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ABSTRACT 

BACKGROUND: Brassica oleracea includes a number of important crop types such as 

cabbage, cauliflower, broccoli and kale. Current climate conditions and weather patterns are 

causing significant losses in these crops, meaning that new cultivars with improved tolerance of 

one or more abiotic stress types must be sought. We assayed genetically fixed B. oleracea lines 

belonging to a Diversity Fixed Foundation Set (DFFS) for their response to seedling stage-

imposed drought, flood, salinity, heat and cold stress.  RESULTS: Significant (P ≤ 0.05) 

variation in stress tolerance response was found for each stress, for each of four measured 

variables (relative fresh weight, relative dry weight, relative leaf number and relative plant 

height). Lines tolerant to multiple stresses were found to belong to several different crop types. 

There was no overall correlation between the responses to the different stresses 

CONCLUSIONS: Abiotic stress tolerance was identified in multiple B. oleracea crop types 

with some lines exhibiting resistance to multiple stresses. For each stress, no one crop type 
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appeared significantly more or less tolerant than others. The results are promising for the 

development of more environmentally robust lines of different B. oleracea crops by identifying 

tolerant material and highlighting the relationship between responses to different stresses. 

 

KEYWORDS 

Brassica oleracea, abiotic stress, drought, flood, salinity, heat, cold 

 

INTRODUCTION 

Climatic uncertainty and escalating frequency of drought, flooding and other sources of abiotic 

stress are leading to large scale losses and unpredictability in production scheduling in a large 

range of fresh produce crops. As such, improving the environmental tolerance of crops is 

becoming of increasing importance.1 The selection of stress-tolerant lines is therefore important 

for providing novel genetic material for breeding programmes that will produce cultivars with 

future durability. Tolerance towards one type of stress would be beneficial but the identification 

of lines showing resistance to multiple stresses would be additionally advantageous in 

developing climatically resilient varieties. 

Brassica oleracea represents a group of important food crops that includes cabbage (B. oleracea 

L. var. capitata), cauliflower (var. botrytis), broccoli (var. italica), kale (var. acephala), Chinese 

kale (var. alboglabra), Brussels sprouts (var. gemmifera) and kohlrabi (var. gongylodes) 

amongst others.  B. oleracea cultivars are generally considered to be cool-season crops and 

therefore would be expected to suffer during periods of higher temperature,2 but they may also 

be sensitive to extremes of drought, waterlogging, salinity, cold or other sources of abiotic 

stress.  

This article is protected by copyright. All rights reserved.
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Temperature during the growth period has been shown to impact upon the growth of B. 

oleracea crops. For example, cabbage plants have been found to show reduced disease tolerance 

and lower yields at high temperatures.3 Both low and high temperatures have been reported to 

affect stomatal conductance and fresh weight in cabbage and kale, but with kale appearing more 

susceptible to changes in air temperature than cabbage.4 

Previous studies have highlighted the requirement for correct water balance in maximising B. 

oleracea productivity. Drought stress in cauliflower led to reduced seed germination, shoot and 

root length and biomass,5 stomatal conductance, transpiration, curd growth and dry matter.6-7 In 

Chinese kale, both water deficit and waterlogging led to reduced leaf area, fresh and dry weight 

and leaf number, with drought leading to darker leaves and closed stomata.8 Short periods of 

waterlogging stress lead to cultivar differences in cauliflower and broccoli in variables including 

heading percentage, yield per unit area, root dry weight, protein expression and growth scores.9-

11 High salinity has been found to decrease shoot and root length, dry weight and fresh weight in 

cauliflower,12-15 broccoli,14 kale16 and cabbage.17-20 

This study analysed the drought, flooding, salinity, heat and cold stress tolerance of B. oleracea 

lines of the Vegetable Genetic Improvement Network (VeGIN) B. oleracea Diversity Fixed 

Foundation Set (DFFS). This set represents a group of genetically fixed, double haploid (DH) 

lines which have been chosen to maximise both genetic and morphological variability and have 

been obtained from a wide range of geographical sources. The group of lines tested included 

cabbage (B. oleracea L. var. capitata), cauliflower (var. botrytis), broccoli (var. italica), kale 

(var. acephala), Chinese kale (var. alboglabra) and kohlrabi (var. gongylodes). No DH lines of 

Brussels sprouts (var. gemmifera) were available at the time of the study. These plants have 

been developed as DH lines to eliminate the heterogeneity and heterozygosity commonly 

encountered with genebank lines, allowing the same genotype to be tested against different 

stresses. To our knowledge this is the first time that a fixed diversity set has been screened 

against multiple stresses in this manner. 

