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"[T]he more than 1 billion people who lack access to safe drinking water live 
overwhelmingly in developing countries. It is for their sake that we must stop 
the unsustainable exploitation of water resources. And it is for the sake of the 
poor and hungry that we need a ‘Blue Revolution’ in agriculture, focused on 
increasing productivity per unit of water, or ‘more crop per drop’."  
--Kofi Annan, UN Secretary-General, in an address to the developing 
countries ‘South Summit’, April 12th 2000 
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ABSTRACT 
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Doctor of Philosophy 

IMPROVING THE SUSTAINABILITY OF WATER USE IN BABY LEAF SALAD 

CROPPING SYSTEMS 

by Hazel Katherine Smith 

 

Future food security is under threat from both climate change and human population 

growth. Water scarcity is a major limitation to crop production worldwide and the 

effects of climate change are likely to exacerbate this. Furthermore, an ever increasing 

human population is driving our demand for food, fuel and fibre. In combination, 

climate change and population growth, and their interaction, creates a complex 

problem with regards to improving plant productivity with which to maintain food 

security. If crop production can be made more efficient, agricultural intensification 

can be achieved without the need to expand the world’s cropped area, which is 

unfeasible. 

 

  Leafy salad crops are of significant nutritional value and are eaten globally, thus 

making them an exciting target for improving resource use efficiency in agriculture. 

This research focuses on water as a resource and takes two complementary approaches. 

Firstly, to improve the crop genetically so it produces more ‘crop per drop’ without a 

detrimental impact on yield. Secondly, the aim was to improve irrigation management 

in a commercial setting in order to use water more efficiently while attaining optimal 

crop yield and quality. 

 

  Candidate SNPs within the lettuce genome have been elucidated which control both 

fresh weight and water use efficiency and these can now be used to inform a marker 

assisted selection breeding program. This breeding will produce a more water use 

efficient lettuce crop, which is not compromised in its ability to produce biomass, 

while also retaining the favoured traits of currently used commercial crops. 

Furthermore, it has been demonstrated using thermal imagery that water savings of 

almost 20% can be made in a commercial setting without any impact on crop yield or 

quality. The water savings which we have provided, if extended commercially, will 

confer significant savings in terms of water, waste and money. 
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INTRODUCTION 
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1.1. A GLOBAL OVERVIEW OF WATER 

Thirty to forty percent of global food crop production occurs on artificially irrigated 

land and accounts for approximately 70% of freshwater abstractions (Falkenmark et 

al., 1998; Bastiaanssen et al., 2000; Faurès, 2005; WorldResourcesInstitute, 2005). 

Sustainable water use is defined as the use of water for basic human needs without 

adversely impacting the integrity of both the hydrological cycle and the ecological 

systems which depend on it (UnitedNations, 1997) and therefore the aforementioned 

abstractions are often unsustainable. In the past, inefficiency in water management 

strategies was not of great consequence because water was abundant and pollution 

was minimal so any resource was useable. However, due to increasing environmental 

pollution, such as salinity (Bastiaanssen et al., 2000), and increasing water insecurity 

(IPCC, 2007), water supplies must be managed more effectively alongside a more 

efficient planning of its use (Bastiaanssen et al., 2000). 

 

Furthermore, since 1960 the world’s population has doubled from three billion to six 

billion, causing a major shift in the utilisation of resources (Kitzes et al., 2008; Pretty, 

2008), such as water. Although in this period agricultural production has surpassed 

this increase per capita (Hazell and Wood, 2008), the rate of increase has not been 

globally homogeneous (Pretty, 2008) and cannot be sustained. Additionally, the 

increase in agriculture has partially been attained by a rise in farming intensity on 

agricultural land (Hazell and Wood, 2008) and the area under irrigation has risen by 

approximately 100% (Pretty, 2008). This expansion cannot be maintained indefinitely 

however and other ways of increasing productivity must be found. 

 

It is now recognised that agriculture is a major source of environmental impact (Pretty 

et al., 2000; Tilman et al., 2002; MEA, 2005) due to changing agricultural practices 

and the inefficient use of some agricultural inputs, such as water, along with adjusting 

consumer behaviour (Smith, 2008). There is mounting evidence to suggest that 

agricultural production has reached a critical limit environmentally as a result of these 

inefficiencies, and that growth in production will require a shift in practices (Ruttan, 

1999; MEA, 2005; Kitzes et al., 2008). The necessary improvement to agricultural 

systems must be achieved on three levels; yield increases to combat immediate 

problems of hunger (Pretty, 2008), quality improvement to address nutritional issues 

and finally maintaining crop production without depleting environmental resources 

(Tilman et al., 2002; Pretty, 2008; Eckardt et al., 2009). 
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Abstraction of water resources has major impacts upon river systems, with subsequent 

effects on ecosystem function, and is accountable for the over-exploitation of major 

aquifers worldwide (Morison et al., 2008). When water is withdrawn for irrigation it is 

not returned to its original source because it is lost through evaporation and 

transpiration, making its abstraction unsustainable. As well as the negative impact 

water shortages have on agriculture, they have also historically been known to have 

long-lasting, serious societal effects (Morison et al., 2008). 

 

The water resource insecurity caused by climate change is set to impact more on 

temperate countries than those in the tropics, since the former already experience 

more year to year extremes (Battisti and Naylor, 2009). Furthermore, areas with 

rapidly expanding populations, such as Africa (North and South) and the Near East, 

are likely to be worst hit since increasing urbanisation and industrialisation in these 

regions is in direct competition with agriculture for freshwater supplies (Morison et al., 

2008). In addition to simple drought and heat effects, the over-exploitation of 

freshwater reserves – combined with rising sea levels (Danielopol et al., 2003) – are 

contributing to salinisation in many areas (Wild, 2003; Khan et al., 2006), making 

crop production problematic in these regions.  

 

The stress caused by climate change may drive people out of agriculture in a given 

area, which could lead to increased migrant and refugee populations. Furthermore, 

regional climate disruptions can readily impact globally since countries often respond 

to market instability by restricting trade and pursuing large purchases of basic crops 

from international markets (Battisti and Naylor, 2009). Both of these actions, coupled 

with an increasing demand for food and water, only add to price volatility and 

decrease international food security (Battisti and Naylor, 2009). Legislation is being 

introduced to regulate water use in agriculture (see section 1.4.2. and 1.4.3.); however, 

these regulations need to be managed so as not to affect yield and consequently food 

security. Equally, safe domestic water supplies must not be threatened (Morison et al., 

2008).  

 

Climate change is set to increase global temperatures by between 1.1 ºC and 6.4 ºC by 

2090-2099 compared to temperature levels in 1980-1999 (IPCC, 2007) and this could 

have major impacts upon agricultural productivity and thus threaten farm incomes and 

food security (Battisti and Naylor, 2009). Rising temperatures will increase the 
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occurrence of agricultural drought, which encompasses elevated evapotranspiration, 

low soil moisture and high rates of run-off from hard-pan soils (Battisti and Naylor, 

2009), all of which are exacerbated in warmer regions (Morison et al., 2008).  Shifting 

weather patterns in northern Europe are set to increase precipitation levels in the 

winter, whilst they will decrease dramatically in the summertime (IPCC, 2007). 

Decreased snow for melt-water rivers, as well as a rise in the number of storms and 

flooding instances, can further contribute to the need to manage water supplies more 

effectively (Morison et al., 2008). Furthermore, agricultural productivity is damaged 

both directly, by heat stress, and through heat-induced depletion of soil moisture 

(Easterling et al., 2007; IPCC, 2007; Barnabas et al., 2008). Although temperature and 

precipitation are often tightly linked, this relationship is not always maintained and 

should not be assumed (Battisti and Naylor, 2009). 

 

Crops are very sensitive to drought stress and therefore it is common in agriculture to 

irrigate at an excess so as to ensure rapid growth and thus biomass accumulation, 

aided by increased radiation perception. However, when this occurs, it is likely that 

much water will be lost through run-off and deep-percolation, making the system far 

less water efficient than it might be. Moreover, this irrigation is often scheduled in 

correspondence with the driest plants, resulting in even greater water loss through run-

off. This also creates the possibility of yield (Morison et al., 2008) and quality defects 

due to over-watering where gas is displaced from around the roots. Additionally, this 

increases the risk of salinisation and water-logging while diverting water that could be 

used in other sectors or ecosystems (Pretty, 2008). This situation focuses attention on 

building a system to monitor crops below the field scale directly as opposed to 

indirectly through soil moisture measurements. If this is successful, irrigation 

scheduling can be improved so that crops are neither stressed by water excess or 

deficit despite field heterogeneity and varying topography (Jones, 2004, 2004; Parry et 

al., 2005). However, this is still in the research stage and is technically demanding. 

 

Additionally, since population growth is not predicted to abate – at least until the mid-

21st century (UNMillenniumProject, 2005) – and wages are predicted to increase, 

global food markets may become more consumer driven (Pretty, 2008). Shifting diets 

alongside economic and social change predicts that the market will shift away from 

basic cereals and vegetables towards more meats and nutritionally rich crops (Popkin, 

1998). As in the past, the development and improvement of crops will continue, 
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however the focus is likely to change from simple increases in yield to more complex 

issues relating to crop quality. Within the salad industry, this improvement in quality 

is mainly being driven by the increased interest and focus on healthy living as well the 

desire to improve food shelf-life. Due to governmental desire to reduce healthcare 

costs caused by poor diet (Eurodiet, 2001), there is considerable will to improve the 

nutritional quality of the food we eat (Newell-McGloughlin, 2008). 

 

As much as the impacts of water scarcity and climate change create a simple problem, 

there are no simple solutions since the processes involved are so inter-linked and 

complex. However, if progress in all of the relevant fields (agriculture, agronomy, 

hydrology, physiology and genetics) are communicated and combined then the 

answers may be easier to apply effectively (Morison et al., 2008). Reducing water use 

in agriculture can be approached from two angles:  

• Improving our understanding of the genetic basis of crop water use 

efficiency, which can be used as a basis of crop breeding programmes 

• Modification of irrigation scheduling protocols and thus a more 

efficient use of water resources 

Both of these approaches have been considered in the context of baby leaf crops. The 

value of these approaches has been demonstrated in recent years by the improvement 

in crop water productivity, especially in cereals, through both genetic improvements 

to the crop and enhanced agronomy and management (Passioura, 2002; Turner, 2004; 

Slafer et al., 2005; Richards, 2006). 

 

1.2. LETTUCE AS THE FOCUS OF THIS RESEARCH 

Lettuce is the focus of this project since little work on using water in a sustainable 

manner has been undertaken on dicots. Rather, the focus has been on monocot staples 

such as rice, maize and wheat (Turner, 2004; Richards, 2006; Bernier et al., 2008). 

Despite this focus, cultivated lettuce is eaten widely throughout the world and is of 

significant economic value with the UK and USA’s gross production of lettuce and 

chicory reaching 117,000 MT and 4,360,400 MT, respectively (FAO, 2007). In the 

UK, the leafy salads market is currently worth £484.80m per year (Clarkson, 2012). 

 

Since lettuce cultivation began almost 5,000 years ago – with records of long thin-

leafed varieties being grown in 2500BC in Egypt – it has spread globally with much 

development of variety. This development has occurred mainly through traditional 
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selective breeding and can be seen both intra- and inter-specifically (Ryder, 1999). 

Phenotypic variation of cultivated lettuce Lactuca sativa (Lactuceae) accessions is 

evident in leaf morphology with respect to size, shape, colour and texture (Křístková 

et al., 2008), and the existence of these cultivar variations allows market pressures to 

impact upon cultivar selection for agriculture. While cultivars range widely in the 

aforementioned economically important traits they also have varying competitive 

abilities with regard to achieving their desired phenotype (Kays, 1999).  Alongside 

cultivar selection for morphological traits, which is driven by changing consumer 

attitudes, selection has mainly been for disease resistance (Lebeda and Pink, 1998; 

Lebeda et al., 2002; Bull et al., 2007; Subbarao, 2007; Subbarao et al., 2007). Once 

superior genotypes, or loci, have been identified for water use efficiency (WUE) and 

water use associated traits, breeding programmes can focus on developing favourable 

cultivars. 

 

The aim of this project is to improve the sustainability of water use in baby leaf 

cropping using genetic and agronomic techniques in unison. The results produced will 

fulfil the over-arching objective of producing the best crop and best water 

management program for the present and also a future, drier climate (Figure 1.1.).  
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1.3. THE BASIS OF PLANT DROUGHT RESPONSES 

1.3.1. Physiological Biology 

Physiological responses are necessary in order for a plant to maintain its water status 

under drought conditions. These physiological changes to decrease transpiration, and 

thus lower water loss, can be achieved either through short-term stomatal effects (such 

as closure) or longer term leaf growth changes (decrease). Although these two 

mechanisms are adaptive and conserve water for later developmental stages in the 

plants life, they also act, in the short-term, as homeostatic processes (Figure 1.2.). 

Physiological processes may be targeted to improve crop tolerance to drought, 

however reduced transpiration is intrinsically linked to decreased biomass 

accumulation – thus a complex relationship exists, which requires much work to be 

disentangled. 
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Figure 1.1. An overview of the approaches to be taken during this PhD project 
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1.3.1.1. Stomatal Conductance 

Stomatal responses are induced rapidly in response to drought stress (Chaves et al., 

2003) to limit water loss through the transpiration stream. Under well-watered 

conditions, enough water is taken up by the roots to balance the water lost through the 

stomata, but this balance ceases when water is limited. Stomata close to decrease 

water loss from the leaf, thus the leaf water potential increases and can be maintained 

within the required range. There are two mechanisms by which the stomata can react 

to osmotic stress, the first being through abscisic acid (ABA)-signalling, which is 

known as hydroactive closure (Mahajan and Tuteja, 2005). ABA acts to transport cues 

from the roots to the leaves when the former detect drying of the soil, which triggers 

ABA production (Chaves et al., 2003; Bartels and Sunkar, 2005; Mahajan and Tuteja, 

2005; Tardieu and Davies, 2006). Under experimental conditions, soil drying causes 

stomatal aperture (and therefore conductance) to decrease, with increased ABA 

concentrations in xylem sap (Tardieu and Davies, 2006). ABA induces efflux of K+ 

and anions including Cl- from the guard cells surrounding the stomatal pore (Bartels 

and Sunkar, 2005; Mahajan and Tuteja, 2005). Additionally, sucrose is also removed 

and malate is converted to starch, which does not have an osmotic effect (MacRobbie, 

1998; Bartels and Sunkar, 2005). The aforementioned molecular movement and 

conversion allows water to move out of the guard cells, which decreases the turgidity 

• Root signal 
perception 

• Stomatal closure 
• Lowered carbon  

assimilation 
• Gene responses 

• Signal transport 
• Hydraulic changes in the xylem 

• Assimilate transport 

• Shoot growth  
  inhibition 
• Gene expression 
• Metabolic  
  acclimation 
• Osmotic adjustment 

• Turgor maintenance 
• Root growth 
• Increased root/shoot ratio 

• Cell drought signalling 
• Gene responses 

• Osmotic adjustment 

Short-term        Long-term 

Figure 1.2. Whole plant physiological responses to drought stress. Left, short-term 
responses; right, long-term acclimation 
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of the cells and leads to stomatal closure (MacRobbie, 1998; Bartels and Sunkar, 2005; 

Mahajan and Tuteja, 2005). The second mechanism by which stomata react to osmotic 

stress is through hydropassive stomatal closure, which functions independently of 

ABA since the guard cells sense and respond to osmotic stress directly (Mahajan and 

Tuteja, 2005). 

 

Generally, drought stress associated with agriculture will be mild enough for the crop 

to maintain homeostatic water potential and avoid severe dehydration through a 

reduction in transpiration rather than more major adaptive changes (Tardieu, 2005). 

Stomatal aperture and leaf area (see section 1.3.1.4.) – while acting to decrease 

transpiration, which is obviously a positive trait in drought stressed plants, as 

previously explored – also limit biomass accumulation both directly and through 

decreasing carbon dioxide (CO2) uptake. If less carbon is able to enter the plant, 

photosynthetic capacity will be intrinsically limited. This causes a conundrum in terms 

of creating high biomass, drought resistant plants which will be successful in the long-

term, after buffering via carbon storage in the stem (Blum, 1998) and carbon 

metabolism adjustments have been surpassed. Furthermore, in naturally occurring 

drought resistant plants, such as C. plantagineum, up-regulation of genes which 

protect the photosynthetic apparatus (chloroplast-localised stress proteins) in response 

to drought have evolved (Ramanjulu and Bartels, 2002). 

 

In addition to reduced carbon availability, drought stress is intrinsically linked to heat 

stress, with non-transpiring leaves being up to 10 ºC hotter than their transpiring 

counterparts, as sensed using infra-red thermography (Jones et al., 2002). If plants are 

modified, either through breeding, evolution or engineering, to have decreased 

stomatal conductance then heat stress cannot be buffered through increased 

transpiration and its associated cooling effects, leading to problems with plant growth 

and development. If these contradictions are serious then it may be that drought 

resistance is not a trait that can be achieved through the manipulation of a classical 

resistance process regulated by a series of genes, but rather a trade-off limited by other 

constraints. 

 

1.3.1.2. Water Use Efficiency and Similar Measures 

WUE is a measure of the ratio of biomass production to water consumption at the 

whole plant and leaf level and is measured as the ratio between net carbon 
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assimilation by a plant and its water loss (Ponton et al., 2001; Masle et al., 2005). 

Since stomatal closure, initiated by drought stress, leads to a decrease in CO2 uptake, 

plants with good WUE are preferred in water scarce environments (Ponton et al., 

2001). Maximising WUE is the primary focus of engineering plants which are able to 

tolerate drought stress while still accumulating sufficient biomass to make their 

production commercially viable. This study aims to focus on WUE as a trait in lettuce 

which can be manipulated to improve the sustainability of water use in baby leaf 

cropping systems. 

