCTCATGC
TGGAGTTCTTCGCCCACCCC 

 

Appendix 5: Rice Acyl-CoA-binding protein5 coding sequence and amino acid 

sequence (source: rice genome annotation project) 

>LOC_Os03g14000.1 

ATGGAGCTGTTCTACGAGCTGCTCCTCACGGCGGCTGCCTCCCTCCTCGTCGCCTT
CCTGCTGGCCAGGCTGCTGGCCTCCGCCGCCACCGCCAGTGATCCCCGCCGCCGC
GCCCGATCACGCCGCCGTGATCGCGGAGGAGGAGGCGGTGGTGGTGGAGGAGG
ATCATCGAGGTCGATGAGGTCGAGGTGAAGAGCGCGCGCGCGAGGGAGTCGTGT
TTCGGAGGGGTGGGTCGAGGTGGGGAGGGCCTCGTCGGCGGAGGGGAGTCGAG
GCTTGCCGGAGGAAGAGGAGGCTCCCGCGAAGGCCGCTCGGGAGCTTGTCTCGT
GCCGTTTTGGAGGAACGCGAGGAGGAAGGACAAGTTGGCGAAGAGCGGTGCGTT
TGGCCGCTGCGGTGGCGGAGGTCGTGGGAGTGAAGCCGCATGAGTTGGGGGTTA
GCTGCTCCCGGGGAGGTATCTGACGTGACGCTGGAGGAAGGGAAGGTGCAGGAT
TGGGGTGGAGCAGCATGATTTGGTCGCCGAGGCTGCTCCAAGGGAAGCTCTTGA
CAGGGTTGGAGAAACAGGGTGTTCCCATCATTGAAGCGGTTGAAATCAAGCGGA
GGATGATCTGGGTGCTGAGGTAGCTCCGAGTGACGTTCCTGAGGTGGAATTTGAC
AACAGGGAGTTCGCATTATTGAAGCTATTGATGTGAATCAACATCATCGGGTTGC
TGGCTGCTCCTGCGGAAGTTGTTGATGCGGGATTGGAGGAGAGGGTCCAAGCTT
GAAGCAGGGTCATCTGGATTGACTTCCGAGACAGTTCCTGAAGAGGTTCTTGACG
TTATCTGAGAAGCAAGAAGAGCAAGTTATTGAAGAGAAGGAACATCAATTGGCG
CAGCGACTGCTCCAGTAGCAATTCCTGGTGTGGCATTGGCAGAGACGGAGGAAT
TAAAGAAGAACAATCCTCTGAAAAAGCTGTCAATGTTCATGAAGAAGTTCAGAT
AAGGACGAAGCTAAATGCAAGCTCCATCTGGTTGATCAACAAGAAGGTTCGGCT
CTAAGGTGGAGCTGGTGGGGAGGAATACCGACAATGTGGAAATTAGCCATGGAC
AGTTCTGGTGACAAAATATTGCTGAGTTGACCGAGGAGGAATTGACATTGCAAG
TGTGCCCGCAGATGAGACTCAGACAGACATGGAATTTGGGGAGTGGGAAGGGAT
GAAAGAACTGAGATAGAAAAGAGGTTTGGTGTGGCAGCAGCGTTTGCATCTAGG
ACGCCGGGATGGCTGCCCTGTCAAAGCTTGATAGTGATGTGCAGCTGCAGCTGA
GGGACTCCTTAAGGTTGCCATTGATGGTCCATGCTATGACTCTACACAGCCACTA
CCTTGAGGCCTTCATCTCGTGCAAAATGGGCTGCTTGGCAAAAGCTAGGGAACAT
GTATCCGGAGACAGCTATGGAAAGATACATGAATCTTTTGTCAGAGGCTATTCCA
GGATGGATGGGTGACAATATCTCGGGCACAAAGGAACATGAAGCTGGTGATGAT
GCTGTAGGGTCTGTCTTAACAATGACTTCAAATACAATCAACCAACATGACAGTC
AAGGGAATGAAGACAATACTGGCATGTATGAAGGTCACTTGACAAGTTCCCCTA
ACCCAGAGAAAGGACAGAGTTCTGACATCCCTGCTGAATGA 

 