This article is protected by copyright. All rights reserved.
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The establishment of Brassica transplants in the field is essential for successful crop production. 

Adverse conditions early in growth can lead to negative effects on crop development and 

ultimately to decreased crop uniformity, delays in harvest time and reductions in yield. Because 

of this, the lines were subjected to short periods of abiotic stress at the 3-4 true leaf stage and 

their subsequent growth assayed. The stresses were chosen to reflect the range of transient 

abiotic stress that may be experienced by young plants, particularly following transplanting into 

the field.  The treatments represented, a period of water stress due to either low or high levels of 

water in the soil at planting, limited seawater ingress, heat and cold stress. The stress 

methodologies were chosen as a balance between the ability to rapidly screen large number of 

seedlings and imposing a stress that as far as possible represents stress conditions that may be 

encountered in the field. The study represents the use of a rapid screening methodology which 

focuses on the growth responses of the lines, a key trait both for growers and for highlighting 

material for further investigation and use in the breeding of varieties with increased stress 

tolerance. We hypothesised 1) that lines of the DFFS would exhibit a range of responses to the 

different stresses, exhibiting different degrees of tolerance to each stress and that 2) some lines 

may exhibit tolerance to multiple stresses. The study also investigated the relationship between 

responses to the different stresses and the importance of crop type in abiotic stress tolerance. 

Given the different growth habits of the crop types, we further hypothesised that 3) the different 

crop types contained within B. oleracea would respond differently to the different stresses. 

This paper demonstrates the value of the DFFS – which allows the same genotype to be 

screened against different environments in a controlled manner and therefore allows assessment 

of the genetic variation in stress response within B. oleracea – the DFFS is derived form a core 

collection representing the variation held in gene bank collections and is a unique resource 

which allows screening of fixed genotypes in varying environmental conditions. 

 

 

This article is protected by copyright. All rights reserved.



A
cc

ep
te

d 
A

rti
cl

e
EXPERIMENTAL 

Plant Growth 

Lines of the Vegetable Genetic Improvement Network (VeGIN) B. oleracea Diversity Fixed 

Foundation Set (DFFS, Warwick Crop Centre, UK) plus the commercially available cabbage 

‘Greyhound’ and kale ‘Nero di Toscana’ were used in this study. All lines were genetically 

fixed by the double haploid (DH) method with the exception of ‘Greyhound’ (line G, B. 

oleracea var. capitata), ‘Nero di Toscana’ (line N, B. oleracea var. acephala), CO7037 and 

C07077 (lines 59 and 60, both derived from cross between a B. oleracea var. alboglabra x 

italica parent and a var. capitata parent). These non-DH lines were included for comparison due 

to being used as part of a group of lines, along with a selection of DH lines, to optimise the 

conditions for the assays. Drought, flooding and salinity stress were tested initially for 65 lines. 

The set of lines used included six B. oleracea var. acephala (kale) lines, six var. alboglabra 

(Chinese kale), one var. alboglabra x italica, sixteen var. botrytis (cauliflower), seven var. 

capitata (cabbage), two var, costata (Tronchuda cabbage), two hybrid lines derived from cross 

between a var. alboglabra x italica parent and a var. capitata parent, two var. gongylodes 

(kohlrabi) and twenty three var. italica (broccoli). A selection of 20 of these lines was then 

assayed for heat and cold stress tolerance. This subset of lines included two B. oleracea var. 

alboglabra, four var. botrytis, six var. capitata and eight var italica. Each experiment was 

replicated three times over time. Plants were grown in a glasshouse at Harper Adams 

University, Shropshire UK with an average temperature for the first set of experiments of 

16.6°C (minimum 6.0°C, maximum 31.3°C) and an average temperature over the second set of 

experiments of 16.0°C (minimum 4.1°C, maximum 31.3°C). Supplementary lighting set to a 16 

hour day was provided where needed. Plants were sown and grown in ‘345’ module trays, 

watering as required, until the lines possessed 3-4 true leaves.  