 

The term WUE has been criticised by a number of authors (Morison et al., 2008), 

since it is sometimes considered misleading (Stanhill, 1986; Monteith, 1993) as water 

lost through transpiration is not actually used by the plant biochemically. Instead, 

biomass water ratio (BWR) can be used, which is the ratio of dry biomass to 

transpiration (Morison et al., 2008). Like WUE, BWR can be applied to the leaf or the 

whole plant (economic yield or biological yield) but is affected by humidity, wind 

speed and solar radiation (through cloudiness). When only the leaf or plant is 

considered, the temporal scale is normally in the range of minutes or seconds. In such 

instances, it is the ‘instantaneous WUE’, or ratio of net assimilation rate to 

transpiration rate, known as the assimilation transpiration ratio (ATR) (Morison et al., 

2008), which is being measured. 

 

Nevertheless, both of these measurement types have the same complex relationship 

between leaf (WUEi, ATR) and plant scale measures (WUEt; BWR) (Bierhuizen and 

Slatyer, 1965; Tanner and Sinclair, 1983; Farquhar et al., 1989; Jones, 2004, 2004). 

The former is short-term, leaf scale, while the latter is field scale and seasonal, 

requiring interception loss – including that which occurs through respiration and 

evaporation – to be estimated.  

 

1.3.1.3. Carbon and Oxygen Isotope Discrimination 

WUE is hard to measure directly but through carbon isotope discrimination (∆13C) 

data it can be calculated indirectly since WUE is linearly but negatively correlated to 

∆
13C (Figure 1.3.) (Farquhar et al., 1989; Monclus et al., 2005; Yin et al., 2005; 

Rajabia et al., 2009).  
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Carbon discrimination relies on the fact that of the two naturally occurring carbon 

isotopes, 12C and 13C, the heavier 13C is discriminated against in plant processes such 

as diffusion and carbon fixation. This is due to 12C being smaller, enabling it to move 

more rapidly into the stomata and within the plant. Moreoever, the smaller isotope is 

also more reactive with Rubisco (Farquhar et al., 1989) (Figure 1.4.). 13C/12C is 

dependent on diffusion into the leaf in context of demand by biomass accumulation 

(A). This makes it a reliable measure of instantaneous transpiration efficiency (TE) or, 

the ratio of carbon fixation to water loss, and therefore WUE or BWR. ∆13C is only 

suitable for C3 plants and even then it cannot differentiate between changes in A or 

stomatal conductance (Morison et al., 2008). WUE will be measured in this research 

project through ∆13C since lettuce is a C3 plant and is expected to discriminate less 

against 13C under water scarce environments. 

 

Figure 1.3. Relationship between carbon isotope discrimination in leaf (∆L) and water 
use efficiency of dry matter production measured on 14 sugar beet hybrids in water-
limited conditions in 2005, and a subset comprising six hybrids in 2004. Symbols 
represent genotypic means (n=4); *p<0.05. Figure taken from (Rajabia et al., 2009) 
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Another method of isotopic analysis is based on 16O-enriched water being 

preferentially evaporated in comparison to 18O, meaning that the heavier isotope 

becomes concentrated at sites of evaporation (Barbour, 2007) (Figure 1.4.). This 

allows a method of oxygen discrimination to compliment ∆13C, since oxygen 

discrimination gives a measure of stomatal conductance unlike ∆13C making it a 

useful tool in this research project. However, this method has the disadvantage of 

being sensitive to changes in temperature and humidity meaning that the methods 

could be used in combination to provide insight into transpiration efficiency taking 

into account both stomatal conductance and carbon assimilation (Farquhar et al., 

1989). 

 

Improvement of the TE of plant species relies heavily on ∆13C (Morison et al., 2008) 

and in Arabidopsis five quantitative trait loci (QTL) (see section 1.3.4.1.) for ∆13C  

have been found and show considerable interaction with each other (epistasis) (Martin 

et al., 1989; Thumma et al., 2001; Hall et al., 2005; Juenger et al., 2005). Wheat lines 

selected for higher TE by ∆13C QTL have out-yielded currently-used commercial lines 

CO2 

12C 

13C 

12C 

13C 

H2O 
16O 

18O 18O 

16O 

Open stomata Closed stomata 

Figure 1.4. Carbon and oxygen isotope discrimination in plants. 12C and 13C exist 
naturally in CO2. Plants preferentially use the smaller 12C and when the stomata are 
open discrimination against 13C is higher. 16O and 18O exist naturally in H2O. 16O is 
transpired preferentially and when the stomata are more open 18O concentrates at 
sites of transpiration 
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in Australia, although lines are specific to area (Richards, 2006). In drought conditions, 

yield differs between 2 and 15% when ∆13C is low in a line (high TE) compared to in 

high ∆13C lines (Rebetzke et al., 2002), with the highest yields occurring in the most 

droughted conditions. These studies demonstrate the potential of using QTL analysis 

based upon the information provided by isotopic analysis in breeding for crops with 

improved WUE. Employing this approach with lettuce fits into the broader research 

into drought resistance in crops and is likely to elucidate WUE QTL, the candidate 

genes from which can later be used in Marker-Assisted Selection (MAS). 

 

Further, ERECTA appears to regulate TE via changes in stomatal conductance and 

leaf photosynthetic capacity (Masle et al., 2005). ERECTA acts to modulate 

photosynthetic capacity both through changes to Rubisco carboxylation rates and 

electron transport capacity (Masle et al., 2005). In addition, ERECTA determines leaf 

shape and size by promoting cell proliferation rather than cell elongation (Shpak et al., 

2004; Woodward et al., 2005; Tisné et al., 2008), while also influencing stomatal and 

mesophyll density (Masle et al., 2005) by repressing asymmetric divisions during 

guard cell development (Shpak et al., 2005; Horda et al., 2008) therefore altering 

stomatal differentiation (Shpak et al., 2005). It has also been proposed that ERECTA 

mediates cell-cell communication which, in turn, co-ordinates these changes to cell 

division and patterning (van Zanten et al., 2009). The varying roles of ERECTA 

illustrates the importance of genes that regulate drought stress responses throughout 

the life cycle of the plant (Morison et al., 2008). 

 

Chlorophyll fluorescence is a method which can be used as a direct measure of 

potential photosynthetic activity, biomass accumulation and the stress induced by 

drought (Baker and Rosenqvist, 2004), and it does so both rapidly and non-

destructively. However, these measurements across stressed plants are often highly 

heterogeneous, requiring equipment which is capable of measuring whole leaves as 

opposed to small samples (Nedbal and Whitmarsh, 2004; Oxborough, 2004). Another 

method is infra-red (IR) imaging, which can screen whole leaves, and indeed canopies, 

for stomatal activity through changes in stomatal conductance when adequate 

reference surfaces are used (Jones et al., 2002; Leinonen et al., 2006) (see section 

1.4.5.). The use of IR imaging is to be a central focus of this project and it is hoped 

that its implementation can detect drought stress pre-symptomatically and thus form 

the basis of both screening techniques and irrigation scheduling methods. 
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1.3.1.4. Growth Modification 

In recent years drought avoidance was seen to be the main contributor to improved 

drought resistance, mainly through increasing water availability (W) due to deeper 

rooting and earlier leaf development. This is in contrast to drought tolerance, which 

was previously viewed to be predominantly important and achieved through molecular 

and stomatal responses (Morison et al., 2008). 

 

Increasing root growth allows plants more opportunity to forage for water resources, 

which is especially important under conditions when water is scarce. The mechanisms 

underlying root growth response to drought are varied yet interacting, as reported by 

Sharp and colleagues (Sharp et al., 2004) in a study on primary root growth in maize. 

Cell wall loosening, growth zone dimensions and turgor changes, through osmotic 

adjustment, all contribute to root growth mediated by drought stress (Morison et al., 

2008) with both ABA and ethylene involved in the regulation of these processes. ABA 

is accumulated under low water potentials in order to maintain root elongation, yet it 

also acts to suppress ethylene production (Sharp et al., 2000; Spollen et al., 2000; 

Sharp et al., 2004). It has been shown that droughted plants require elevated ABA 

levels to prevent excessive ethylene production (Sharp, 2002). 

 

The wild progenitors of cultivated crop species are expected to have root systems 

which can survive in more stressful and unpredictable soil environments, with respect 

to water, when compared to that of their cultivated relatives (Chapin et al., 1989). 

Exacerbating this difference has been the traditional practice of selecting for increased 

yields, which often has the consequence of decreasing root systems in high input 

farming systems (Chapin et al., 1989; Siddique et al., 1990), resulting in a decreased 

ability of cultivating plants to exploit soil resources when inputs are limited. If the 

depth of rooting of cultivated crops could be increased through breeding programs, 

there would be less need for frequent application of water as moisture could be 

recovered from lower soil zones.  

 

The cultivated lettuce, L. sativa, differs from L. serriola, its wild progenitor, with 

respect to root architecture. The former is a shallow rooted species with a short taproot 

and branching mainly in the upper layers of the soil (Jackson, 1995), while the latter is 

more drought resistant (Werk and Ehleringer, 1985) and has a long taproot to exploit 

deeper soil water resources (Johnson et al., 2000). A recombinant inbred line 
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population of these two parents, as used in this project, has been analysed for root 

architecture and soil water exploitation QTL. In total, thirteen QTL were identified 

and these controlled between 28 and 83% of phenotypic plasticity when water was not 

limited (Johnson et al., 2000). This shows considerable scope for the manipulation of 

root traits in order to increase plant water availability. 

 

Root growth and development QTL have also been found in Arabidopsis and other 

crop species through the study of root architecture (primary and lateral) of mildly 

drought stressed plants in comparison to plants grown under ‘normal’ conditions 

(Loudet et al., 2005; Fitz Gerald et al., 2006). Fitz Gerald and colleagues found two 

QTL which affect lateral root growth under mild osmotic stress and successfully 

integrated these into near isogenic lines (NILs), meaning that specific genes regulating 

drought responses may be found (Salvi and Tuberosa, 2005).  

 

Thirteen further root growth QTL have been identified in Arabidopsis recombinant 

inbred lines (RILs) and two of these QTL co-mapped to plant water content QTL 

(Loudet et al., 2005). One of these loci accounts for approximately 80% of the 

variance in root length through the action of the gene BREVIS RADIX (BRX) upon cell 

proliferation and elongation in the root tip growth zone. This gene is part of a family 

of highly conserved genes, which represent a novel class of transcription factors; 

however, it is the only one to have been found to have a role in root growth (Mouchel 

et al., 2004). This supports the proposal that the alteration of a single regulatory gene 

can have fundamental and wide-ranging effects on complex plant physiological 

responses such as water use traits (Morison et al., 2008). Although not yet 

demonstrated in lettuce, this approach is a definite target for the improvement of water 

use traits in leafy salad crops. 

 

Additionally, as previously explored, leaf area decreases under drought through 

reductions in cell wall extension, cell production and subsequent cell enlargement, all 

of which are affected by drought stress. Both metabolic changes and alteration of 

water potential gradients cause these cellular adjustments and lead to decreased leaf 

growth, plant biomass (Nautiyal et al., 2002; Pan et al., 2003) and crop yield (Reddy 

et al., 2003; Bray, 2004; Sankar et al., 2007). It is thought that ABA is also involved 

as a signal to repress leaf expansion during osmotic stress since the exogenous 

application of ABA induced decreased plant height, leaf area, total surface area and 
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dry weight (Yin et al., 2004). This adaptive mechanism under drought stress can 

eventually lead to a complete halting of plant growth (Lu and Neumann, 1998; Chaves 

et al., 2003), however, if it is genetically targeted, the trade-off with between drought 

tolerance and productivity must be maintained – which is the aim here with a 

commercial crop. 

 

1.3.1.5. Cuticle 

A further mechanism plants employ to limit water loss during periods of drought is the 

synthesis of an impermeable waxy cuticle in the epidermis of aerial organs such as 

leaves (Campalans et al., 1999; Ramanjulu and Bartels, 2002; Zhang et al., 2005; 

Street et al., 2006). The biosynthesis of these cuticle molecules is achieved during 

drought stress through up-regulation of genes which code for the synthesis of 

molecules such as lipid transfer proteins – compounds central to cuticle development 

(Campalans et al., 1999; Ramanjulu and Bartels, 2002). Up-regulation of these genes 

may be employed in order to produce a crop which has an increased resistance to 

drought stress. 

 

1.3.2. Molecular Biology 

Stress responses include both molecular and physiological aspects, some of which are 

regulated by a change in gene expression. The genetics of drought responses are 

complex and induce many pathways, which have the potential to be modified in order 

to improve the efficiency with which they utilise water. By outlining the molecular 

biology underlying drought stress responses, the many possible targets which may be 

manipulated in order to alter drought responses in crops are highlighted. Molecular 

drought responses are initiated first through the perception of the stress, followed by 

transduction of this signal, which in turn regulates gene expression. 

 

1.3.2.1. Signal Perception 

For a plant to respond to any change in the environment through altered gene 

expression it must first detect, or perceive, this change. Although plant drought 

perception is not yet fully understood – and no specific molecules have been shown to 

be an osmosensor in plants definitively (Bartels and Sunkar, 2005) – there are several 

molecules that have been shown to mediate signal perception in yeast. Hyperosmotic 

stress, the equivalent to plant drought stress, is sensed by both SLN1, a histidine 

kinase, and SHO1 and these feed into the high osmolarity glycerol (HOG) mitogen 
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activated protein kinase (MAPK) pathway (Shinozaki and Yamaguchi-Shinozaki, 

1997; Reiser et al., 2003; O'Rourke and Herskowitz, 2004). 

 

SLN1 is thought to act by sensing the change in turgor pressure that occurs when 

water moves out of the cell and the distance between the cell wall and membrane 

increases (Reiser et al., 2003). The two-component regulatory system is made up of 

three proteins, which, in yeast, act as a phosphorelay via an intermediate histidine 

phosphorelay, YPD1, that in turn acts on the response regulator SSK1. It is SSK1 

which then mediates the HOG pathway and thus controls osmolyte accumulation 

(Posas et al., 1996; Wurgler-Murphy and Saito, 1997). Depending on the level of 

water stress, SHO1 may be activated in preference to SLN1 which, despite also 

feeding into the HOG pathway, is a transmembrane protein unlike SLN1 (O'Rourke 

and Herskowitz, 2004). HK1 has been identified as a homologue in the model plant 

Arabidopsis to SLN1 and, when recombined into yeast, functions as an osmosensor, 

rescuing SLN1-deficient mutants (Urao et al., 1999). 

 

A variety of other genes have recently been implicated in drought stress perception 

including the tobacco NtC7 gene, which codes for a receptor-like membrane protein. It 

has been found that, contrary to previous thought, the role of NtC7 is not limited to 

wound responses since it is also found to accumulate under osmotic stress conditions 

when induced by mannitol (Tamura et al., 2003). Cre1 is also proposed to have a role 

in osmosensing (Reiser et al., 2003) and it has a similar cytoplasmic histidine kinase 

and receiver domain to SLN1 (Bartels and Sunkar, 2005). 

 

If specific osmosensors can be found then they may be targeted in breeding programs 

in order to alter stress perception and thus drought tolerance in a range of crop species. 

In a study focussed on Arabidopsis, the over-expression of the putative osmosensor 

AtHK1 conferred drought tolerance in transgenic plants while athk1 mutants were 

sensitive to osmotic stress.  It is proposed that AtHK1 functions through positively 

regulating the ABA signal transduction pathway (Lam-Son Phan et al., 2007).  Studies 

such as this show the potential for targeting osmosensors in order to achieve increased 

drought tolerance through molecular manipulation. 
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1.3.2.2. Signal Transduction 

Transduction of the drought signal occurs through a complex signalling cascade and, 

although many parts of this network have been elucidated, their interactions are, in the 

main, unclear (Bartels and Sunkar, 2005). The components of these transduction 

pathways include reversible phosphorylation of protein-protein interactions as well as 

several signalling molecules, including Ca2+ (Shinozaki and Yamaguchi-Shinozaki, 

1997; Bartels and Sunkar, 2005). Signal transduction is a further mechanism which 

could be altered genetically so as to change the drought responses of the target crop 

and confer drought tolerance. 

 

Protein Kinases 

Phosphorylation of proteins is a common feature of signalling cascades such as the 

eukaryotic MAPK cascade (Figure 1.5.), which can be drought activated in plants  

(Bartels and Sunkar, 2005). MAPK consists of three protein kinases and functions 

through the phosphorylation by mitogen activated protein kinase kinase kinase 

(MAPKKK) of conserved threonine and/or serine residues of mitogen activated 

protein kinase kinase (MAPKK) which consequently phosphorylates the threonine and 

tyrosine residues of the TEY (Thr, Glu, Tyr) activation loop of the cytosolic MAPK. 

MAPK can then initiate a response at the nuclear membrane, which often leads to 

translocation into the nucleus, where transcription factors (TFs) can be activated 

(Treisman, 1996; Neill and Burnett, 1999). Since MAPK cascades are common to 

many systems, cross-talk between different stress responses may be possible. 
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MAPKs are likely to act in conjunction with other kinases or G-proteins (Robinson 

and Cobb, 1997) and it is thought that this coupling serves to link a plasma membrane 

receptor (osmosensor) to the cytoplasmic MAPK cascade (Bartels and Sunkar, 2005). 

 

In alfalfa, two different cascades are triggered depending on the level of osmotic stress 

applied, with a 46kDa MAPK (SIMK) responding to moderate osmotic stress and a 

38kDa protein kinase reacting to extreme stress (Munnik et al., 1999). This system is 

reminiscent of the function of the yeast SLN1 and SHO1 pathways, suggesting that 

there are also distinct pathways for extreme and moderate drought stress in plants. The 

understanding of these stress response pathways is of crucial importance in this 

project if the aim is to determine targets, which could be altered so as to engineer 

more drought resistant crops. 