>LOC_Os03g14000.1 
MELFYELLLTAAASLLVAFLLARLLASAATASDPRRRAPDHAAVIAEEEAVVVEEER
IIEVDEVEVKSARARECVVSEGWVEVGRASSAEGKLECLPEEEEAPAKAARELVLDA
VLEEREEEGQVGEERCDLAAAVAEVVGVKPHELGVEAAPGEVSDVTLEEGKVQDV
EQHDLVAEAAPREALDTGLEKQGVPIIEAVEIKRQDDLGAEVAPSDVPEVEFEQQGV
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RIIEAIDVNQHHRVALAAPAEVVDAGLEERVQAIEAGSSGLTSETVPEEVLDELSEKQ
EEQVIEEKEHQLAAATAPVAIPGVALAETEELKEEQSSEKAVNVHEEVQSKDEAKCK
LHLVDQQEGSASKVELVGRNTDNVEISHGSSSGDKMIAELTEEELTLQGVPADETQT
DMEFGEWEGIERTEIEKRFGVAAAFASSDAGMAALSKLDSDVQLQLQGLLKVAIDG
PCYDSTQPLTLRPSSRAKWAAWQKLGNMYPETAMERYMNLLSEAIPGWMGDNISG 
TKEHEAGDDAVGSVLTMTSNTINQHDSQGNEDNTGMYEGHLTSSPNPEKGQSSDIP
AE* 
 

Appendix 6: pOS879 binary plasmid preparation method and a schematic 

diagram of the plasmid (Source: PS Narayanan, ML Chye, School of Biological 

Sciences, The University of Hong Kong) 

A 1.7 kb-fragment of Oryza sativa ACBP5 (LOC_Os03g14000.1) coding sequence was 

partially digested with NcoI and BstEII and cloned to the same restriction sites of the 

pCAMBIA1304 vector, at the University of Hong Kong, by P.S. Narayanan, to develop the 

binary plasmid pOS879. The plasmid was replicated in DH5α E. coli cells and extracted using 

QIAprep spin miniprep kits (Qiagen® 27104, Qiagen, Germany). 

 

 

  

Appendix 7: Preparation of LBA4404 Agrobacterium cells harbouring binary 

plasmid pOS879  

The pOS879 plasmid was introduced to electro competent Agrobacterium strain LBA4404 

(Takara® 9115, Takara Bio, U.S.A) using the Bio-Rad Gene Pulser II electroporation system 

(Bio-Rad®165-2105, Bio-Rad Laboratories, U.S.A). One nanogram of the binary vector was 
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mixed with 20 µL of competent cells. The mixture was pipetted into a pre-chilled 0.1 mm wide 

electroporation cuvette. After tapping the cuvette to remove any bubbles, the bacterial cells 

were electroporated (at 25 µF, 200 Ω, and 2.5 kV.) and then SOC medium (Thermo Fisher 

Scientific® 15544034, Invitrogen, U.S.A) was immediately added to the cells. Bacterial 

cultures were incubated for 1 h at 30oC.  Fifty millilitres of the medium were spread aseptically 

on selective LB agar plates which contained streptomycin at 100 mg/L and kanamycin at 50 

mg/L. Once the bacterial colonies started to appear (after 3-4 days), the colonies were screened 

by colony polymerase chain reaction (PCR). Positive colonies, which harboured the OsACBP5 

cDNA, were then harvested and re-cultured to obtain bacterial stocks for future transformation 

experiments. The same procedure was used to prepare LBA4404 Agrobacterium cells that 

harboured the vector pCAMBIA 1304. Bacterial cells were preserved by mixing with 60% 

glycerol and storing at -80oC afterwards. 

Appendix 8: Mean minimum fluorescence yield (F’) and maximum fluorescence 

yield (Fm’) values recorded for freezing experiments in Chapter 5. NA=non-

acclimated, CA= cold acclimated.  One-way ANOVA of genotype for each column is indicated 

in black. Two-way ANOVA of genotype*treatment (NA/CA) for rows and columns is 

indicated in red. (n=5 plants per genotype) 

 

a) Vegetative plants: freezing [min. T. = -2.9 ± 0.5oC] without frosting treatment 

Mean minimum fluorescence (F’)  
Genotype Before After 

NA CA NA CA 
109 640a,p 593a,p 774a,qr                          609c,r                        
111 616a,p 652a,p 858a,pq                       812b,pqr                        
1 686a,p 865a,p 780a,qr                       991a,p                          
81 749a,p 612a,p 976a,p                      752b,qr                        
WT 597a,p 497a,p 828a,pq                      588b,qr                         
Mean maximum fluorescence (Fm’)  
109 2587abc,pqr 2626a,pqr 2655a,pqrs                         2110b,s                            
111 2538bc,qr 2670a,pqr 311a,pq                           2995a,pqr                         
1 2765a,pq 2696a,pqr 2374a,rs                         3282a,p                          
81 2922ab,p 1969ab,st 3106.2a,pq                      2376b,qrs                         
WT 2339c,rs 1569b,t 2785a,pqrs                         733c,t                             
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b) Vegetative plants: freezing [min. T. of -2.6 ± 0.4oC] with frosting treatment 