Stress Treatments 

This article is protected by copyright. All rights reserved.
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Short term stress treatments were imposed to provide a stress shock to the B. oleracea seedlings 

at the three-four true leaf stage. This approach aimed to reflect stresses that occur upon the 

planting of B. oleracea transplants into the field. The need to provide a rapid screening 

methodology that would allow large numbers of plants to be treated at an early stage was 

balanced against the provision of a stress reflecting a real-life situation. We consider that such a 

rapid screening method is useful for initial identification of promising lines that can 

subsequently be assayed for responses to longer term stress impositions. The plants were 

divided into separate module trays (one plant per line per tray), with one tray used per stress 

imposed, plus a control tray. The control tray continued to be watered as required. For the 

drought stress experiment, watering was withheld for two consecutive days. For the flood stress 

experiment, the module trays were placed in a tray filled with water such that the water level 

was 5 mm below the top of the module tray, saturating the root zones, and grown for six 

consecutive days.  For the salinity stress experiment, the module trays were dipped for 15 s 

daily in a tray filled with 2 l of 30 g l-1 NaCl solution for six consecutive days. For the heat 

stress experiment, the tray was watered as normal then placed in a Fitotron growth chamber 

(Weiss Technik, Loughborough, UK) at 38°C, 60% relative humidity for 7 hrs with 

supplementary lighting during the light phase. For the cold stress experiment, the tray was 

placed at -20°C for 2 minutes in the dark for three consecutive days. For each stress experiment, 

after the end of the stress period, trays were watered as required as per the control until all stress 

regimes were complete. Seedlings were then planted into 7 cm round pots equally filled with 

Levington M2 compost (ICL Ltd, Ipswich, UK) and placed in a split-plot randomised 

arrangement on top of empty module trays to allow drainage. The pots were then watered to 

saturation as required (usually 3 times per week), with the modules allowing the drainage of 

excess water. The plants were grown for 20 further days until destructive sampling.  

Measurements and analysis 

At the end of the experiment, the number of true leaves on each plant was counted and the 

overall height of each plant was measured. The fresh and dry weight of each plant was recorded 

This article is protected by copyright. All rights reserved.
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(plants were dried in an oven for 48 h at 60°C). These traits were chosen for their importance in 

determining final crop yield and marketability and their speed and ease of measurement in a 

high-throughput assay. Because of the different growth habits of the lines used, relative values 

were then calculated by comparing stress treated plants to the control plant of each line in each 

replicate to allow comparison between the lines. For each variable, the five lines showing 

highest and lowest means were compared using Analysis of Variance (ANOVA, P ≤ 0.05) to 

determine variation across the set of lines. Relative variable values were also used to assess the 

correlation of responses to the differing stresses using Pearson’s correlation coefficient. B. 

oleracea cultivars were compared using unbalanced Analysis of Variance (ANOVA, P ≤ 0.05). 

All statistical analyses were performed using GenStat 17th Edition software (VSN International 

Ltd, Hemel Hempstead, UK). 

 

RESULTS AND DISCUSSION 

B. oleracea lines were initially assayed for their tolerance to drought, flooding and salinity 

stress. A selection of nineteen lines exhibiting good levels of stress resistance (numbers 1, 8, 15, 

20, 24, 25, 27, 29, 32, 37, 43, 46, 47, 52, 54, 64, 66, 69 and 70) and one with high stress 

sensitivity (line 11) were then assayed for heat and cold tolerance. Across the set of lines used, 

the plants showed a range of tolerances to each of the stresses (an example is shown for relative 

fresh weight in Figure 1.). The five lines exhibiting the lowest and five lines exhibiting the 

highest means for each measured variable were determined (Tables 1 and 2). For each of the 

four variables recorded (relative fresh weight, relative dry weight, relative leaf number and 

relative height), there was a significant (P ≤ 0.05) difference in stress response between the low 

and high sets of five lines - in all cases except for relative leaf number in the heat stress 

experiment. This result agrees with our first hypothesis and indicates that the DFFS set of lines 

used in this study provide a suitably wide range of stress responses for use in assaying tolerance 

and for identifying promising genetic material for use in downstream breeding studies. The 

This article is protected by copyright. All rights reserved.
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variables measured in all five stress assays showed strong positive correlation (P ≤ 0.001) apart 

from relative leaf number for the heat and cold assays, which did not correlate strongly with the 

other three variables (Pearson’s correlation coefficient of 0.02-0.12).  