 

Phosphatases 

The action of protein kinases is triggered through their phosphorylation, however to 

regulate these responses phosphatases exist to reverse the process of phosphorylation, 
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Figure 1.5. Generalised MAPK cascade (Neill and Burnett, 1999; Zhang and 
Klessig, 2001)  
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where necessary (Bartels and Sunkar, 2005). Due to the varying mode of action of 

protein phosphorylation there are two classes of phosphatases; one of which is specific 

to serine/threonine (phosphoprotein phosphatases, PPases) while the other acts upon 

tyrosine substrates (phosphotyrosine phosphatases, PTPases). A variety of PPases and 

PTPases exist which have specific cellular locations and biochemical properties 

(Nadal et al., 2002; Bartels and Sunkar, 2005). Both families of phosphatases have 

been shown to fundamentally regulate the HOG pathway in yeast (Nadal et al., 2002), 

with PTPases crucially controlling MAPK cascades (Shiozaki and Russell, 1995). 

MAPK pathways often cause PTPase-related genes to be up-regulated and thus create 

a negative feedback loop, which acts to limit MAPK cascades (Jacoby et al., 1997).  

 

Phosphatases can be manipulated to increase drought tolerance and PP2A – a 

subgroup of the PPases – has been targeted with positive results. When the catalytic 

subunit of PP2A, TaPP2Ac-1, was isolated from a drought tolerant wheat cultivar and 

over-expressed in tobacco, the transgenic tobacco plants showed increased drought 

tolerance (Xu et al., 2007). TaPP2Ac-1 shows high homology, at the amino acid level, 

to isogenes in rice (91%) (Yu et al., 2005), Arabidopsis (89%) (Pérez-Callejón et al., 

1998) and tobacco (86%) (Chung Suh et al., 1998) and this clearly illustrates the high 

level to which PPase genes are conserved in higher plants. This gives confidence to 

the transferability of molecular drought tolerance information between higher plants, 

suggesting that the findings of this research project, which will use lettuce, will be 

transferable to other crop species. 

 

Secondary Messengers 

When an extracellular signal is encountered by an organism, the production or 

activation of intracellular signalling molecules is triggered in order to spread and 

amplify the primary signal. Although there are a variety of secondary messengers in 

plants which relate to two distinct responses; phospholipid signalling and Ca2+ 

signalling, it is inositol 1,4,5-triphosphate (IP3) and calcium which are fundamental 

for drought response (Bartels and Sunkar, 2005). If these secondary messengers can 

be altered through the manipulation of genes which encode their respective pathways 

then it is possible for drought tolerance to be engineered in a range of crop species. 

 

Phospholipid signalling arises when phospholipids in the plasma membrane are 

cleaved by phospholipases leading to altered membrane fluidity and the production of 
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an intracellular signalling by-product, mainly in the form of IP3. There are four 

distinct classes of phospholipase categorised depending on their cleavage sites; 

phospholipase C (PLC), phospholipase D (PLD) and phospholipase A1 and A2 (PL 

A1 and PL A2) (Wang, 2002). IP3 levels increase rapidly in a transient pattern in 

response to drought stress (Drøbak and Watkins, 2000; DeWald et al., 2001) in 

Arabidopsis due to PLC (Takahashi et al., 2001) catalysing the hydrolysis of 

phosphatidylinositol 4,5-biphosphate (PIP2). This creates the soluble signalling 

molecule IP3 and the membrane bound diacylglycerol (DAG). IP3 is then able to 

release Ca2+ from intracellular stores enabling further signalling as well as stomatal 

closure due to an increase in Ca2+ in the guard cell cytosol (Staxen et al., 1999). DAG, 

on the other hand, can either activate protein kinases directly or be converted to 

phosphatidic acid (PA) (Bartels and Sunkar, 2005). This demonstrates a link between 

PLD response to dehydration stress, PA and Ca2+ signalling. Furthermore, PA has 

been shown to be important in ABA mediated stomatal regulation (Jacob et al., 1999; 

Sang et al., 2001). However, the exact target of PA signalling is still unclear (Munnik, 

2001). 

 

Although ABA is the primary plant hormone associated with plant drought responses, 

other hormones are also involved. As previously discussed (section 1.3.1.4.) ethylene 

also has a role in drought responses with actions including direct stomatal closure 

(Desikan et al., 2006) as well as acting antagonistically on ABA (Wilkinson and 

Davies, 2009). Due to these converse modes of action, the role of ethylene under 

drought should be a major research target. Cytokinin (CK) levels have been shown to 

decline alongside the increase in ABA in response to water deficits (Davies et al., 

2005) and CK is thought to promote leaf senescence and abscission thus reducing 

water loss through the canopy (Rivero et al., 2007; Qin et al., 2011). Salicylic acid 

(SA) and nitric oxide (NO•) are also possible signalling molecules in plants exposed to 

drought. For instance, SA mediates oxidative burst stress responses (Borsani et al., 

2001), which are triggered by drought (Scandalios, 1993), and NO• has been shown to 

confer drought tolerance in wheat (Mata and Lamattina, 2001; Wendehenne et al., 

2001). These findings highlight the potential of targeting secondary messengers in 

order to manipulate the drought stress responses of plant species so as to breed crops 

with altered water use. 
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Calcium signalling is a broad response in plants with various specificities 

characterised by the elicitation of signature Ca2+ transients. Drought stress has been 

shown to elicit changes in intracellular Ca2+ levels when one of the three types of Ca2+ 

sensors are triggered in Arabidopsis (Kiegle et al., 2000). These sensors, which are 

involved in plant Ca2+ signalling, include calmodulin, which, along with other 

calcium-binding proteins, induce specific kinases when Ca2+ binds to them in response 

to osmotic stress (Bartels and Sunkar, 2005). A further type of Ca2+ sensor are the 

calcineurin B-like proteins (CBLs) (Yang and Poovaiah, 2003), also known as 

SNRK3s which, like calcium-binding proteins have an unclear mode of action, 

although in Arabidopsis they seem to have overlapping but distinct functions (Bartels 

and Sunkar, 2005). 

 

Finally, calcium dependent protein kinases (CDPKs) also regulate drought responses 

through Ca2+ signalling (Bartels and Sunkar, 2005). CDPKs have been found to exist 

in a number of different plants (Kawasaki et al., 2001; Ozturk et al., 2002; Seki et al., 

2002), although it is thought that different isoforms are specific to particular stress 

pathways (Sheen, 1996). CDPKs are found in various cellular locations, including the 

plasma (Verhey et al., 1993) and endoplasmic reticulum membranes (Lu and Hrabak, 

2002), the nucleus (Chehab et al., 2004) and the mitochondria (Pical et al., 1993), 

further explaining their specificity to different stress response pathways.  

 

Manipulation of these Ca2+ sensors has previously been shown to be an approach 

which can successfully alter drought tolerance in both Arabidopsis (Cheong et al., 

2003) and rice (Saijo et al., 2000). This suggests that they may be a useful target for 

altering the drought tolerance of lettuce, as is the focus of this study. 

 

1.3.2.3. Gene Induction 

The induction of stress response genes is a necessary step in producing drought 

resistance or tolerance in plant species and can occur through two non-mutually 

exclusive modes; cis-acting elements and transcription factors with interaction 

between the two (Neill and Burnett, 1999). Genes induced under drought stress are a 

promising target for genetic improvement of drought tolerance with many examples of 

gene induction being focused on in the past (Yamaguchi-Shinozaki and Shinozaki, 

1994; Cominelli et al., 2005; Chen et al., 2007). 
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Figure 1.6. ABA-dependent and ABA-independent drought signalling pathways. 
Abbreviations: ABA, abscisic acid; AREB/ABF, ABRE-binding proteins/factors; 
MYB; MYC; DREB/CBF, DRE binding protein; CBF, CR binding protein ; ABRE, 
ABA-responsive element; CE, coupling element; MYBR, MYB ; MYCR; DRE/CR, 
dehydration responsive element/C-repeat; ROS, reactive oxygen species; LEA, 
late embryogenesis abundant protein (Modified from (Rao et al., 2006)) 

ABA is a phytohormone with a known role in drought stress and, when applied 

exogeneously, it elicits the same response as osmotic stress in many, but not all, cases 

(Seki et al., 2002). This indicates the existence of both ABA-dependent and ABA-

independent drought signalling pathways, the former of which mediates slower 

responses due to the need to synthesise ABA before a response can be triggered 

(Shinozaki and Yamaguchi-Shinozaki, 1997) (Figure 1.6.). 

 

 

 

 

 

 

 

 

 

 

   

 

 

 

 

 

 

 

 

 

 

 

ABA-Dependent Gene Induction  

ABA is produced (Figure 1.7.) as a long-distance signal when a plant experiences 

drought (Zhang et al., 1987; Davies and Zhang, 1991; Shinozaki and Yamaguchi-

Shinozaki, 1997), and acts to induce the expression of genes related to drought stress 

as well as triggering stomatal closure (Finkelstein and Gibson, 2002; Nambara and 

Marion-Poll, 2005). ABA-dependent drought response pathways fall into two 
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categories; one of which does not require new protein biosynthesis while the other 

depends upon it (Figure 1.6.). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 1.7. Summary of ABA biosynthesis. Isopentenyl diphosphate (IPP) is produced 
in plastids from pyruvate and glyceraldehyde-3P as well as being imported from the 
mevalonic acid pathway in the cytosol. ZEP, Zeanthin epoxidase catalyses the 
conversion of zeanthin to trans-violaxanthin; VDE, violaxanthin de-epoxidase 
catalyses the reverse reaction under high light intensities; carotenoid cleavage is 
catalysed by a family of 9-cis-epoxycarotenoid dioxygenases, NCED; ABA2, a short-
chain dehydrogenase reductase 
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ABA is bound by a small protein family (PYR1/PYLs/RCAR; pyrabactin resistance 

1/Pyr-likes/regulatory component of ABA receptors) and this complex then interacts 

with two protein phosphatase 2Cs (PP2C), ABA insensitive 1 and 2 (ABI1 and 2), 

thus negatively regulating ABA signalling (Ma et al., 2009; Park et al., 2009). 

Through X-ray crystallography it has been shown that in the absence of ABA, the 

protein exhibits two loops which surround a ligand-binding area, which encloses ABA 

when it is present (Melcher et al., 2009; Miyazono et al., 2009; Nishimura et al., 2009; 

Santiago et al., 2009; Yin et al., 2009). This conformational change creates a docking 

site on the closed ‘lid’ for a conserved tryptophan of PP2C to bind, which further 

locks in the ABA. Additionally, the active site of PP2C is blocked by its attachment to 

the PYR  

 

Downstream, in the first ABA-dependent response, when ABA is not present and 

PP2Cs are active, the PP2Cs dephosphorylate SnRK2 kinases; which maintains the 

inactivity of the latter. However, when ABA is present and PP2C activity is inhibited, 

SNRK2 kinases are activated and phosphorylate ABA responsive element binding 

proteins/factor (AREB/ABF) transcription factors (Fujii et al., 2009; Taishi 

Umezawaa et al., 2009). The activated AREB/ABF then binds to the conserved 

regulatory cis-ABA response element (ABREs) (Mundy et al., 1990). ABRE are 

present in the promoters of ABA-response genes (Yamaguchi-Shinozaki and 

Shinozaki, 2006).  It has previously been shown that when AREB1/ABF2, ABF3 or 

AREB2/ABF4 are over-expressed in Arabidopsis, drought tolerance is improved 

(Fujita et al., 2005), with enhanced ABA response, increased guard cell closure and 

therefore reduced transpiration (Kang et al., 2002). 

 

Furthermore, when ABA inhibits PP2C activity in the guard cells OST1 (open stomata 

1, a SnRK2) is activated, which promotes stomatal closure, through the 

phosphorylation of KAT1 (a potassium channel) (Sato et al., 2009) and SLAC1 (slow-

anion channel associated anion channel) (Geiger et al., 2009; Lee et al., 2009). In 

addition to these calcium-independent ABA pathways, a calcium-dependent pathway 

exists whereby CDPKs, CPK21/23 interact with SLAC1 and positively mediate 

stomatal closure (Geiger et al., 2010). 

 

The second ABA-dependent response includes the synthesis of new proteins 

(Yamaguchi-Shinozaki and Shinozaki, 2006; Zhang et al., 2006) and acts through 
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ABA, which stimulates the production of the DNA binding proteins MYB and MYC 

(Yamaguchi-Shinozaki and Shinozaki, 2006) via the cis-elements MYBR and MYCR 

(Bartels and Sunkar, 2005). MYB has been shown to regulate stomatal activity 

through its expression in guard cells where it is negatively moderated by drought and 

ABA in Arabidopsis. Mutation of the MYB gene (AtMYB60) create plants which are 

more resistant to dehydration than wild-types through constitutive alteration of 

stomatal responses (Cominelli et al., 2005). It is likely that through the genetic 

approaches of this project, other targets will be found in the gene induction pathways 

of drought that will allow drought tolerance to be achieved in a range of crops. 

 

In recent years, three other types of proteins have been suggested as ABA receptors 

including; chloroplast protein ABA-binding protein/H subunit of Mg-

chelatase/genomes uncoupled 5 (ABAR/CHLH/GUN5) (Shen et al., 2006; Wu et al., 

2009), plasma membrane-localised G protein-coupled receptor 2 (GCR2) (Liu et al., 

2007) and GPCR-type G protein 1/2 (GTG1/GTG2) (Pandey et al., 2009). 

Nevertheless, the mechanisms which underlie the interaction between these proteins 

and ABA remain unclear at present. 

 

ABA-Independent Gene Induction 

Despite the critical role ABA plays in osmotic stress responses, an ABA-independent 

pathway also exists for regulation of transcription in response to dehydration 

(Yamaguchi-Shinozaki and Shinozaki, 2006). This pathway has been elucidated using 

aba (ABA deficient) and abi (ABA insensitive) mutants, both of which can respond to 

drought stress through the expression of multiple ABA-independent genes (Zhu, 2002; 

Bartels and Sunkar, 2005). The dehydration response element (DRE) is a 9-base pair 

direct repeat cis-element, first discovered in the promoter of the RD29A gene in 

Arabidopsis (Yamaguchi-Shinozaki and Shinozaki, 1994), and mediates the rapid 

ABA-independent drought signalling pathway (Bartels and Sunkar, 2005). 

 

Although drought stress responses can operate through either ABA-dependent (ABRE) 

or ABA-independent (DRE/CRT) pathways, there is evidence of interaction between 

the two (Liu et al., 1998). Liu and colleagues (Liu et al., 1998) showed that rd29, 

which is a gene activated in response to osmotic stress, was induced by both 

DRE/CRT and ABRE, and was only partially blocked when aba and abi mutants were 

employed. Both ABA-dependent and ABA-independent pathways are potentially 
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useful targets for attaining drought tolerant crops and both pathways must be 

investigated if successful candidate genes are to be found. 

 

A primary focus to manipulate TE through single genes is by altering the expression 

of TFs in the DREB/CBF family in Arabidopsis when it is subjected to severe drought 

stress (Nakashima and Yamaguchi-Shinozaki, 2005). The proposed mode of action is 

via both the ABA-dependent (e.g. ABF3) and ABA-independent (DREB1A/CBF3) 

pathways, although this has yet to be confirmed experimentally. TFs control the 

regulation of a collection of other genes, known as a regulon (Nakashima and 

Yamaguchi-Shinozaki, 2005). Therefore, by changing the expression pattern of a 

single TF a whole cohort of genes can be altered to improve drought resistance 

without any deleterious effects on plant growth. This has been demonstrated by Oh 

and colleagues (Oh et al., 2005) with rice over-expressing CBF3/DREB1A or ABF3. 

Furthermore, drought tolerance has been advanced at no cost to growth or 

development in wheat and tobacco by putting DREB1A expression under the control 

of an osmotic stress-inducible promoter (Kasuga et al., 1999; Pellegrineschi et al., 

2004). However, only in controlled environments has this been possible, whilst other 

studies have reported stunting of growth as a result of the manipulation of these same 

transcription factors (Kasuga et al., 1999; Nakashima and Yamaguchi-Shinozaki, 

2005). Although none of these studies have been successful in the context of applying 

them to a commercial crop, there is good reason to believe that this method could 

potentially lead to the identification, and thereafter manipulation, of a transcription 

factor which can increase WUE without negative impacts upon yield (Morison et al., 

2008). Even if this is not the case, in baby leaf salad crops slight yield defects are not 

of critical importance due to the short life span of the crops. If yield is stunted without 

a sacrifice to quality through decreased irrigation then an additional crop can be 

grown relatively rapidly in order to compensate this loss. 