Mean minimum fluorescence (F’)  
Genotype Before After 

NA CA NA CA 
109 824a,p 843ab,p 555.5b,p                          635.4ab,p                     
111 831a,p 874ab,p 616.3b,p                           509.6bc,p                     
1 800a,p 974a,p 537.4b,p                            594.9ab,p                     
81 653a,p 664ab,p 807.3a,p                            649.8a,p                       
WT 792a,p 613b,p 555.1b,p                            443.6c,p                       
Mean maximum fluorescence (Fm’)  
109 2534a,p 2401a,p 1604a,p                             1245a,p                       
111 2603a,p 2403a,p 1685a,p         1314a,p                       
1 2579a,p 1457a,p 1504a,p                             1929a,p                       
81 1998a,p 2428a,p 2135a,p                             1449a,p                       
WT 2477a,p 2446a,p 840.2a,p                            1098a,p                       

 

c) Seed-setting plants: freezing [min. T. = 3.6 ± 0.5oC] with frosting treatment 

Mean minimum fluorescence yield (F’)  
Genotype Before After 

NA CA NA CA 
109 1065a,p 560a,p 438.4a,p                   667.3a,p 
1 897a,p 749a,p 614.6a,p 730.1a,p 
81 858a,p 704a,p 663.0a,p 890.0a,p 
WT 1003a,p 684a,p 461.4a,p 698.0a,p 
Mean maximum Fluorescence yield (Fm’)  
109 2357a,p 1515a,p 629.17b,p                   1730a,p             
1 2228a,p 1933a,p 1585a,p 1424a,p  
81 2186a,p 2040a,p 1022ab,p 1855a,p  
WT 2389a,p 1620a,p 517.9b,p 835a,p  
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Appendix 9: Conference proceedings from the thesis 

AY Alahakoon, PS Narayanan, ML Chye, JF Golz, DA Russell, PWJ Taylor. 29-30th 

November 2018. Can rice ACYL-COA-BINDING PROTEIN 5 be used to engineer disease 

tolerance in Canola (B. napus)? FVAS 2018 Research Symposium. Faculty of Veterinary and 

Agricultural Sciences, University of Melbourne. Oral presentation 

Alahakoon AY, Tongson EJ, Meng W, Ye Z, Chye ML, Golz JF, Russell DA, Taylor PWJ. 

23-26th September 2018. Does the expression of Arabidopsis thaliana ACYL-COA-BINDING 

PROTEIN 6 mediate cold/freezing stress tolerance in transgenic canola? ComBio 2018, 

Sydney Convention Centre, Sydney. Poster presentation 

AY Alahakoon, EJ Tongson, W Meng, Z Ye, ML Chye, JF Golz, DA Russell, PW Taylor. 1-

4th July 2018. Can cold and freezing stress in canola be alleviated by the expression of 

Arabidopsis thaliana ACYL-COENZYME A-BINDING PROTEIN 6? Brassica 2018, Saint-

Malo, France. Poster presentation 

Alahakoon AY, Tongson EJ, Chye ML, Golz JF, Russell DA, Taylor PWJ. 2-5th October 2017. 

Alleviation of abiotic stresses in canola using genetic engineering. ComBio 2017, Adelaide 

Convention Centre, Adelaide. Poster presentation 

Aruni Alahakoon, Eden Tongson, Derek Russell, John Golz, Paul Taylor. 3-6th October 2016. 

Rapid-cycling brassica as a trait testing platform for canola. 20th Crucifer genetics conference 

& the 19th Australian Research assembly on Brassicas ‘Brassica 2016’. Crown Promenade, 

Melbourne. Oral presentation 

AY Alahakoon, EJ Tongson, DA Russell, J Golz, PWJ Taylor. 30th November-2nd December 

2016. Rapid-cycling brassica as a trait testing platform for canola. FVAS 2016 research 

symposium, Faculty of Veterinary and Agricultural Sciences, University of Melbourne. Oral 

presentation 

AY Alahakoon, D Russell, P. Taylor, J. Golz. 3-4th December 2015. Improved Brassica 

transformation technology. FVAS 2015 research symposium. Faculty of Veterinary and 

Agricultural Sciences, University of Melbourne. Oral presentation 
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