Of the five most and least tolerant lines in each experiment (referred to as extreme lines), 

several were found to occur as extreme lines for multiple variables in response to a particular 

stress. For example, lines 5 and 68 were among the five most sensitive lines for all four 

measured variables for drought stress, while line 11 was among the five most sensitive lines for 

flooding stress. By comparison, line 15 was among the five most resistant lines for drought 

stress for relative fresh weight, relative dry weight and relative height, while lines 9, 28 and 35 

were among the five most resistant lines for salinity stress for three different variables. For cold 

stress, lines 8 and 47 were among the five most resistant lines for all four variables and lines 52 

and 70 for three variables. For heat stress, lines 8, 46, 47 and 54 were among the five most 

tolerant lines for three variables. Interestingly, in some cases, the same line was found to be 

amongst the most sensitive and resistant lines for the same stress, depending on the variable 

measured. For example, line 15 is amongst the most sensitive to cold stress in terms of relative 

leaf number but amongst the most resistant for relative height, while line 66 is amongst the most 

sensitive for relative fresh weight and relative height, but amongst the most resistant for relative 

leaf number. This suggests that the control of leaf number in response to stress may be 

uncoupled from or in opposition to that of overall growth rate, with plants responding with 

either fewer, larger leaves or a greater number of smaller leaves. 

Some lines also exhibited extreme responses to more than one stress (Table 2), agreeing with 

our second hypothesis, with a number of lines appearing to be resistant to multiple abiotic 

stresses, for example, line 15 was among the five most resistant lines for fresh weight for the 

drought, flooding and salinity stresses, while line 47 showed the same result for cold, drought 

and heat stress. As seen in Table 2, in most cases, the combination of stresses that each line was 

sensitive or resistant to was not consistent, providing no clear evidence that resistance to one 

stress is associated with resistance to additional stresses. Indeed, in the drought, flood and 

This article is protected by copyright. All rights reserved.
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salinity assay, for each of the measured variables, no correlation between the different stresses 

was found to be greater than 0.5. Some lines are found to be amongst the most resistant for 

some stresses yet amongst the most sensitive for others, for example, line 52 is amongst the 

most cold resistant but heat sensitive with regards to relative dry weight. However, line 47 is 

amongst the most resistant to both cold and heat in terms of relative dry weight, indicating that a 

tolerance of either heat or cold is not always associated with sensitivity towards the other. 

Tolerance of extremes of temperature appears to therefore take to form of either tolerance of 

one specific extreme at the expense of sensitivity towards the other extreme, or that tolerance to 

both extremes of temperature can also be observed.  

For relative leaf number for the heat and cold assays, however, extreme lines were found to be 

largely the same for both stresses. For this subset of twenty lines, the data for relative leaf 

number showed a Pearson’s correlation coefficient of 0.80 (P ≤ 0.001), indicating that lines able 

to produce leaves after heat stress are also able to do so after cold stress and could reflect a 

shared extreme temperature response. In addition, for the subset of lines also assayed for heat 

and cold tolerance, the response of relative dry weight showed a correlation (0.51-0.58) between 

the drought, flood and salinity stresses, suggesting a possibility of underlying characteristics in 

this group of lines that infer tolerance to multiple stresses but the result is not clear and requires 

further investigation. On the whole, this suggests that tolerance to the different stresses requires 

different morphological and physiological characteristics and may reflect different underlying 

stress tolerance mechanisms. Some overlap between different stress response pathways in plants 

has been noted, such as the involvement of abscisic acid (ABA) in mediating responses to both 

drought and salinity stress, or the accumulation of misfolded proteins and reactive oxygen 

species in response to multiple stresses.21 However, while pathways responding to different 

stresses may utilise the same classes of signalling entities, such as MAP kinases or lipid 

molecules, the exact signals involved appear to be specific to each pathway. For example, the 

response pathways to different ionic stresses, while all signalling via cytosolic calcium signals, 

use specific sets of signalling proteins.21 B. oleracea lines which are tolerant to multiple stresses 
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therefore may employ a number of different stress response mechanisms in different adverse 

conditions. 