 

1.3.2.4. Gene Expression Changes 

Drought responses, such as stomatal conductance regulation, vary markedly from the 

gene expression induced in drought tolerance where the changes are more long-term 

with functional proteins being created. The expression of these genes will generate a 

variety of proteins (Table 1.1.), many of which could be the focus of breeding in order 

to improve crop drought tolerance. 
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Table 1.1. Compounds which are expressed in response to drought 

Compound type Examples 

Osmolytes Sucrose, mannitol, raffinose (Taji et al., 

2002)  

Proline (Verbruggen et al., 1996; Hong et 

al., 2000)  

Trehalose (Valliyodan and Nguyen, 

2006) 

Glycine betaine (Chaves et al., 2003; 

Seki et al., 2007) 

Cyclitols (Sheveleva et al., 1997) 

Reactive Oxygen Species scavenging 

enzymes/production 

Ascorbate peroxidase, Catalase, 

Superoxide dismutase (Apel and Hirt, 

2004) 

Proteases Clp proteases (Shinozaki and 

Yamaguchi-Shinozaki, 1997) 

Aquaporins Tonoplast intrinsic proteins, plasma 

membrane intrinsic proteins (Tyerman et 

al., 2002) 

Cell wall Xyloglucan endotransglycosylase, 

Expansins (Bray, 2004) 

Late embryogenesis abundant proteins Groups 1-5 (Galau et al., 1986; Ingram 

and Bartels, 1996) 

Polyamines Putrescine (Borrell et al., 2006) 

 

 

Sugar and Compatible Solute Accumulation 

Compatible solutes are low molecular weight, non-toxic, compounds, which can 

accumulate at high concentrations in the cytosol when an organism experiences 

osmotic stress, without interfering with normal cell function (Bartels and Sunkar, 

2005). The primary function of these osmoprotectants is to maintain cell turgor under 

water deficit, however protein and cell structure stabilisation (Yancey, 2005), as well 

as reactive oxygen species (ROS) scavenging (Chen and Murata, 2002; Chaves et al., 

2003), are also influenced by their production. Up-regulation of these protective 

compounds may be able to confer drought resistance as has previously been 

demonstrated with increased proline accumulation causing more drought tolerant 

plants (Roosens et al., 1998; Seki et al., 2002). 
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A number of different compound types act as compatible solutes when they are 

produced by the plant, including non-structural carbohydrates, proline, glycine betaine 

and cyclitols. Non-structural carbohydrates such as sucrose, hexose and sugar alcohols, 

like mannitol, have been shown to accumulate in a variety of drought stressed plants 

and this accumulation has been linked to osmotic stress tolerance (Taji et al., 2002). 

Sugars play a number of roles in osmoprotection (Black and Pritchard, 2002), such as 

osmotic adjustment and the protection of membrane structure, including the 

prevention of its fusion (Bartels and Sunkar, 2005). There is potential for sugars to 

interact with other cell components, such as late embryogenesis abundant (LEA) 

proteins, to achieve these functions (Bartels and Sunkar, 2005).  

 

Craterostigma plantagineum – a very drought tolerant plant – contains high levels of 

octulose, an 8-carbon sugar, which can be converted to sucrose when the plant is 

droughted (Bianchi et al., 1991). The accumulation of sucrose is also achieved 

through increased sucrose synthase and sucrose phosphate synthase gene expression 

(Ingram et al., 1997). In addition to sucrose, raffinose, galactose and stachyose 

(raffinose family oligosaccharides) also accumulate in drought resistant plants, and are 

produced via the action of galactinol synthase (GolS), which, if over-expressed, 

confers drought resistance (Taji et al., 2002). Less frequently, the non-reducing 

disaccharide trehalose is present in higher plants functioning not only as a 

carbohydrate reserve (Valliyodan and Nguyen, 2006) but also as a protectant of 

proteins and the cell membrane (Mahajan and Tuteja, 2005; Vinocur and Altman, 

2005). Up-regulation of these compounds has the potential to allow breeding for 

plants with increased drought tolerance. 

 

The creation of sugar alcohols, such as mannitol when a plant senses drought stress, 

has many functions, not least in osmotic adjustment, but also ROS scavenging and 

macromolecule stabilisation (Mahajan and Tuteja, 2005; Vinocur and Altman, 2005; 

Seki et al., 2007). It is the hydroxyl (OH-) group, of sugar alcohols, which allows 

these compounds to act in this way, since this group can form hydrophilic interactions 

with lipids and proteins situated in the cells membranes (Mahajan and Tuteja, 2005). 

Cyclitols, which are cyclic polyols such as D-pinitol and D-ononitol, are also created. 

Transgenic tobacco has been used to show that the latter osmolyte accumulates under 

osmotic stress conditions and confers drought resistance (Sheveleva et al., 1997), 

demonstrating the possibility of altering its regulation in order to achieve improved 
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drought tolerance. D-ononitol has also been linked to carbon assimilation under 

conditions of osmotic stress, which may explain why it accumulates in the chloroplast 

(Sheveleva et al., 1997), unlike other cytosolic osmolyte accumulators. 

 

Proline, an amino acid, is the most common osmolyte occurring in many osmotically 

stressed organisms with wide ranging modes of action (Bartels and Sunkar, 2005). 

Although proline can act to regulate osmotic adjustment, it also serves both as a 

source of energy and as a reductant in the forms of adenosine triphosphate (ATP) and 

nicotinamide adenine dinucleotide phosphate (NADPH), respectively (Verbruggen et 

al., 1996; Hare and Cress, 1997), as well as carbon and nitrogen (Peng et al., 1996). 

Moreover, proline protects the plasma membrane of cells (Mansour, 1998) and 

scavenges OH- (Hong et al., 2000), which would otherwise damage the plant. Proline 

synthesis can occur via either the ornithine-dependent or the glutamate-dependent 

pathway, the latter of which is predominant under osmotic stress (Delauney and 

Verma, 1993). The intermediate ∆1-pyrroline-5-carboxylate (P5C) is involved in both 

proline production pathways, which are catalysed by the enzymes ornithine-δ-

aminotransferase (OAT) and P5C synthetase (P5CS), respectively. Furthermore, when 

proline levels are too high, proline dehydrogenase (ProDH) acts to degrade it to P5C 

(Bartels and Sunkar, 2005). Evidence for the biosynthesis and accumulation of proline 

in response to drought stress has been demonstrated transgenically through P5CS 

(Seki et al., 2002) and OAT (Roosens et al., 1998) over-expressors, which show 

increased drought tolerance, while repression of ProDH also has this effect (Bartels 

and Sunkar, 2005). The success of altering compatible solute accumulation so as to 

increase drought tolerance in plants highlights the potential of this approach for other 

crop species, such as lettuce. 

 

The function of glycine betaine (GB), another type of compatible solute, is not solely 

to maintain osmotic balance, since it also helps to maintain macromolecule 

stabilisation and protects membranes against lipid peroxidation (Chaves et al., 2003; 

Bartels and Sunkar, 2005; Seki et al., 2007). GB is a neutrally charged amine (Bartels 

and Sunkar, 2005; Seki et al., 2007), synthesised in the stroma (Chaves et al., 2003) in 

a two-step oxidation of choline (Rhodes and Hanson, 1993). In plants, accumulation 

of this osmoprotectant is reliant upon the expression of choline monooxygenase 

(CMO) and betaine aldehyde dehydrogenase (BADH), which catalyse the first and 

second steps of GB synthesis, respectively (Bartels and Sunkar, 2005). Consequently, 
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these two enzymes have been transgenically targeted in Arabidopsis to improve 

drought tolerance (Hayashi et al., 1997), with increased drought tolerance observed 

when GB accumulates at higher levels (Chen and Murata, 2002). However, GB 

accumulation appears to be limited to relatively low levels, which is thought to be due 

to restricted choline reserves in the chloroplast (Huang et al., 2000). 

 

Although there are a relatively large number of different osmoprotectants, including 

many sugar-based compounds, plants may employ more than one in combination for 

drought tolerance strategies (Seki et al., 2002). Osmotic adjustment has been focused 

upon with regard to the manipulation of genes which regulate these osmoprotectants, 

but the results have not been consistent (Huang et al., 2000; Sakamoto and Murata, 

2002). Although such technology may be beneficial in securing a yield in drought 

stressed environments (Saranga et al., 2001; Serraj and Sinclair, 2002; Blum, 2005), it 

is debatable whether it could be helpful if conditions became well-watered (Serraj and 

Sinclair, 2002) and, as such, needs further investigation. 

 

Aquaporins and Transport Channels 

Plant drought response requires osmotic and ionic adjustments to prevent cell 

dehydration. This regulation can be achieved through the action of various 

transporters (Seki et al., 2007), which could be modulated in order to increase crop 

water regulation. The movement of water molecules can occur passively, down a 

concentration gradient from an area of high water potential to a region of low water 

potential, by diffusing across the lipid bilayer (Bartels and Sunkar, 2005). However, 

aquaporins, which are membrane spanning proteins of the major intrinsic protein (MIP) 

family (Tyerman et al., 2002), facilitate osmosis and increase membrane permeability 

through the formation of pores specific to water molecules in either the tonoplast 

intrinsic proteins (TIPs) or the plasma membrane intrinsic proteins (PIPs) (Bartels and 

Sunkar, 2005). Recently, two DREB A-6 subgroup genes (RAP2.4 and RAP2.4B) 

were reported to regulate aquaporin genes, so as to maintain water homeostasis under 

osmotic stress (Rae et al., 2011), thus showing their potential in improving water 

relations under drought stress.  

 

Late Embryogenesis Abundant (LEA) Proteins 

LEA proteins, although first found in maturing seeds (Chaves et al., 2003), have since 

been located in many other cell types, when induced by drought stress (Ingram and 
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Bartels, 1996; Hong-Bo et al., 2005). These proteins are of varying types (Table 1.2.), 

the levels of which correlate to ABA biosynthesis and drought tolerance (Galau et al., 

1986; Bartels et al., 1988), however, their specific roles are unclear (Chaves et al., 

2003; Bray, 2004; Bartels and Sunkar, 2005). Possible functions of LEA proteins 

include membrane and enzyme stabilisation (Ingram and Bartels, 1996; Campalans et 

al., 1999; Chaves et al., 2003), ion sequestration (Bray, 1997; Wise, 2003) and water 

movement regulation (Ingram and Bartels, 1996; Bray, 1997; Wise, 2003). Despite 

their unclear mode of action the value of manipulating LEA levels to influence ABA 

biosynthesis and thus drought resistance is evident. Therefore LEAs will be looked for 

in the genetic analysis of the water use in lettuce. 

 

LEA proteins fall into five different categories, each with a characteristic structure 

(Table 1.2.). 
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Table 1.2. Late Embryogenesis Abundant proteins: their groupings, structure and 

function 

LEA Group Characteristics Possible functions 

1 

High glycine content 

 

Charged amino acids 

 

Contain a stretch of 20 hydrophilic 

amino acids 

Binding/replacing water (Bartels 

and Sunkar, 2005) 

 

2 

Dehydrins 

 

Tract of serine residues 

 

Lysine-rich ‘K segment’ of 15 amino 

acids, which forms an amphipathic 

α-helix 

 

Consensus sequence DEYGNP 

near N-terminus 

Protein and membrane structural 

maintenance (Dure, 1993; Ingram 

and Bartels, 1996) 

3 

A number of peptides of 11 amino 

acids predicted to form an 

amphipathic α-helix 

Intra- and intermolecular 

interactions of the amphipathic α-

helix (Dure, 1993) 

 

Predicted to form dimers with group 

5 LEAs capable of sequestering 

ions, which accumulate during 

drought (Dure et al., 1989) 

4 

Conserved N-terminus predicted to 

form an α-helix 

 

A diverse C-terminus forming a 

random coil 

Protein and membrane structural 

maintenance (Dure, 1993; Ingram 

and Bartels, 1996) 

5 

Highest proportion of hydrophobic 

residues 

 

Globular formation 

Predicted to form dimers with group 

3 LEAs capable of sequestering 

ions, which accumulate during 

drought (Dure et al., 1989) 
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Heat Shock Proteins 

Heat shock proteins (HSPs) act as chaperone proteins, usually present at undetectable 

levels under normal conditions. However, when a plant experiences drought stress 

HSPs are up-regulated (Bartels and Sunkar, 2005) to confer drought tolerance 

(Campalans et al., 2001). HSPs promote drought tolerance through prevention of 

protein aggregation, aiding in refolding (Ingram and Bartels, 1996; Wang et al., 2004; 

Bartels and Sunkar, 2005; Arslan et al., 2006), assisting in protein translocation, as 

well as targeting and aggregating proteins for degradation (Arslan et al., 2006). When 

small HSPs were constitutively over-produced in Arabidopsis, drought tolerance was 

enhanced, however this result was not statistically significant, possibly due to post-

transcriptional regulation of expression (Sun et al., 2001). Further investigation is 

needed to determine the extent to which HSP manipulation can alter drought 

resistance, and whether this is a worthwhile avenue of research to produce a 

commercially viable crop which is tolerant to osmotic stress. 

 

Proteolysis 

Proteolysis is the mechanism employed by plants to regulate protein levels and it is 

often increased in response to osmotic stress (Ramanjulu and Sudhakar, 1997; Cruz de 

Carvalho et al., 2001) in order to degrade damaged proteins and mobilise nitrogen 

(Vierstra, 1996). Proteolysis is executed by proteases such as Clp proteases (Shinozaki 

and Yamaguchi-Shinozaki, 1997), which are up-regulated in many species including 

Arabidopsis under ABA treatment (Campalans et al., 1999). This leads to the 

suggestion that protease up-regulation may confer drought tolerance. 

 

Plants exposed to drought stress are found to undergo a rapid increase in the 

polyamine putrescine, which is produced by arginine decarboxylase (Borrell et al., 

2006). Correspondingly, AtADC2 (arginine decarboxylase) expression increases 

under osmotic stress and acts to scavenge ROS (Urano et al., 2003). However, when 

this increased expression is constitutive, high levels of putrescine expression are toxic 

to the plant (Bartels and Sunkar, 2005). If putrescine is to be targeted in order to 

produce a drought resistant plant then a balance must be found whereby levels of the 

polyamine scavenge ROS effectively without becoming toxic to the plant. 
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Reactive Oxygen Species 

Drought stress eventually triggers the production of ROS, such as singlet oxygen, 

superoxide anions, hydroxyl radicals and hydrogen peroxide (H2O2) (Apel and Hirt, 

2004). These molecules are generally formed in the chloroplast but H2O2 levels are 

also increased by stress-induced enhancement of photorespiration and NADPH 

activity (Bartels and Sunkar, 2005). Although ROS can cause cellular damage directly 

through, for example, oxidation of enzyme thiol groups by H2O2 (Bartels and Sunkar, 

2005), it is mainly once they react with metal reductants that ROS are most damaging 

(Halliwell and Gutteridge, 1999). ROS injure plant cells by attacking lipids, proteins 

and nucleic acids through oxidation and the formation of cross-links (Hajheidari et al., 

2005). This damage, which occurs during times of drought stress, can be controlled 

both enzymatically, through ascorbate peroxidise (APX), catalase and superoxide 

dismutase (SOD) up-regulation, as shown transgenically in tobacco (Roxas et al., 

1997), and non-enzymatically with ascorbate and glutathione (Bartels and Sunkar, 

2005). Up-regulation of these ROS-modulating agents could allow plants to become 

more drought tolerant without any deleterious effects on the crop. 

 

Cell Wall Effects 

Finally, drought stress impacts upon the cell wall, altering cell wall extensibility 

(Campalans et al., 1999) which limits cell expansion and growth (Ingram and Bartels, 

1996; Bray, 2004). Extensibility is regulated by the structure of the cell wall, which, in 

turn, is moderated by cell wall modifying proteins such as expansins and xyloglucan 

endotransglycosylase (XTH) (Bray, 2004). Factors involved in cell wall synthesis, 

such as expansins, are often involved in drought responses, being down-regulated in 

drought stress (Pien et al., 2001). At the same time, XTHs, which cleave and then 

reform bonds between xyloglucan chains, are down-regulated under osmotic stress, 

causing a decrease in cell wall extensibility and a concurrent decrease in cell growth 

(Bray, 2004). Alteration of cell expansion and growth under drought stress may have 

effects on the processability of the crop, or in other words, the crops ability to 

withstand the washing and packing processes involved in the production of bagged 

baby leaf salads (Clarkson et al., 2003). The manipulation of crops to improve their 

WUE must be balanced with crop quality so as not to reduce the water input per crop, 

while causing more crops to be grown to counter this reduction in shelf-life. 
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1.3.3. Summary of Drought Responses and Manipulation 

Many approaches can be taken to manipulate increased drought resistance in a plant 

and these fall broadly into three categories: (1) altering the regulation of molecules 

which stabilise the cells biochemical reaction to stress (e.g. proteins membranes and 

biological structures affected by dehydration) (Garg et al., 2002), (2) regulating genes 

that code for proteins that avoid toxic molecules accumulating (Sunkar et al., 2003), or 

(3) reducing transpiration, ideally whilst maintaining leaf growth but with partial 

stomatal closure via hormone action (Iuchi et al., 2001), or TFs (Hsieh et al., 2002). 

These mechanisms face no obvious limitation by physiological or physical constraints; 

however, although this direction may be useful in generating crops which are able to 

colonise and grow in very dry environments, it is not necessarily helpful for 

agriculture. Survival in drought conditions is obviously important in crop production 

but since farmers aim to maintain water above these near lethal limits (often by 

selecting cropping patterns that avoid drought periods) it is a question of maintaining 

yield under stress conditions that is important. It would also appear that high biomass 

accumulation is intrinsically linked to increased water use (Tardieu, 2005), meaning 

that trade-offs are likely to be necessary in manipulating a drought resistant, 

commercially viable crop. 

 

1.3.4. Genomics and Tools 

1.3.4.1. Quantitative Traits and Quantitative Trait Loci  

A large number of physiological traits are quantitative, as opposed to qualitative 

Mendelian traits, and, as such, they exhibit continuous variation between extremes in 

a population (Figure 1.8.) (Kearsey et al., 1997).  
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Figure 1.8. A comparison between a discretely segregating qualitative trait (a) and 
a continuously varying quantitative trait (b)  
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Quantitative traits such as WUE are controlled by several genes, which act in a 

complex interacting manner, with varying environmental responses (Kearsey and 

Farquhar, 1998). QTL are chromosomal regions of a gene, or group of genes, which 

regulate a continuous trait (Salvi and Tuberosa, 2005). These QTL must be 

polymorphic in terms of allelic variation to have a population effect and the parents of 

the population often have contrasting phenotypes for the trait of interest as shown in 

the parents L. sativa and L. serriola (see section 1.3.4.2.). For the localisation of 

multi-loci, large segregating populations are required (Jeuken et al., 2001) and this is 

possible in this project through the use of a RIL mapping population, consisting of 

213 lines. 

 

In order to perform QTL analysis on a population it must first be phenotyped, 

meaning that each individual must be scored on the trait of interest, in this case WUE 

and other water use traits, using replicates of every line. QTL mapping relies on the 

QTL, which are segregating in a population, being linked to molecular markers that 

have previously been mapped genetically. It is through these associations that it can be 

inferred that quantitative values of the trait of interest in different lines will be 

statistically correlated with markers, which are linked to that locus (Mackay, 2001). 

 

Although QTL represent the genetic determinants of plant phenotype, environmental 

factors may also influence the phenotype, with large genotype x environment (G x E) 

effects often reported (McKay and Latta, 2002) and thus cause phenotypic plasticity 

(Maloof, 2003). Assessing QTL in varying environments can determine whether QTL 

are specific to a certain environment (Moreau et al., 2004) or are a general regulator of 

phenotype (Maloof, 2003). This measurement of robustness is crucial when the 

information is to be used for plant breeding with the aim of commercial application, 

since incorporation of QTL with little environmental interaction are most often 

preferable (Yang and Zhu, 2005). To this end, we will phenotype the mapping 

population across a number of environments before undertaking QTL analysis, which 

will show the genotype by environment interaction. 

 

Analyses of these QTL regions is an important tool used to elucidate the genetics of 

complex traits (Yin et al., 2003), such as WUE. The identification of QTL is more 

accurate when a ‘true-breeding’ population is used, meaning that near, or fully, 
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homozygous lines should be used in QTL analysis, as is the case with the RILs used 

here which are F9 and F10.  

 

Although the lettuce genome is now fully sequenced, an Affymetrix high density 

GeneChip® microarray designed to detect single feature polymorphisms (SFPs) in 

over 35,000 lettuce genes (Michelmore, 2002-2010; Truco et al., 2007; 

http://cgpdb.ucdavis.edu/database/genome_viewer/viewer/, 2012; Truco et al., 2012-

2013), still remains an exemplary source of genotyping resource for this genus and 

can be used to detect QTL. The tiling array comprises 6,553,600 cells, each of which 

contains a 25 bp DNA probe, which has been designed using lettuce expressed 

sequence tags (ESTs). For each of the 35,000 genes, there are a large number of 

probes (up to 2,000) allowing the identification of DNA polymorphisms (Gupta et al., 

2008).  The identification of Single Feature Polymorphisms (SFPs) occurs through 

labelling of DNA, which is then hybridised to the tiling array, and therefore the probes 

within it (Gupta et al., 2008). This has led to the development of a high density 

molecular map specific to the lettuce (L. sativa x L. serriola) RIL mapping population, 

which contains over 10,000 SFPs throughout the nine major linkage groups, spanning 

1,342cM (Kozik et al., 2009). The measurement of variability in the RIL mapping 

population makes it possible to find links between DNA markers and important 

agronomic water use traits. Further to this, candidate genes, which underlie 

quantitative traits such as WUE, can be identified for future MAS in breeding 

programmes (Truco et al., 2007).  

 

1.3.4.2. Recombinant Inbred Lines and Plant Material 

Although there are a number of different types of mapping population, which are 

dependent on the mating system of the crop species, RILs will be used for the purpose 

of investigating the genetic basis of water use traits in lettuce, as the genetic map to be 

used has been designed to be specific to this particular population. Furthermore, due 

to the nature of their production, RILs can be maintained and continuously produced 

so as to allow replicated and repeated experiments. RILs are genotypes, which are 

derived from the repeated selfing of F2 individuals (Kearsey et al., 2003) to produce a 

segregated homozygous population. The lines all go through multiple meiotic events 

before reaching homozygosity, with the number of heterozygous individuals 

diminishing with each generation. It is this meiosis that promotes the likelihood of 

recombination of linked genes during selfing, of which it normally takes between six 
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and eight generations to achieve homozygosity. The RILs mapping population used in 

this project consists of F9 and F10 generations, and are thus assumed to be 

homozygous. The population has been produced using the cultivated lettuce (Lactuca 

sativa cv. Salinas) and the wild subspecies (Lactuca serriola US96US23) as parents.  

 

Cultivated lettuce (L. sativa L.) is a diploid rosette plant (Waycott et al., 1999), 

comprising of nine chromosome pairs, which forms part of the large Lactuca genus of 

the Asteraceae family. L. sativa is thought to have originated from the wild lettuce, L. 

serriola L. (Kesseli et al., 1994), and the two are closely related despite showing clear 

differences in their morphological traits due to the domestication of the former species 

(Figure 1.9.) (van de Wiel et al., 2005).  These two species are capable of free 

interchange of genes, with little, if any, reduction in fertility (Ryder, 1999) and show 

contrasting phenotypes with respect to a number of traits (Johnson et al., 2000; van de 

Wiel et al., 2005; McHale et al., 2009). 

 

 

 

 

 

 

 

 

 

 

 

The entire mapping population consists of 213 RILs, 100 of which are F9 and the 

remaining 113 are F10. The seed material to be used was supplied by Professor R.W. 

Michelmore, University of California, Davis (Michelmore, 2002-2010; Truco et al., 

2007; http://cgpdb.ucdavis.edu/database/genome_viewer/viewer/, 2012; Truco et al., 

2012-2013). 

 

1.3.4.3. Single Feature and Single Nucleotide Polymorphisms 

SFPs are molecular markers which may be insertions, deletions, or single nucleotide 

polymorphisms (SNPs) and their existence allows for the detection of QTL using this 

mapping population in combination with the previously described genetic map. In this 

Figure 1.9. Lactuca serriola (a) and L. sativa (b) 

a b 
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case, the markers were originally detected using hybridisation to a tiling array 

designed using ESTs (Gupta et al., 2008). The signal intensities of this hybridisation 

will vary when allelic variation is present in DNA from two different genotypes.  The 

SFPs contained within the genetic map to be used in this project are generally SNPs, 

which arise from mutations and account for a significant (up to 90%) proportion of 

genomic variation of an organism (Gupta et al., 2008). 

 

1.3.4.4. Single Nucleotide Polymorphism Detection 

Once the SNPs underlying QTL have been identified, they can be used to improve 

crop traits using MAS. In order for this to be possible, many lines must be screened 

for the SNPs of interest so that the success of introgressing the key SNPs can be 

assessed at an early growth stage and subsequent crosses can be made using just the 

lines which have the specific SNPs integrated into their genomic DNA. Many new 

technologies have been developed to detect SNPs, for example the array-based 

technologies previously discussed (Gupta et al., 2008). However, in this project the 

Fluidigm EP1 platform will be used since it has the ability to screen many individuals 

time and cost effectively. This high throughput SNP genotyping system uses assays 

which are based on allele-specific polymerase chain reaction (PCR) SNP detection 

chemistry and the system relies on Dynamic Array integrated fluidic circuits (IFCs). 

The microfluidics architecture automatically combines genomic DNA samples with 

custom primer-probe sets into 2,304 to 9,216 PCR reactions and requires 200-fold less 

master mix than traditional systems. 
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1.3.4.5. Marker-Assisted Selection  

MAS has a number of advantages over traditional breeding methods: 

• Selection can be carried out at an early stage saving time and money (Collard 

and Mackill, 2008; Jena and Mackill, 2008) 

• Selection of single plants can occur rather than relying on plots to counteract 

environmental effects thus increasing consistency (Collard and Mackill, 2008; 

Jena and Mackill, 2008) 

• Selection may be simpler than phenotyping when traits are complex (Jena and 

Mackill, 2008) 

• More efficient screening is possible because phenotyping mistakes can be 

limited and only plants which are useful for breeding need to be taken forward 

(Collard and Mackill, 2008) 

• Biosafety can be improved as phenotyping for traits such as disease resistance 

will not be required, eliminating the need for pathogen inoculation (Jena and 

Mackill, 2008) 

MAS has been shown to have potential in rice breeding for drought tolerance and 

yield, however transferring the detection of QTL for these traits to the practical 

application of MAS has been hampered by the small effect QTL (Steele et al., 2006). 

 

MAS can be applied in a number of distinct and overlapping ways; either through 

back-crossing (BC), pyramiding or in combination with phenotyping depending on the 

traits and aims. When BC is employed, a small number of genes can be introgressed 

into a superior variety (Collard and Mackill, 2008). For example, a commercial line 

which is generally of good quality, but lacking abiotic stress resistance can be 

improved in this way. A primary advantage of using MAS is that recessive alleles can 

be selected for which would otherwise be ignored by simple phenotyping (Collard and 

Mackill, 2008). Furthermore, it allows the modification of cultivars that are already 

commercially used and have been selected by farmers over many years thus ensuring 

good performance in relation to traits, which are not the target of the MAS. The 

growers have also had this time to optimise their management practices for these 

cultivars, meaning they are unlikely to be willing to switch to entirely new varieties. 

 

Pyramiding is another method of using MAS for crop improvement and allows several 

genes to be combined to form a single genotype (Collard and Mackill, 2008). 
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Phenotyping for more than one gene is not simple and is labour intensive, where it is 

even possible. Generally, pyramiding has been used to breed for durable disease 

resistance, where plant pathogens often overcome single gene host resistance 

(Kloppers and Pretorius, 1997; Singh et al., 2001). This pyramiding may also involve 

combining genes from more than one donor and this may occur over several 

generations (Collard and Mackill, 2008). Another possibility is to introgress QTL for 

different growth stages or epistatic QTLs, which are only beneficial in combination. 

Additionally, environmentally regulated QTL will be able to be combined in order to 

improve the crop under a variety of conditions. This is especially likely to be 

necessary in order to improve plant water use traits, since they are well-known as 

being complex and controlled by many small effect QTL and the environment. 

 

In some cases, using phenotyping and MAS alongside one another can improve 

breeding efforts when not all QTL which control a trait have been identified. In 

tropical maize, it has been demonstrated that MAS was less effective than 

conventional phenotyping when the aim was to improve insect resistance. 

Furthermore, when traditional phenotyping was applied in combination with MAS 

efficiency was improved (Bohn et al., 2001). 

 

In the past, the main constraint of using MAS was cost, since marker detection was 

expensive. However, with the development of new genotyping tools, this is becoming 

less of an issue and MAS is being used increasingly in order to improve crops for 

production. 

 

1.4. AGRONOMY 

1.4.1. Irrigation and Water-Saving Agriculture 

The use of water in agriculture is primarily for irrigation and there are two main 

aspects to this use; the type of irrigation system used and the way in which this 

irrigation is scheduled. However, there is a trade-off between plant water use and crop 

production. Therefore, the control of water delivery through both of these methods 

must maintain both yield and quality of the crop. Quality includes chemical 

composition, for nutritional value and taste, as well as processability, which means an 

increased dry weight and the minimisation of osmolyte leakage (Smith, 1997). In this 

respect, baby leaf crops are unique in that small, low yield crops of good quality, may 

be as acceptable as a higher yielding (larger) leaf of poor quality, Thus, in contrast to 
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many food crops, the challenge of reducing water use for baby leaf crops my be more 

straightforward. 

 

1.4.2. European Legislation 

The European Water Framework Directive (WFD) (2000/60/EC) was devised to 

replace Europe’s water legislation, which was inconsistent between both countries and 

regions. The WFD came into effect on December 22nd 2000 and members were 

required to implement the Directive into domestic law by the same date of 2003. The 

WFD takes an integrated approach to attain good quantitative and qualitative statuses 

of all water bodies. The qualitative status of a body of water is defined by both its 

chemical and ecological status, with health being defined as little variation from 

natural conditions, free from anthropogenic disturbance. The WFD emphasises 

enhancement of, or at least prevention of further damage to, aquatic ecosystems and 

wetlands as well as highlighting the need to reduce the pollution of groundwater 

sources. Further, water quantity is targeted by the WFD through necessitating the 

promotion of sustainable water consumption in all practices, including agriculture, 

such as is the goal of this project. 

 

The WFD concerns all surface freshwater and groundwater bodies alongside some 

coastal areas and estuaries and requires that all water bodies are attributed to a river 

basin and managed as part of the River Basin Management Plan (RBMP) 

(Directive2000/60/EC, 2000). Each river basin must be monitored to ascertain an 

overview of its status, the results of which are required to be used to determine water 

management issues of the basin, which will form the basis of the RBMP and the 

environmental objectives therein (EnvironmentAgency, 2003). The WFD requires that 

abstraction and groundwater recharge must achieve a balance with the aim of realising 

good water status by 2015 (Directive2000/60/EC, 2000). Currently, water concessions 

are issued throughout Europe; however, the total volume of water involved in these 

significantly exceeds the amount of water which can be used sustainably in many 

areas (Ripoll et al., 2010). 

 

1.4.3. UK Legislation 

In the UK, the Environment Agency (EA) is responsible for implementing the WFD. 

At present the EA has identified river water bodies that are likely to be at risk of 

failing WFD targets in terms of water quality or quantity due to abstraction. These 
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areas are the target of increased pressure to reduce abstractions so as to achieve the 

WFD targets by 2015 (EnvironmentAgency, 2008). 

 

The EA give abstraction licences in order to control water use so as to prevent 

shortages in water supply which could damage fisheries and biodiversity, as well as 

the direct competition over-abstraction imposes upon other sectors. Furthermore, 

excessive abstraction acts to reduce the dilution of pollutants in the waterways, which 

will have obvious detrimental effects on all parts of the watercourse. An abstraction 

licence is required for the storage of water or abstractions in excess of 20 m3 of water 

per day from any waterway, including rivers, streams, reservoirs, lakes, ponds or 

canals, or from springs or underground sources. Licences are issued after assessment 

if the potential impacts of the abstraction are low and the abstraction does not 

contravene any legal duties the EA has (Habitats&c.Regulations, 1994; 

CountrysideandRightsofWayAct, 2000). In 2010 there were 10,000 abstraction 

licenses in force for agriculture and horticulture (Knox et al., 2012). 

 

At present, the EA is working to introduce a more flexible licensing system in order to 

allow the adaptability needed in the current circumstance of a changing climate, rather 

than simply reducing the number of water abstraction licenses issued. Currently, 

obtaining a water licence is a lengthy process and the licences eventually obtained are 

often open-ended. Moreover, echoing the WFDs guidelines, the EA considers it a 

necessity to examine river catchments not only in terms of quantity but also with 

respect to their quality and capacity to withstand discharges (EnvironmentAgency, 

2009). 

 

1.4.4. Current Irrigation Practice in the European Union 

In the European Union irrigation practices are determined by characteristic features 

and it is these that determine their environmental impact. The source of the water to be 

used is of primary importance as both ground water and surface water are exploited 

for irrigation. The former of these includes water from boreholes and wells, while the 

latter can be either on-farm, when water is taken from purpose built reservoirs, or off-

farm, when more remote sources are used, including rivers and reservoirs (Baldock et 

al., 2000). Subsequently, the technical characteristics of how this water is delivered to 

the crop are significant and these characteristics of irrigation systems are primarily 

based upon the driving force of the water supply. For instance, furrow and whole field 
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irrigation rely only upon gravity while sprinkler and drip irrigation are pressure-based 

(Baldock et al., 2000). 

 

These gravity-based surface irrigation systems allow water to move along the field 

down a gravitational gradient. However, as the commonly used name ‘flood irrigation’ 

suggests, this technique requires large amounts of water and excessive irrigation, 

which, although obviously wasteful, can also cause yield and quality defects, as 

previously discussed. This problem is overcome by the use of pressure-based systems, 

which are able to provide small quantities of water at frequent intervals directly to the 

plants root system (Bernstein and Francois, 1973) enabling precise water management 

without the engineering complications of furrow and sprinkler irrigation (Hartz, 1996). 

Drip irrigation also limits evaporation and run-off from the soil, which aids in 

minimising water inputs into the cropping system. However, drip irrigation requires 

there to be an irrigation infrastructure to allow precise water delivery to the root zone. 

This is impractical and costly in crops such as baby leaf salads, which have such a 

short life-span, since the pipe work would have to be installed and uninstalled at too 

frequent intervals.  

 

A trade-off between these two systems can be achieved through the use of sprinkler 

irrigation, which can either be fixed or travelling. Both of these methods are employed 

at Vitacress Salads in the UK and Portugal (boom and reel (Figure 1.10.) and micro-

sprinklers) and at Vitacress España (micro-sprinklers (Figure 1.11.), although some 

drip irrigation is used in Spain. The travelling sprinkler systems are known as ‘boom 

and reel’ irrigators (Figure 1.10.) and have a length of polyethylene piping wound 

around a metal drum, which is then pulled across the field by the power of the water, 

which is stored in a central location within the field. It is only once the sprinkler 

reaches the reel that the system shuts off allowing long lengths of row crops to be 

irrigated automatically. 
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Figure 1.10. A boom and reel irrigation system in operation at Mullens Farm, UK 

 

Micro-sprinklers are fixed at a distance of 8 m x 9 m apart and they deliver 500 L of 

water an hour per sprinkler head, which constantly rotates (Figure 1.11.) 
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The crop type, which is the subject of this irrigation, also affects the impact that 

irrigation has on the environment with the four main categories of crop having very 

different water requirements (Table 1.3.). Baby leaf salads fall into the intensive 

irrigation category since they are high value crops which require irrigation to attain 

both yield and quality, and this irrigation is often necessary throughout the year. 

 

Figure 1.11. Micro-sprinkler irrigation at Vitacress España, Spain 
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Table 1.3. Irrigation practices for different crop types (Baldock et al., 2000) 

Classification Crop type Example crop Level Aims 

Extensive 

• Low value 

crops 
•Grassland 

Low level, 

Permanent 

To improve yield 

and productivity 

in arid regions • Permanent 

crops 

•Olives, vines, 

orchards 

Semi-intensive 
• Low value 

crops 

•Temporary 

grassland 

Higher than 

extensive 

To enhance 

growth rates and 

productivity on a 

seasonal basis 

or for much of 

the growing 

season 

•Cereals 

•Oilseeds 

Intensive 
• High value 

crops 

•Open air 

horticulture - 

salads and 

green 

vegetables 

High 

Irrigation is 

crucial to attain 

yield and quality 

•Glass house 

agriculture - 

salads and 

tomatoes 

•Root crops - 

potatoes, 

swedes and 

sugar beet 

•Industrial 

crops - cotton 

and tobacco 

Saturated 
• Flooded 

agriculture 
•Rice High 

Saturated 

conditions are 

necessary for 

growth 
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Finally, the time period for which the irrigation is applied is also important with some 

irrigation systems utilising water all year long, every year, whilst others, although also 

irrigating every year only do so during dry periods or at peak growing times. However, 

some agriculture, while still being irrigated, only depends upon occasional irrigation 

during water shortages (Baldock et al., 2000).  