Genechip assays have been used to compare expression patterns to differentiate between heat-

tolerant and heat-susceptible cabbage lines, showing that heat-tolerant lines show increased 

expression of heat shock proteins.3 Differential protein expression has also been noted in heat 

tolerant and heat sensitive cauliflower lines.11 Differential protein expression could also be 

responsible for variation in tolerance of other stresses, but is probably combined with 

morphological characteristics to determine the ultimate response of a particular line to each of 

the abiotic stress. Assaying protein expression could be used to screen genetically fixed lines, 

such as those investigated in this study, for stress tolerance and to provide more detailed 

analysis and to determine mature plant responses. However, such approaches may be 

prohibitively expensive and so whole plant seedling assays may provide a rapid lost-cost 

alternative but may not identify different responses in mature plants.  

B. oleracea represents a number of different crop types that might be expected to behave 

differently under stress conditions. However, we found very little difference in stress tolerance 

between the different crop types. When the different B. oleracea crop types were compared, no 

significant differences in stress response for all five stresses assayed were found between the 

crop types. Abiotic stress tolerance in B. oleracea does not therefore appear to reflect 

differences between crop types, disagreeing with our third hypothesis. That the most broadly 

tolerant lines represent members of several different B. oleracea crop types is promising news 

for breeders looking to improve stress tolerance in different brassica crop types. It should be 

noted that due to the difficulty of producing genetically fixed lines, some crop types were under 

represented in the DFFS. However, the DFFS represents a unique resource to assess genetic 

variability for response to multiple stresses. Analysis of further lines of these crop types would 

be beneficial in future studies to confirm that there is no influence of crop type on B. oleracea 

abiotic stress tolerance. 

This article is protected by copyright. All rights reserved.
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For some lines, periods of stress could prove beneficial. Mild abiotic stresses have the potential 

to be used for ‘priming’ plants to increase subsequent growth or stress tolerance, for example, 

hardening of transplants using low temperature or reduced irrigation prior to planting out in the 

field is commonly used to increase crop stress tolerance by activating plant stress responses,22-23 

such as cryoprotective proteins.24 Such an approach has found promising results in a number of 

B. oleracea crops.23, 25-28 However, different crop species or even cultivars may respond 

differently to stress and so require different hardening conditions. The method of hardening 

used can also affect results. Stress tolerance acquired by hardening can be lost (deacclimation) 

by subsequent periods of non-stressful conditions.29 Further investigation is required to 

determine if the short periods of stress provided by the assays used in this study could be used 

for priming to improve subsequent stress tolerance. 

 

CONCLUSIONS 

This paper demonstrates the value of the DFFS – which allows the same genotype to be 

screened against different environments in a controlled manner and therefore allows assessment 

of the genetic variation in stress response within B. oleracea. The results show that the lines of 

the DFFS exhibit a range of responses to the different stresses, agreeing with our first 

hypothesis. Such sets of lines therefore represent a useful resource for the identification of stress 

resistant genetic material for crop breeding programmes. Some lines showed resistance to 

multiple stresses, agreeing with our second hypothesis. Resistance was found to a maximum of 

three different stresses, however, no lines were found to be amongst the five most resistant lines 

for four or more stresses, raising implications for breeding for tolerance to different climatic 

extremes. In disagreement with our third hypothesis, abiotic stress tolerance in B. oleracea 

seedlings appears to be largely independent of crop type, which is an important result for 

developing more robust lines in multiple crops. In the field, abiotic stress is unlikely to occur 

solely as one particular type and likely represents a combination of factors e.g. heat and drought 
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or coastal flooding and salinity. It will be interesting in the future to determine the response of 

the lines to multiple stresses applied at once and against longer term impositions of stress or 

stress applied at later growth stages. Tolerance of different stresses may result from different 

underlying mechanisms, yet with some lines exhibiting tolerance to multiple stresses, this 

suggests that multiple stress tolerance can be combined in a single line, providing the option of 

breeding multi-stress tolerant cultivars that may be better adapted to coping with a range of 

adverse conditions. Further studies will address if the stress tolerance noted in selected lines 

here provides either a shorter growth time to harvest or an increase in final yield. These results 

indicate that the options for breeding more robust B. oleracea lines in the future are varied and 

promising. 
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TABLES 

Table 1. The five most sensitive and resistant lines for each variable for each stress assayed. In 

each case the five most resistant and five most sensitive lines for each variable for each of the 

five stresses is shown. In the case of the cold and heat stress, a subset of twenty of the initial 

sixty five lines was assayed. Line DFFS number is given together with crop type.  