 

1.4.4.1. Irrigation Performance 

The performance of any given irrigation system is based primarily on the uniformity 

and efficiency with which water is applied to the crop. There are a variety of metrics 

of the former including distribution uniformity and the coefficient of uniformity. 

These measurements are both based upon measures of minimum and maximum 

infiltrated depths, observed depths in sprinkler irrigation and emitter discharges in 

trickle irrigation (Pereira, 1999).  

 

1.4.4.2. Irrigation Scheduling 

The scheduling of irrigation can be based on a variety of factors in addition to plant-

based measurements, and these include a variety of soil and estimated parameters. 

However, although more commonly used in agriculture, it is debateable whether soil-

based measures are as accurate as plant-based measurements at estimating evaporative 

demand (Figure 1.12.) (Remorini and Massai, 2003). This project aims to utilise both 

types of measurements in addressing the problem of lowering the water requirements 

of baby leaf crops. Additionally, both soil- and plant-based measurements will be 

employed in order to improve the scheduling of irrigation in this sector. 
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Soil-Based Water Measurements 

Soil is made up of particles, which determine soil type due to their size and spacing 

and it is this spacing which, when filled completely with water, allows the soil to 

become saturated. However, this water will immediately begin to drain down 

hydraulic gradients until a relatively stable soil moisture is reached at which point the 

soil has reached field capacity (FC), which is achieved faster when evapotranspiration 

is in effect (Hillel, 1971). When soil is saturated it should be relatively easy for plants 

to access this water but as the soil dries through the movement of water to drier soil 

and evapotranspiration it becomes impossible for a plant to retrieve soil water and it 

reaches its permanent wilting point, which is specific to different crops. Although, of 

these measurements, it is only the soil saturation which is an unchanging figure, the 

other two measures give an indication of crop water status since the water that is 

available to the crop (total available water, TAW) falls between the field capacity and 

permanent wilting point. This is due to the fact that some water is held by the soil 

Field 
Capacity 

(MPa) 

Permanent 
Wilt 

(MPa) 

Leaf         -1.0                  -3.0 

Xylem      -0.7                  -2.5 

Roots      -0.03                  -1.7 

Soil         -0.03                 -1.5 

Atmosphere    -100 

Figure 1.12. Water potential changes in the plant and soil. Water potential differs 
between tissues as well as being affected significantly by water availability. 
Differences in water potential drives movement of water from areas of high water 
potential (less negative) to areas of low water potential (more negative). Pure water 
has a potential of zero by definition 
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particles, depending on the size of the gaps between particles and therefore the suction 

of the individual soil type (soil moisture characteristic) (Jensen, 1980). 

 

TAW itself is not always readily accessible by the plant (Hillel, 1971), with sources 

indicating that the figure available easily is only about 50%, dependent on crop type. 

The ability of a crop to access water resources is regulated by a variety of factors, 

including root depth; however there is little documentation of the ability of high 

density baby leaf salads to access water. 

 

Furthermore, in irrigation scheduling, an estimation of evapotranspiration rate is 

necessary. Although there are a variety of calculations to achieve this measure, they 

all include the use of a calculation or measurement of reference crop 

evapotranspiration (ET0), with the reference being a short actively growing grass at 

full coverage without water or nutrient limitations (Smith et al., 1991). This figure can 

then be compared to crop co-efficient (Kc) values, which are widely available for 

various growth stages of many crops, although little has been done with baby leaf 

salad crops. Actual crop water use (ETc) will rarely coincide with estimates achieved 

through reference canopies, since both variation of ground coverage during 

development and different water needs during these developmental stages prevent 

constant water requirements. 

 

Irrigation management through scheduling aims to maintain water in the rootzone 

according to a given set of objectives and thus requires the understanding and 

estimation, or measurement, of the above parameters. Furthermore, the amount of 

water entering and leaving the soil must be known.  

 

Plant-Based Water Measurements 

Water stress in a crop can be measured directly, giving a very sensitive indication of 

the onset of drought, however, although indicating a need to irrigate, these measures 

do not necessarily quantify the amount of irrigation required. Plant-based 

measurements can be divided into two categories with tissue water status being 

considered separately to physiological responses. Both of these aspects are to be 

considered as part of this research project and it is hoped that links between the two 

may be found. 
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The easiest symptom to detect when considering a decline in tissue water status is 

wilting, which is a conspicuous visual sign. However, despite the ease with which it is 

observed, wilting tends to occur after irreversible damage has been done to the crop. 

Furthermore, plant-based measures of tissue water status are generally expensive, hard 

to automate or require a high level of technical skill, or a combination of the three, 

meaning that application to agriculture is challenging. Additionally, these 

measurements are very sensitive to environmental fluctuations compounding the 

challenges they pose. The use of a pressure chamber, psychrometer or pressure probe, 

or the estimation of tissue water content using gamma or beta attenuation thickness 

sensors, are all accepted as being sensitive tools for water status estimation with some 

potential for automation. Nevertheless, they all incorporate inherent limitations, 

mainly in the form of their requirement for a high level – in terms of time and 

intensity – of skilled labour and finance (Jones, 2004). 

 

The physiological response of stomatal adjustment has been shown to be adaptive if 

drought stress is slow in its onset (Moriana and Fereres, 2002). However, for short 

periods of drought, stomatal responses are an especially sensitive indication of water 

stress which can be measured with porometry, thermography or a sap flow sensor. It is 

important to note that stomatal responses are highly variable between leaves so 

requires much replication for reliable data.  

 

Porometry, although precise, is not a system which can be automated since its 

application necessitates a skilled operator for accurate use of each porometer, which in 

itself is financially prohibitive. Thermography, on the other hand, has the potential to 

accurately average the measurement of many leaves and to do this over a whole 

canopy as opposed to individual plant measurements. The main drawback of the 

remote use of thermal imaging is the sensitivity of canopy temperature to 

environmental conditions in addition to stomatal changes, meaning that reference 

surfaces must be incorporated into the process to give upper and lower thermal limits. 

Finally, sap flow and growth rate measurements are both very sensitive but both 

require technical instrumentation, which is expensive and complex to operate. 

However, the latter does have the advantage of being far less affected by 

environmental alteration (Jones, 2004). A combination of these methods will be 

employed in this project so that links and differences between them can be highlighted. 
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Although much research has been undertaken regarding the use of regulated water 

deficits in irrigated agriculture, with the intention of minimising water use without 

detrimental effects on yield or quality (Cifre et al., 2005; Leib et al., 2006; Chaves et 

al., 2007; Fereres and Soriano, 2007; Testi et al., 2008), the focus has been on grape, 

olive and other fruiting crops as opposed to baby leaf salads, which, due to their 

structure, may suffer irreversible damage if the water deficit is substantial. 

 

1.4.5. Deficit Irrigation 

When rainfall is not sufficient for crop growth, irrigation is applied to avoid water 

deficits that limit crop production. Water is often applied in excess to a crops needs to 

guarantee high biomass accumulation but it has been shown that there are benefits to 

deficit irrigation, where water is applied below evapotranspiration requirements 

(Fereres and Soriano, 2007). Deficit irrigation can be applied in a number of ways 

depending on crop type and situation yet generally deficit irrigation has been applied 

to permanent or annual crops. 

 

Sustained deficit irrigation (SDI) relates to a pattern of water use where the deficit 

increases progressively throughout the season due to the continued application of a 

reduced amount of irrigation. This method ensures that plants have time to adjust to 

the slow development of water stress and allows for developmental adaptations to be 

made (Fereres and Soriano, 2007). Although SDI leads to a reduction in biomass 

production, harvest index is usually maintained and this has been documented in many 

major crops such as wheat, maize and grain legumes (Musick et al., 1994; Li et al., 

2005; Oweis et al., 2005). However, this pattern is not always observed, with sorghum 

exhibiting changeable results (Hsiao et al., 1976). 

 

Fruit quality and yield is known to be influenced by deficit irrigation if the stress is 

implemented at the appropriate developmental stage. Regulated deficit irrigation (RDI) 

enables vegetative growth to be reduced while the harvestable yield is not affected and 

this has been shown in a large number of grain and tree species (Moriana et al., 2003; 

Farré and Faci, 2009; Acevedo-Opazo et al., 2010; González-Dugo et al., 2011). 

 

A method of applying RDI, is through partial root-zone drying (PRD), where drip or 

furrow irrigation is applied alternately to one side of the root-zone and then the other 
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(Dry and Loveys, 1998). The basis for PRD is in the root-to-shoot signalling which 

regulates plant responses to drying soil (Davies and Zhang, 1991; Dodd, 2005). 

Triggering the plants drought response on one side of the plant, while also providing 

water to the other, allows vegetative growth to be controlled without sacrificing the 

yield or quality of the fruit (Loveys et al., 2004). Furthermore, PRD is superior to 

other RDI strategies as it allows the plant to avoid other abiotic stresses such as heat 

stress (Wilkinson et al., 2012). PRD has been successful in a number of environments 

when applied to commercial grapevines (Dos Santos et al., 2003; Girona et al., 2006).  

 

Although deficit irrigation has not been widely investigated in leafy short-lived crops, 

a comparison of irrigation management practices on baby leaf salads has been 

conducted at Vitacress Salads whereby six irrigation treatments were implemented as 

shown in Table 1.4. 

 

Table 1.4. Irrigation treatments of cos lettuce (Smith, 1997) 

Irrigated at: 

1) Easily available water (EAW) limit (40% total available water) 

2) Total available water limit 

3) Vitacress current practice (VCP) 

4) Field capacity (FC) 

5) EAW once FC over 30 cm is attained 

6) TAW once FC over 30 cm is attained 

 

 

Smith found that early in the crops’ development, over-irrigation is especially 

detrimental since it results in shallow rooting, meaning a slight drought stressing of 

the crop in the early stages of its establishment is actually beneficial to the crop. 

Irrigation using methods 2 and 6 provided the best water-savings from Vitacress 

Current Practice (VCP), which was to over-irrigate the crop (Smith, 1997). These 

results demonstrate that water-savings can be made through improved irrigation 

scheduling in baby leaf salads, which may include the manipulation of irrigation so 

that controlled deficits are implemented. 
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1.4.6. Thermal Imaging 

The use of thermal imaging, or thermography, has shown potential as a tool for 

estimating plant water deficit stress through measuring plant temperature, which is an 

indicator of stomatal aperture (Leinonen and Jones, 2004). As previously discussed, 

stomatal activity is one of the fundamental processes which regulates the interaction 

of a plant with its environment with respect to temperature and water regulation 

(Jones, 1992; Jones, 1999). As water deficits increase, stomatal aperture decreases 

until the stomata are closed and transpiration decreases, leading to an increase in leaf 

temperature (Figure 1.13.) (Grant et al., 2007). It is this associated change in leaf 

thermal energy fluxes which can be monitored through IR imaging, since the amount 

of long wave infra-red radiation which is reflected by a surface is indicative of its 

temperature (Grant et al., 2007). Stomatal responses have been shown to occur prior to 

any change in plant water status meaning it is a sensitive indicator of soil water 

deficits prior to crop damage (Davies et al., 2000; Grant et al., 2007).  

 

 

 

 

 

 

 

 

 

 

 

 

Despite the many existing ways of measuring plant water status (see section 1.4.4.2.), 

most plant-based methods require direct interference with the plant, making the use of 

remote sensing desirable. Although satellite and aerial data have a very high spatial 

resolution they have a low pass rate, rely on clear days, require atmospheric correction 

and also have a large pixel size meaning that the data is not necessarily applicable to 

field-scale utilisation (Bastiaanssen et al., 2000). This explains why field based IR 

imaging is preferable since it is non-destructive and does not impact upon stomatal 

conductance, yet it is high throughput. Furthermore, other advantages of basing 

measurements on remote sensing as opposed to field measurements include the fact 

Figure 1.13. Thermal images of an irrigated (a) and a non-irrigated (b) bed of spinach 
April 2010. The crop was commercially-grown at Mullens Farm, UK. The non-irrigated 
bed evidently exhibits significantly higher temperatures than the irrigated bed 
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that remote sensing techniques allow for a level of replication which is impossible 

with porometry. Additionally, IR imaging can be extended to high spatial resolution 

whilst its temporal resolution is less limited than point measurements by labour inputs, 

making it high throughput. Moreover, remote sensing data is collected systematically 

and objectively and can be represented spatially, which often reveals patterns that are 

not immediately apparent in tabular form (Bastiaanssen et al., 2000). The use of IR 

imaging in this project will include both screening of different genetic lines in 

controlled environments and in the field. However, it will also be used in commercial 

field situations where it will be used to detect osmotic stress remotely in order to 

improve the scheduling of irrigation.  

 

IR imaging has been used widely as a method for screening, such as for drought 

tolerance in wheat, whereby 11 genotypes were grown under moderate osmotic stress 

with canopy temperatures varying by  up to 7 ºC (Inagaki and Nachit, 2008). 

Nevertheless, the application of IR imaging as a tool for irrigation scheduling has been 

hampered until recently by the difficulty of separating leaf from background 

temperatures. However, the technology to do this has much improved in recent years 

allowing for the progression of IR imaging, which, thus far has been predominantly 

applied in controlled conditions (Chaerle et al., 2004; Lindenthal et al., 2005). This 

project aims to use IR imaging both in glass house trials for genetic screening as well 

as in field studies. In the field, IR images will be linked to direct measures of plant 

water relations and soil moisture content so that improved irrigation scheduling can be 

developed based upon crop thermal properties. 

 

IR imaging was originally applied by integrating the leaf and air temperatures 

(Jackson et al., 1977), but, although elevation of the canopy temperature above 

ambient was indicative of drought stress, IR imaging progressed to being applied 

through the use of a crop water stress index (CWSI) (Jones, 1999), which aimed to 

separate the effects of physiological and environmental factors of temperature change. 

CWSI is defined as the difference between the canopy temperature and a non-water-

stressed baseline, divided by the difference between the temperature of a non-respiring 

crop and the baseline (Idso, 1982; Fuchs, 1990; Jones et al., 2002; Gontia and Tiwari, 

2008).  
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To ascertain CWSI, the canopy-air temperature difference (Tc - Ta) must be found at 

both its lower limit ((Tc - Ta)LL) and upper limit ((Tc - Ta)UL), which can be obtained 

through the use of reference surfaces and logging the ambient air temperature. To find 

the lower limit, a wet surface such as a leaf sprayed with a wetting agent can be used 

(Jones, 1999), while the upper limit is best estimated by the use of a leaf greased with 

petroleum jelly (Jones, 1999) to establish stomatal resistance (Bajons et al., 2005).  

 

Furthermore, the index of stomatal conductance (Ig) can be used to evaluate crop 

water status without the need for ambient air temperature data (Jones, 1999). Ig is 

determined using information from ‘wet’ and ‘dry’ reference surfaces, which again 

represent an optimally transpiring surface and a non-transpiring surface respectively, 

using the equation below: 

  

Ig = (Tdry-Tleaf)/(Tleaf-Twet) 

Where Tdry is the temperature of a dry reference surface, Twet is the temperature of a 

wet reference surface and Tleaf is the leaf temperature. 

 

Although comparisons can be made between individual leaves with reference surfaces, 

if background temperatures can be eliminated it may be advantageous to measure the 

total thermal variance within the crop (Fuchs, 1990). It has previously been noted that 

as stress increases so does the thermal variability within a canopy, which is 

experiencing the same conditions (Grant et al., 2007). However, there is some debate 

as to whether this is a reliable indicator of stress (Grant et al., 2007). Furthermore, 

Fuchs’ method has also been suggested to be better suited to homogeneous crops 

rather than those in rows (Jones et al., 2002), although this has not yet been 

demonstrated in the field. Potentially, using wet and dry reference canopies, and then 

mean temperatures over several leaves, would help to increase the reliability of the 

determination of crop drought stress. Absolute temperatures will be used alongside, 

temperature ranges and thermal indices in this project to further probe the 

relationships between crop canopy thermal properties and water availability. 

 



58 

 

Once the temperature of a drought stressed crop has been established, a boundary at 

which point irrigation must occur can be defined to aid in efficient irrigation 

scheduling. Performance assessments are another facet to remote sensing, since water 

resource allocations are based not only upon land and crop type but also predicted 

meteorological conditions, which are often not attained. It is not uncommon for 

cropping patterns to be altered throughout a season in response to rainfall patterns and 

irrigation systems must be able to respond accordingly to prevent crop stress either 

through water excesses or deficits. Bastiaanssen and Bos took the opportunity to 

compare different irrigation systems in terms of performance using remote sensing, 

however, different crops, areas and cropping stages were used, making the 

comparisons less than controlled (Bastiaanssen and Bos, 1999). Nevertheless, the 

potential for using remote sensing for water monitoring and moderation to continue 

desired yield outputs is clear (Bastiaanssen and Bos, 1999; Bastiaanssen et al., 2000). 

 

Recently, canopy temperature, as detected using IR imaging, has been identified as a 

screening target when breeding under abiotic stress conditions (Babar et al., 2006; 

Olivares-Villegas et al., 2007; Saint Pierre et al., 2010). However, so far there have 

only been a limited number of genetic studies of this trait, with wheat and rice being 

examined using a QTL approach (Liu et al., 2005; Anitha et al., 2008; Pinto et al., 

2010; Mason et al., 2011; Bennett et al., 2012). These studies have been successful in 

demonstrating robust QTL for canopy temperature, which also control grain yield 

(Bennett et al., 2012). Current research is focused on fine mapping these QTL in order 

to determine the candidate genes which underlie the genetic control of canopy 

temperature and yield as well as confirming the ability of predicting yield capacity 

using canopy temperatures under different environmental scenarios. Using thermal 

imagery to screen for yield in commercial breeding programs would revolutionise 

traditional screening and drastically reduce the time needed to screen populations and 

therefore breed crops which are tolerant to abiotic stress. The research presented in 

this PhD will investigate the genetic basis of canopy temperature in lettuce, a non-

grain food crop, for the first time in order to determine whether yield can be predicted 

in the same way as in grain crops. 

 

1.5. CONCLUSIONS  

Agricultural water use is not always efficient and is often excessive. This means that 

with a growing population and the effects of climate change, water, as a resource, is 
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only set to become scarcer. At present, baby leaf salad production is limited more by 

water than land availability so an improvement of water use efficiency is crucial in 

terms of cost, environmental sustainability and production. Increasing the 

sustainability with which water is used in baby leaf cropping systems is the focus of 

this research project. 

 

Many believe that breeders should be aiming to produce crops which achieve 

optimum growth when conditions are favourable and accumulating biomass rapidly 

when water is plentiful without necessarily improving their WUE. However, this is 

not ideal in baby leaf cropping systems where both quality and supply of the crop is 

tightly controlled by irrigation levels so that the timing of harvest is at the point where 

there is demand from buyers. There would be a significant amount of waste created if 

salads were bred to suddenly grow rapidly if water became abundant as it does not 

store and would not maintain quality if it was harvested late. Further to this, there is 

no evidence to suggest that the organoleptic properties of the leaf would be 

maintained if it the crop was not given time to develop by being grown in this manner. 

Moreover, some breeders simply select for genotypes which exhibit the hottest leaf 

temperatures, when using thermal imaging as a screening technique (Liu et al., 2005; 

Babar et al., 2006), and therefore lowest stomatal conductance, yet, in salad leaves, it 

is biomass accumulation of the leaves themselves which is important. If leaves are hot, 

this indicates that the stomatal aperture is very low in response to drying soils, which 

would limit vegetative biomass accumulation, despite fruit or seed production 

maintenance. Thus we aim to breed a variety with improved WUE, possibly through 

improved carbon assimilation efficiency, which will maintain slow growth under 

relatively low soil water content to meet the daily consumer demand and 

specification.  The resultant crop will demonstrate slow growth and thus optimise the 

window of harvest and processability of the crop, meaning that product quality is 

optimised for the consumer with less waste throughout the supply chain and in the 

home (Clarkson et al., 2003). 

 

Additionally, this genetic approach is to be complemented by an agronomic 

methodology, which again aims to improve the WUE of salad crop production by 

improving the efficiency with which the available water resources are used. This 

approach relies upon the fact that agriculture will only realistically experience 

relatively mild droughts, which the crop needs to be able to tolerate while still slowly 
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accumulating biomass. It is with this in mind that we implemented mild water deficits 

with the intention of improving, or at least maintaining crop quality and yield while 

using water more efficiently on-farm. The use of thermal imaging can support this 

strategy through the remote monitoring of plant responses to the lowered soil moisture 

content and thus allow soil moisture to be maintained in this zone of slight deficit 

irrigation. Again, although plants will close their stomata rapidly in response to 

extreme drought, finding a level of deficit irrigation at which plants can function well 

is a target in baby leaf cropping as the drought associated with agriculture can be 

managed using supplementary irrigation so that fatal drought levels are never reached. 

This strategy allows the use of mild deficits to be employed so as to improve crop 

quality while also allowing the crop to accumulate biomass, albeit at a slower rate 

than when water is not limiting. 

 

1.6. PROJECT AIMS 

The overarching aim of this project is to investigate the ways in which water use in 

baby salad leaf crops can be minimised. This will be achieved by addressing a number 

of key objectives, which fall broadly into two approaches. Firstly, by applying 

quantitative genetic approaches areas of the genome which determine WUE will be 

identified, which can then inform breeding strategies. Thus the aim is to provide 

underpinning science for molecular breeding in this crop. To achieve this, WUE must 

be measured, and linked to molecular resources in lettuce.  Both direct and indirect 

measurements will be employed to identify plants with optimum WUE which are not 

compromised too severely in their ability to produce biomass. Secondly, WUE in 

agriculture can be lowered agronomically. Infra-red thermography will be used to 

monitor plant water status remotely, yet directly, leading to the acquisition of field 

data required to enable the improvement of irrigation scheduling. Furthermore, 

irrigation manipulation will be investigated, with the aim to improve crop yield and 

quality in major salad crops, while relating these changes to alteration of the thermal 

spectra of the canopy. 
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2.1. OVERVIEW 

The water resources which are essential for crop production are becoming more 

unpredictable due to both climate change and human population growth. It is therefore 

vital that the water requirements of this sector are reduced to ensure that exploitation 

of water resources is sustainable in the future. To elucidate the genetic and 

physiological basis of water use in lettuce a quantitative genetic approach was focused 

on a mapping population of 213 RILs produced using the cultivated lettuce (L. sativa 

cv. Salinas) and the wild subspecies (L. serriola US96US23) as parents. Although it is 

thought that L. serriola is the wild progenitor of L. sativa the two species showed 

clear differences in morphological traits, due to the domestication of the latter. 

Alongside thermal imaging, a range of plant-based measurements were applied in 

order to determine plant water use under well-watered and mild drought conditions in 

a glass house experiment. The mapping population showed considerable phenotypic 

variation that will enable us to map QTL, which will form the basis for improving 

commercial crops using MAS. 

 

2.2. INTRODUCTION 

Lettuce is a dicotyledonous crop which is eaten widely throughout the world with 

significant economic value (FAO, 2007) however, its cultivation requires irrigation 

and water resources that are beginning to limit production. The scarcity of water as a 

resource is driven, in the main, by a growing human population and the unpredictable 

effects of climate change (IPCC, 2007). It is predicted that climate change will include 

an increasing frequency of drought periods, some of which will be more serious than 

those previously experienced (IPCC, 2007). In order to adapt to this changing climate, 

plant breeders must better understand the mechanisms, both molecular and 

physiological, which underlie crop responses to drought. At present, drought is a 

major abiotic stress, which limits crop production globally and although it has been 

widely studied in the past, the complexity of the physiological basis of water use, 

complicated by its intricate links with yield, especially under water limited conditions 

(Passioura, 2002; Blum, 2005) has hindered progress in this field.  

 

Stomata respond rapidly to drought stress (Chaves et al., 2003) and act to regulate the 

amount of water that is lost through transpiration. When water is plentiful the water 

lost through the stomata is balanced by the water being taken up by the roots, but this 

balance is lost when water is limited. When this situation occurs, the stomata begin to 



63 

 

close to decrease stomatal aperture and thus water loss from the leaf, and consequently, 

the leaf water potential rises, allowing it to be maintained within the required range. 

The phytochemical, ABA, is crucial in drought responses and there are two 

mechanisms by which stomata can react to osmotic stress, the first being through 

ABA-signalling, which is known as hydroactive closure (Mahajan and Tuteja, 2005). 

When the roots sense soil drying ABA production is triggered and it is transported 

from the roots as a signalling molecule (Chaves et al., 2003; Bartels and Sunkar, 2005; 

Mahajan and Tuteja, 2005; Tardieu and Davies, 2006). When soil drying is imposed 

under experimental conditions, ABA concentrations in the xylem sap increase causing 

decreased stomatal aperture and transpiration (Tardieu and Davies, 2006). The 

mechanism by which ABA acts is through inducing the movement of ions in the guard 

cells which border the stomatal pore. These ionic movements include the efflux of K
+
 

and anions including Cl
-
 (Bartels and Sunkar, 2005; Mahajan and Tuteja, 2005). 

Furthermore sucrose is removed from the guard cells and malate is converted to the 

osmotically inactive starch (MacRobbie, 1998; Bartels and Sunkar, 2005). The 

combined effect of this molecular movement and conversion triggers water to move 

out of the guard cells, thus decreasing the turgidity of the cells and causing stomatal 

closure (MacRobbie, 1998; Bartels and Sunkar, 2005; Mahajan and Tuteja, 2005). 

Conversely, the guard cells are able to sense and respond to osmotic stress directly 

through hydropassive stomatal closure, which does not involve ABA (Mahajan and 

Tuteja, 2005). 

 

Transpiration is limited not only through decreased stomatal aperture but also through 

metabolic changes and alteration of water potential gradients which affect cellular 

adjustments. These modifications can lead to decreased leaf growth which causes both 

lower biomass accumulation (Nautiyal et al., 2002; Pan et al., 2003) and crop yield 

(Reddy et al., 2003; Bray, 2004; Sankar et al., 2007). It is thought that in addition to 

its role in regulating stomatal aperture, ABA is involved as a signal to repress leaf 

expansion during osmotic stress since the exogenous application of ABA in Populus 

resulted in a reduced plant height, leaf area, total surface area and dry weight (Yin et 

al., 2004). This adaptive mechanism under drought stress can eventually lead to a 

complete halting of plant growth (Lu and Neumann, 1998; Chaves et al., 2003) so 

must be maintained at a non-lethal level. 
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Generally, however, the drought stress associated with agriculture will be mild so it 

should be possible for crops to maintain homeostatic water potential and to avoid 

severe dehydration through a reduction in transpiration rather than major adaptive 

changes (Tardieu, 2005). The decreased stomatal aperture and reduced leaf area 

associated with drought act to lower water loss through decreased transpiration 

(Tardieu, 2005), however, this also limits CO2 uptake and therefore constrains 

biomass accumulation. If less carbon is able to enter the plant, photosynthetic capacity 

will be intrinsically restricted and this causes a conundrum in terms of creating high 

biomass, drought resistant plants. 

 

Additionally, if plants are manipulated, either by traditional breeding or engineering, 

to have lower stomatal conductance then heat stress will not be buffered through the 

cooling effects of increased transpiration (Jones et al., 2002). Subsequent heat stress 

events will lead to further problems with plant growth and development. If these 

contradictions are severe, then drought resistance may not be a trait that can be 

attained through the manipulation of a classical resistance process regulated by a 

series of genes, but rather a trade-off limited by other constraints. Despite the 

difficulties in disentangling these relationships, there has been progress in recent years 

in breeding wheat in Australia for a future, more arid climate (Condon et al., 2004; 

Richards, 2006; Hochman et al., 2009).  

 

With the intention of elucidating the physiological and genetic basis of plant water use 

traits, a mapping population of 214 RILs produced from the cultivated lettuce Lactuca  

sativa (cv. Salinas) and the wild subspecies L. serriola (US96US23), was focused on. 

These plants show clear morphological differences due to the domestication of the 

former, which will be exemplified as variation in the mapping population. In 

combination with thermal imaging, a range of plant-based measurements have been 

employed to determine plant water use under well-watered and mild drought 

conditions in a glass house experiment. If the mapping population shows significant 

physiological variation it will be possible to quantitatively analyse the genetic basis 

for these traits and this will allow crop improvement through MAS. Furthermore, it is 

important to understand the relationships between these water use traits if we are to 

disentangle the relationship between yield and drought tolerance. 

 

 



65 

 

2.3. MATERIALS AND METHODS 

The mapping population of 213 RILs is derived from the parents Lactuca serriola 

(US96US23), which is a wild lettuce, and L. sativa cv. Salinas, a cultivated lettuce. 

The seed material used for both the parents and the RIL mapping population was 

supplied by Professor R. W. Michelmore (University of California, Davis) (Truco et 

al., 2007; http://cgpdb.ucdavis.edu/database/genome_viewer/viewer/, 2012; Truco et 

al., 2012-2013).  

 

2.3.1. Thermo-Tolerant Recombinant Inbred Line Mapping Population Under 

Well-Watered Conditions in a Glass House Trial 

Planting of the well-watered glass house trial was carried out on 27-28
th

 July 2009. 

Five seeds were planted for germination in each 7.5 cm
2
 pot in a 1:1 mixture of 

vermiculite (Sinclair) and Humax nursery stock compost (Professional range). These 

plants were watered from above and covered in cling-film to maintain humidity 

(Figure 2.1.) until germination. Five pots of each of 209 RILs (missing four due to 

limited seed stock) and ten of each parent were planted in a fully randomised design, 

which was made using the statistical software package Minitab 15.0 for Windows 

(Minitab Inc., Pennsylvania, USA), with two rows of guard plants (green romaine cv. 

SSC2176) surrounding.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Once germinated (Figure 2.2.a), the plants, which had at least three replicates growing, 

were thinned to one plant per pot and the plants were arranged in a random design 

with three replicates of each RIL and six of each parent in trays where they were 

Figure 2.1. Well-watered recombinant inbred line population glass house trial at 

planting stage; uncovered (a) and covered (b) 

a b 
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watered in excess from the base for the duration of the experiment. As a consequence 

of planting technique there was a high rate of seed dormancy and so not all RILs 

germinated sufficiently to be included in the experiment. This was due to the seeds 

experiencing high temperatures in the days following plants which caused germination 

to fail in some cases. Many of the lines are thermo-tolerant, a trait inherited from L. 

serriola (Argyris et al., 2008), so germinated despite the high temperatures. Both 

germination and growth took place in a glass house. The growth conditions in the 

glass house consisted of a 16 h day (06:00-22:00) with a day temperature of 18 ºC and 

night temperature of 14 ºC with supplementary lighting.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

After five weeks of growth (Figure 2.2.b), measurements were taken of all plants 

between 10:00 and 14:00 over the course of five days (2-7
th

 September 2009). These 

measurements were conducted on the abaxial surface of the fifth leaf, on the right 

hand side of the mid vein. If it was not possible to take measurements from the fifth 

leaf due to damage, the fourth or sixth leaf was measured in its place. The leaf number 

is based on the order of leaf development where leaf one was the oldest leaf and leaf 

six was the youngest leaf. Measurements of transpiration, stomatal conductance, leaf 

temperature, quantum and relative humidity were taken using a portable steady state 

porometer LI-1600 (Li-cor, Nebraska, USA) and data were handled manually.  

 

After each leaf had been measured with the porometer it was placed on a scaled 

background for infra-red imaging of the fifth leaf using a TH9100WR (NEC, Tokyo, 

b a 

Figure 2.2. Well-watered recombinant inbred line population glass house trial at 

thinning stage (a) and measurement stage (b) 
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Japan). The camera operated in the region of 8-14 µm with 0.1 °C thermal resolution 

and a spatial resolution of 320 (V) and 240 (H) pixels. Images were captured from 

approximately 1 m above the plants. Emissivity was set at 1.0 (López et al., 2012) as it 

has been reported to induce errors of less than 1 °C (Jackson, 1982). Data for air 

temperature was taken from data loggers (Testo 174, Testo, Alton, UK) which were 

placed throughout the trial area. The sampling of plants was from one end of the block 

to the other in a systematic manner.                                                                                                               

 

2.3.2. Whole Recombinant Inbred Line Mapping Population Glass House Trial 

The same set of 209 RILs and their parents were planted as in section 2.1 (Figure 2.3.a) 

with minor alterations on 17
th

-18
th

 August 2009. For germination, the plants were not 

randomised until they were thinned at 23 days of growth (Figure 2.3.b). Furthermore,  

due to a diminished germination in the first experiment, thought to be due to thermo-

dormancy of the seeds induced by the cling-film cover, the second set of RILs were 

left uncovered and were watered from below for the entire experiment. The growth 

conditions in the glass house consisted of a 16 h day (06:00-22:00) with a day 

temperature of 18 
o
C and night temperature of 14 

o
C with supplementary lighting.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.3.2.1. Diurnal Measurements of the Parent Lines 

Diurnal stomatal conductance and transpiration were measured on the parents of the 

RILs at 26 days of growth (14
th

 September 2009) under well-watered conditions. Six 

plants of each parent were used for the experiment where LI-1600 (Li-cor, Nebraska, 

b a 

Figure 2.3. Full recombinant inbred line population glass house trial at planting stage 

(a) and thinning stage (b) 
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USA) and TH9100WR (NEC, Tokyo, Japan) measurements were taken of each plant 

at ambient temperature every two hours between 05:00 and 23:00. These 

measurements were taken on the abaxial side of the third leaf as previously described. 

The sampling for this consisted of alternating between parents to minimise the effect 

of taking measurements over time. 

 

2.3.2.2. Mild Drought Trial of Full Recombinant Inbred Line Mapping 

Population 

At 27 days water was withheld for four days prior to the start of drought 

measurements (19
th

-26
th

 September 2009), where the plants were measured between 

09:00 and 15:00 using a stratified method where a replicate of each line was measured 

before the next replicate of those lines were sampled, and so on. The aim of this was 

to reduce the effect of the plants maturing over the course of the five day experiment. 

A Delta-T ML2x ThetaProbe connected to an HH2 moisture meter (Delta-T Devices, 

Cambridge, UK) was used to ensure the plants were maintained between 10 and 20 % 

moisture during the experiment so that measurements could be taken with the LI-1600 

(Li-cor, Nebraska, USA) and TH9100WR (NEC, Tokyo, Japan) as previously 

explained. This level of drought was determined by drying the plants to wilting point 

and watering just enough for them to recover. Plants were watered sparingly from 

above every two days to ensure that they did not over-dry as this may have caused 

irreparable damage to the plants. 