Treatment Tolerance 
Line and 

crop 
type 

Relative 
FW (%) 

Line and 
crop 
type 

Relative 
DW (%) 

Line and 
crop 
type 

Relative 
leaf no. 

(%) 

Line and 
crop 
type 

Relative 
height 

(%) 

Drought 

Sensitive 

23 (b) 50.7 5 (b) 45.9 23(b) 66.7 5 (b) 69.8 
5 (b) 55.2 23 (b) 46.4 68 (g) 74.1 7 (i) 69.8 
11 (i) 56.1 68 (g) 48.1 54 (ca) 80.5 68 (g) 83.4 
68 (g) 57.9 34 (b) 50.3 5 (b) 81 8 (i) 83.9 
26 (i) 59.3 59 (x) 56.4 8 (i) 81 G (ca)  84.9 

Resistant 

15 (i) 129.6 69 (ca) 123.9 42 (b) 108.9 20 (b) 119.5 
67 (b) 112.4 15 (i) 119.2 G (ca) 108.5 15 (i) 118.2 
37 (ca) 107.5 32 (b) 112.7 51 (i) 105.6 16 (i) 113.5 
47 (ca) 106.6 51 (i) 109.3 36 (ac) 105.1 57 (al) 111.8 
35 (i) 106 70 (i) 107.3 35 (i) 104.8 G (ca) 111.4 

Flooding 

Sensitive 

11 (i) 60 49 (b) 54.4 11 (i) 91.7 11 (i) 79.4 
50 (i) 70.2 5 (b) 54.6 18 (b) 91.7 48 (i) 85.2 
18 (b) 71.5 11 (i) 62.8 57 (al) 92.6 18 (b) 85.8 
55 (i) 86 7 (i) 71.2 5 (b) 94.4 7 (i) 86.3 
30 (i) 86.4 53 (b) 72.6 70 (i) 94.4 50 (i) 87.8 

Resistant 

15 (i) 133.7 69 (ca) 147.4 71 (b) 123.8 46 (i) 118.8 
G (ca) 125.7 45 (i) 137.4 42 (b) 119.6 G (ca) 118.4 
59 (x) 121 27 (ca) 127.9 40 (ac) 116.7 41 (b) 116.9 
46 (i) 119.7 66 (al) 126.1 60 (x) 112.5 15 (i) 115.1 
41 (b) 115.3 29 (i) 126 27 (ca) 110.3 N (ac) 113.2 

Salinity 

Sensitive 

51(i) 2.2 51 (i) 7.5 51 (i) 44.4 52 (ca) 33.5 
12 (b) 9.8 52 (ca) 11.1 52 (ca) 47.2 51 (i) 42.7 
52 (ca) 15.6 12 (b) 12.3 12 (b) 57.5 66 (al) 45.3 
1 (b) 19.8 1 (b) 19.4 43 (b) 62.5 12 (b) 50.2 
5 (b) 28.1 7 (i) 23.6 1 (b) 63 1 (b) 51.5 

Resistant 

35 (i) 97.8 28 (g) 93.4 9 (al) 100 35 (i) 100.1 
15 (i) 92.3 69 (ca) 88.1 19 (i) 100 57 (al) 95.6 
17 (b) 91.2 35 (i) 80.5 28 (g) 100 9 (al) 95.1 
28 (g) 88.5 54 (ca) 80.4 38 (i) 100 38 (i) 94.6 
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9 (al) 85.8 15 (i) 78.4 40 (ac) 97 17 (b) 93.4 

Cold 

Sensitive 

27 (ca) 26.4 27 (ca) 19.9 64 (al) 90.5 27 (ca) 55.4 
29 (i) 30.3 29 (i) 33.1 29 (i) 91.7 29 (i) 70.3 
66 (al) 44.2 32 (b) 48.9 15 (i) 92.9 66 (al) 71.1 
32 (b) 50.4 24 (i) 50.3 43 (b) 94.4 32 (b) 73.9 
24 (i) 52.7 66 (al) 50.9 25 (i) 95.8 24 (i) 76.9 

Resistant 

47 (ca) 125.7 47 (ca) 125.1 66 (al) 110.3 47 (ca) 106.7 
8 (i) 104.5 8 (i) 106.9 20 (b) 109.5 70 (i) 105.7 
25 (i) 103.2 70 (i) 104.3 8 (i) 104.8 15 (i) 102.7 

52 (ca) 102.8 52 (ca) 101.7 54 (ca) 104.2 52 (ca) 101.7 
70 (i) 100.4 25 (i) 100.1 47 (ca) 103.7 8 (i) 101 

Heat 

Sensitive 

43 (b) 74.4 43 (b) 67 25 (i) 95.8 43 (b) 84.8 
29 (i) 86.4 52 (ca) 78.9 15 (i) 100 29 (i) 91.4 

69 (ca) 89.1 15 (i) 81 64 (al) 100 11 (i) 94.8 
1 (b) 89.4 1 (b) 84.1 29 (i) 112.5 27 (ca) 97 
11 (i) 90.2 27 (ca) 84.3 43 (b) 123.6 64 (al) 97.6 

Resistant 

54 (ca) 116.3 54 (ca) 137.6 66 (al) 115.9 25 (i) 111.1 
47 (ca) 115 70 (i) 122.3 54 (ca) 108.3 8 (i) 110.9 
70 (i) 111.7 46 (i) 110.9 8 (i) 104.8 24 (i) 105.6 
46 (i) 108.7 47 (ca) 109.1 20 (b) 104.8 46 (i) 105.2 
8 (i) 107 24 (i) 103.1 47 (ca) 103.7 52 (ca) 104.4 

 

Mean values (n=3) are given for each variable, calculated relative to untreated control plants. 

FW = fresh weight, DW = dry weight, no. = number. G = greyhound cabbage, N = nero di 

Toscana kale. Crop types are as follows: B oleracea var. acephala (ac), var. alboglabra (al) var. 

botrytis (b), var. capitata (ca), var. costata (co), var. gongylodes (g), var. italica (i) and a hybrid 

derived from cross between a var. alboglabra x italica parent and a var. capitata parent (x). 
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Table 2. Lines occurring amongst the five most and least tolerant lines for multiple stresses. For each of the four measured variables, lines which occur 

amongst the five most sensitive or resistant lines for two or more stresses are indicated with line number and crop type. In the case of the cold and heat stress, 

a subset of twenty of the initial sixty five lines was assayed. 

Relative FW (%) Relative DW (%) Relative leaf no. (%) Relative height (%)

Tolerance 
Line and 
crop type Stress 

Line and 
crop type Stress 

Line and 
crop type Stress 

Line and 
crop type Stress 

Sensitive 

1 (b) H, S 1 (b) H, S 5 (b) D, F 7 (i) D, F 
5 (b) D, S 5 (b) D, F 15 (i) C, H 11 (i) F, H 
11 (i) D, F, H 7 (i) F, S 25 (i) C, H 27 (ca) C, H 
29 (i) C, H 27 (ca) C, H 29 (i) C, H 66 (al) C, S 

52 (ca) H, S 43 (b) C, H, S 
64 (al) C, H 

Resistant 

8 (i) C, H 15 (i) D, S 8 (i) C, H 8 (i) C, H 
15 (i) D, F, S 47 (ca) C, H 20 (b) C, H 15 (i) C, D, F 
35 (i) D, S 54 (ca) H, S 40 (ac) F, S 46 (i) F, H 
46 (i) F, H 69 (ca) D, F, S 42 (b) D, F 52 (ca) C, H 

47 (ca) C, D, H 70 (i) C, D, H 47 (ca) C, H 57 (al) D, S 
70 (i) C, H 54 (ca) C, H G (ca) D, F 

        66 (al) C, H     
FW = fresh weight, DW = dry weight, no. = number. C = cold, D = drought, F = flooding, H = heat, S = salinity, G = greyhound cabbage. Crop types are as 

follows: B oleracea var. acephala (ac), var. alboglabra (al) var. botrytis (b), var. capitata (ca), var. costata (co), var. gongylodes (g), var. italica (i) and a 

hybrid derived from cross between a var. alboglabra x italica parent and a var. capitata parent (x). 
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FIGURES 

Figure 1. 

Relative fresh weight of the B. oleracea lines assayed for responses to the five abiotic stresses. 

65 lines were tested for tolerance of (A) drought, (B) flooding and (C) salinity stress, with a 

subset of 20 lines then being tested for tolerance of (D) heat and (E) cold stress. Error bars 

represent +/- one standard error of the mean (SEM). 
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