 

Between the 37th and 40th days of growth all plants were harvested for biomass data 

and isotopic analysis. The plants were cut at the stem base and weighed for fresh 

weight using a top loading Sartorius Analytic balance (AC120S, Sartorius, Goettingen, 

Germany) before the fifth and sixth leaves were removed and placed in a separate 

brown paper bag (10 in
2
). The plants were initially oven dried at 80 ºC for 30 h before 

air drying for one month prior to a further 48 h of oven drying at 80 ºC to remove 

residual moisture. The plants were then all weighed for dry weight, which can be used 

to determine plant biomass accumulation through calculating the fresh to dry weight 

ratio. Meanwhile the fifth and sixth leaves were used for isotopic discrimination 

analysis (see section 2.3.4.). Dry plant material was stored in paper bags within 

airtight plastic boxes which also contained small bags of silica. 
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2.3.3. Portugal Field Trial of Full Recombinant Inbred Line Mapping 

Population 

A field trial was conducted in autumn 2009 in southern Portugal. A single field site 

was used in this study and it was located on a commercial farm in Azenha do Mar, 

Brejão, Portugal since day length is generally longer and the weather is better for baby 

salad growth at this time of year. 

 

The field map design was similar to the previously RIL trial (see section 2.3.1.) except 

it was replicated three times through the use of three blocks. Each block was planted 

in a separate, but adjacent, bed, each of which was 1.2 m wide so 10 cm was left on 

either side of the bed and only the central 1 m width was planted into (Figure 2.4). In 

each block, three replicates of all 209 RILs alongside six replicates of the parent lines 

were arranged randomly using the statistical software package Minitab 15.0 for 

Windows (Minitab Inc., Pennsylvania, USA) and were surrounded by two rows of 

green cos (cv. SSC 2176) to minimize edge effects. All seeds were planted 10cm apart 

and there were four seeds sown in each replicate line plot so that, in total, twelve seeds 

of each RIL were planted per block while double this number were planted for the 

parents in each block. The field trials were in commercial farms with standard 

industry maintenance with the surrounding field planted with Lollo rosso. Planting 

was undertaken between 09:00 and 18:30 on September 30
th

 2009. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a b 

Figure 2.4. Portugal recombinant inbred line population field trial at planting stage 

(a) and harvest (b) 
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At 34 days of growth (3
rd

 November 2009) infra-red imaging was attempted on block 

A of the field trial however high wind speeds and very changeable weather conditions 

made this imaging impossible both in terms of image quality and time constraints. 

This led to the decision to abandon imaging of the other blocks. 

 

All three blocks were then harvested (Figure 2.4.b) with two plants per replicate plot 

being placed into 6 x 9 in re-sealable polythene bags and stored at 2 ºC. This harvest 

was undertaken over four days (3
rd

-6
th

 November 2009). On the evening of the 6
th

 

November they were transported back to the UK in a commercial cold chain and 

arrived at the University of Southampton on 9
th

 November. The samples were then 

stored at 4 ºC before being processed, whereby one mature leaf was removed and 

rinsed before being placed into a 10 in
2
 brown paper bag for oven drying (as detailed 

in section 2.3.1.). Due to time constraints only block B was processed in this way and 

other material was discarded. 

 

2.3.4. Isotopic Analyses 

Carbon isotope analysis was conducted on ten randomly selected genotypes of the 

mapping population from both the drought glass house trial and Portugal field trial 

2009. Two replicates per genotype were used and material was taken from two leaves 

per plant. After the drying described above the leaves were ground using a mechanical 

grinder (Retsch MM300, Haan, Germany) at 25 rps for 30 s. Subsequently, 1 mg of 

ground material was weighed and inserted into a 6 mm x 4 mm tin capsule (Ultra-

clean pressed tin capsules, SerCon, Crewe, UK). The samples were subjected to 

isotope analysis at the Scottish Crop Research Institute (SCRI, Invergowrie, UK) 

using a Flash 1112 elemental analyser (EA) coupled to a Delta V Advantage isotope 

ratio mass spectrometer (IRMS), (both Thermo-Fisher, Bremen, Germany). The 

samples, in tin capsules, were introduced into the EA by a solid autosampler. The 

reactor tubes of the EA were self-packed, with two quartz glass tubes filled with 

chromium oxide/copper oxide and reduced copper for combustion and reduction, 

respectively. Combustion and reduction reactor temperatures were 1020 °C and 

640 °C, respectively, while the post-reactor GC column was kept at 35 °C for 

separation of evolved CO2 (Meier-Augenstein, 2011).  

 

The carbon isotope composition of the sample was determined by the formula: 
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δ
13

C (‰) = [(Rsample / Rreference) / Rreference] × 1000 

 

Rsample is the 
13

C/
12

C  of the sample while Rreference is the 
13

C/
12

C ratio of the reference 

(Farquhar et al., 1989).  

 

From the above, carbon isotope discrimination was calculated using the formula: 

 

∆
13

C = (δa – δp)/[1 + (δp/1000)] 

 

δa is the carbon isotope composition of the air, which has been approximated at about 

-8‰ (Farquhar and Richards, 1984) while δp is the carbon isotope composition of the 

plant sample.  

 

Furthermore, oxygen isotope analysis was conducted on two replicates of each parent 

from both the drought glass house trial and the field trial. Material preparation was the 

same as for carbon isotope discrimination, however only 0.2 mg of ground material 

was used for analysis and this sample was transferred into 6 mm x 4 mm silver 

capsules (Ultra-clean pressed silver capsules, SerCon, Crewe, UK). The samples were 

analysed at SCRI for oxygen isotope composition using a DeltaPlus-XP isotope ratio 

mass spectrometer (IRMS) coupled to High Temperature Conversion / Elemental 

Analyser (TC/EA) (both Thermo Scientific, Bremen, Germany). The reactor tube was 

self-packed with an outer AlsintTM ceramic tube and an inner a glassy carbon tube 

(Sigradur®, HTW, Thierhaupten, Germany) filled with glassy carbon granulate, silver 

and quartz wool (SerCon, Crewe, UK). The silver capsules and their sample contents 

were introduced into the EA using a Zero-Blank solid autosampler (Costech, Pelican 

Scientific, Alford, UK). Reactor temperature was set at 1425 °C while the post-reactor 

GC column was kept at 85 °C (Meier-Augenstein, 2011).  

 

Oxygen isotope composition was calculated as shown below. 

 

δ
18

O = Rp/Rst – 1 

 

Rp is the isotope ratio of the plant while Rst is the isotope ratio of the standard, which 

in the case of oxygen isotope analysis is the Vienna-Standard Mean Oceanic Water 

(VSMOW), which has an isotope ratio of 2.0052×10
−3

. 
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2.3.5. Statistical Analyses 

All statistical analyses were conducted using Minitab 15.1.0.0 for Windows (Minitab 

Inc., Pennsylvania, USA) unless otherwise stated. The distribution of all traits was 

ascertained and, in the case of non-normality, data were transformed and re-tested. 

The normality of residuals was also tested for all datasets. 

 

Diurnal patterns of transpiration for both parents were analysed using a repeated 

measure analysis of variance (ANOVA) with genotype and time as factors using SPSS 

16.0.1 for Windows (SPSS, Illinois, USA).  

 

Linear correlations were conducted upon directly measured leaf temperature and 

indirectly measured leaf temperature for both well-watered and droughted plants and 

the graphical representations were prepared in Sigmaplot 11.0 (Systat Software Inc., 

Illinois, USA). Furthermore the residuals were analysed so as to determine if the 

correlation differed significantly from the expected 1:1 relationship. 

 

All traits for both the well-watered and drought glass house experiments (transpiration, 

stomatal conductance, direct leaf temperature, indirect leaf temperature for well-

watered and transpiration, stomatal conductance, direct leaf temperature, indirect leaf 

temperature, fresh weight, dry weight and fresh:dry weight ratio for drought) were 

analysed with linear correlations. Additionally, these traits were analysed using a 

Principal Component Analysis (PCA) in SPSS. Variation between genotypes was 

analysed using a one way ANOVA. 

 

Isotopic analysis data were statistically analysed using two separate two way 

ANOVAs, one for carbon isotope and one for oxygen isotope results. These ANOVAs 

were conducted using genotype and environment as factors. 

 

All thermal imagery was analysed using Image Processor Pro II software (Version 4.0, 

NEC, Tokyo, Japan). 

 

2.4. RESULTS 

2.4.1. Diurnal Patterning of the Parent Llines 

The parents of the recombinant inbred lines (L. sativa and L. serriola) showed 

significant variation in their diurnal pattern of transpiration (Figure 2.5).  
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The diurnal pattern of transpiration and stomatal conductance rose from 05:00 until  

15:00 when it declined until measurements ceased at 23:00. The differences observed 

for these two responses were each tested using a repeated measure analysis of 

variance. Significant differences were found between time points for each parent with 

respect to transpiration (F9,90=52.407, p<0.0005) while the parents also differed 

significantly form one another in terms of this trait (F1,10=24.216, p=0.001). The wild, 

L. serriola, transpired at a higher rate than its cultivated relative, L. sativa, 

consistently throughout the course of the day and there was no interaction observed. 

 

2.4.2. A Comparison of Direct and Indirect Measures of Leaf Temperature 

Use of infra-red imaging to estimate canopy temperature was assessed so as to 

ascertain its accuracy when compared to a porometry based method. Indirect measures 

of leaf temperature, attained through the use of infra-red imaging, were correlated 

with direct leaf temperature measurements, found using porometry (Figure 2.6.). 
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Figure 2.5. Diurnal transpiration patterns of the parents, Lactuca sativa and L. 

serriola, measured over an 18 h day with standard error bars 
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Both of these correlations demonstrated a significant positive correlation between the 

direct and indirect measurements of leaf temperature. The r
2
 value for the correlation 

of leaf temperatures during the drought experiment was high (r
2
=0.745, p<0.001) 

showing a high level of correlation. Although the r
2
 value was lower for the leaf 

temperature correlation in the well-watered experiment (r
2
=0.473, p<0.001), there is 

still a strong correlation. 

 

When the residuals of these correlations were plotted there was no correlation 

indicating that these correlation lines do not deviate significantly from the 1:1 trend 

line (Figure 2.6.). The r
2
 value when the residuals of the well-watered temperature 

measurements were plotted was 3 x 10
-31

 (p>0.05), while for the residuals of the 

drought temperature measurements the r
2
 value was 7 x 10

-31
(p>0.05). 

 

2.4.3. Trait Correlations 

Further analysis was conducted upon the means for each genotype to try to eliminate 

variability introduced by sampling throughout, and over, days. Normality was 

confirmed with the use of the Shapiro-Wilk test for all data sets and if the data were 
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Figure 2.6. Correlation of directly sensed leaf temperature (porometry) and indirectly 

(remotely) measured leaf temperature (infra-red) under well-watered and mild 

drought conditions. Measurements were conducted on the fifth leaf of each plant. 

The black trendline shows a 1:1 correlation 
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not normally distributed then it was transformed using a log10 transformation to attain 

normality. 

 

2.4.3.1. Well-Watered Correlations 

Correlations were performed upon the mean data, which were collected from the 

recombinant inbred line mapping population, when subjected to well-watered 

conditions in a glass house experiment (Figure 2.7.). 

 

 

  

Figure 2.7. Correlation matrix for the water use traits of the recombinant inbred line 

mapping population under well-watered conditions with the correlation co-efficients 

shown where p<0.05. 
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Further to these correlations, which illustrated the relationships between individual traits, Principal Component Analysis (PCA) was performed upon 

the traits so as to determine principle relationships (Table 2.1.). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Eigenvalues of 1 were set as the threshold for components to be extracted by PCA and two components were elucidated to explain 91.792% of the 

variance cumulatively.  

  

Table 2.1. Total variance explained by Principle Component Analysis when the recombinant inbred line mapping population were 

subjected to well-watered conditions in a glass house experiment 

Component 

Initial Eigenvalues Extraction Sums of Squared Loadings Rotation Sums of Squared Loadings 

Total % of Variance Cumulative % Total % of Variance Cumulative % Total % of Variance Cumulative % 

1 2.323 58.073 58.073 2.323 58.073 58.073 2.043 51.077 51.077 

2 1.349 33.719 91.792 1.349 33.719 91.792 1.629 40.715 91.792 

3 0.293 7.327 99.119       

4 0.035 0.881 100.000       

Extraction Method: Principal Component Analysis.       
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These two principle components were explored in more detail to explain what each 

represented (Table 2.2.). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The rotated component matrix allowed the two components to be explained. The first 

component described 51.08% of variance and measures transpiration and stomatal 

conductance, while the second component represented a further 40.72% and measured 

direct and indirect leaf temperature measurements. Dividing these four sets of 

measurements into two components allowed for maximum separation between the 

RILs (Figure 2.8.). 

  

Table 2.2. Rotated component matrixa from Principle 

Component Analysis when the recombinant inbred line 

mapping population were subjected to well-watered 

conditions in a glass house experiment 

 Component 

 1 2 

Transpiration  0.948  0.286 

Stomatal conductance  0.973 -0.079 

Direct leaf temperature  0.431  0.818 

Indirect leaf temperature -0.114  0.934 

Extraction Method: Principal Component Analysis.  

Rotation Method: Varimax with Kaiser Normalization. 

a. Rotation converged in 3 iterations. 
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2.4.3.2. Mild Drought Correlations 

Again, correlations were performed upon the mean data, which were collected from 

the recombinant inbred line mapping population, when subjected to mild drought 

conditions in a glass house experiment (Figure 2.9.). 

 

 

 

 

 

 

 

 

Figure 2.8. Component plot from Principle Component Analysis when the 
recombinant inbred line mapping population were subjected to well-watered 
conditions in a glass house experiment. Navy and light blue circles show the 
grouping of the traits. 



79 
 

 
 
 
 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.9. Correlation matrix for the water use traits of the most informative recombinant inbred 

lines under mild drought conditions with the correlation co-efficients shown where p<0.5. 
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Multiple relationships were present when a correlation matrix was constructed, and to reduce the data and extract principle components, PCA was 

performed upon the data (Table 2.3.). 

 
 

Table 2.3. Total variance explained by Principle Component Analysis when the recombinant inbred line mapping population were 

subjected to mild drought conditions in a glass house experiment 

Component 

Initial Eigenvalues Extraction Sums of Squared Loadings Rotation Sums of Squared Loadings 

Total 

% of 

Variance 

Cumulative 

% Total 

% of 

Variance 

Cumulative 

% Total 

% of 

Variance 

Cumulative 

% 

1 3.830 47.880 47.880 3.830 47.880 47.880 2.527 31.587 31.587 

2 1.656 20.696 68.576 1.656 20.696 68.576 2.132 26.655 58.242 

3 1.024 12.799 81.375 1.024 12.799 81.375 1.851 23.133 81.375 

4 .785 9.810 91.185       

5 .453 5.661 96.846       

6 .161 2.012 98.858       

7 .065 .812 99.670       

8 .026 .330 100.000       

Extraction Method: Principal Component Analysis. 

 
 

Eigenvalues of 1 were set as the threshold for components to be extracted by PCA and three components were elucidated to explain 81.375% of the 

variance cumulatively. These components were explored in more detail to explain what each represented. 



81 

 

Table 2.4. Rotated Component Matrixa from Principle Component Analysis when the 

recombinant inbred line mapping population were subjected to mild drought 

conditions in a glass house experiment 

 Component 

     1     2     3 

Transpiration  0.700  0.430 -0.370 

Stomatal conductance  0.746  0.048 -0.263 

Direct leaf temperature  0.215  0.924 -0.150 

Indirect leaf temperature -0.003  0.943 -0.058 

Fresh weight -0.102 -0.092  0.981 

Dry weight  0.556 -0.227  0.727 

Fresh weight:Dry weight ratio -0.803  0.298  0.134 

Carbon isotope discrimination          0.686                -0.231                -0.331 

Extraction Method: Principal Component Analysis.  

 Rotation Method: Varimax with Kaiser Normalization. 

a. Rotation converged in 4 iterations. 
 

 
 

 

The rotated component matrix showed the first component, which explains 31.59% of 

the variance, to measure the contrast between transpiration and stomatal conductance, 

and fresh:dry weight ratio, carbon isotope discrimination and dry weight. This allowed 

the contrast between yield (and water use efficiency) and water loss to be described. 

The second component explained 26.66% of variance and measured direct and 

indirect leaf temperature measurements, while the third component accounted for 

23.13% of variance and was a measure of fresh and dry weight yield measurements. 

These three components allowed for maximum separation of the traits (Figure 2.10.). 
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2.4.4. Isotopic Analyses 

Carbon isotope analysis was performed on the parents and ten random recombinant 

inbred lines from the drought glass house experiment and the Portugal field trial to 

ascertain an integrated measure of water use efficiency (Figure 2.11.). 
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Figure 2.11. Carbon isotope discrimination of the parents, Lactuca sativa (sat) and L. 

serriola (ser), and ten randomly selected RILs in mild droughted glass house 

conditions in comparison to the Portugal field trial 

Figure 2.10. Component plot in rotated space from Principle Component 
Analysis when the recombinant inbred line mapping population were subjected 
to mild drought conditions in a glass house experiment. Red, orange and yellow 
filled markers show the grouping of the traits. 
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Carbon isotope discrimination was negatively related to WUE, and carbon isotope 

discrimination of the plants in the field was lower than for the droughted plants when 

analysed using a two-way ANOVA (F1,11=40.2, p<0.00 05). This indicates that plants 

in the field had higher WUE than those in the glass house under drought stress. The 

wild lettuce (L. serriola) demonstrated a lower water use efficiency when compared to 

the cultivated (L. sativa) in both environments, however this difference between 

genotypes was not significant (F11,11=0.66, p=0.748).  

 

To supplement carbon isotope discrimination, oxygen isotope analysis was performed 

upon the parents (Figure 2.12.).  

 

 

 

 

 

 

 

Oxygen composition in the field was lower for both parents compared to the glass 

house (F1,4=173.14, p<0.0005), indicating a higher level of transpiration under 

drought conditions when compared to the industry maintained field trial. Furthermore 

the parents demonstrated significantly different oxygen isotope composition from one 

another (F1,4=8.06, p=0.047). However there was no interaction between genotype and 

environment effects (F1,4=3.20, p=0.148).  
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Figure 2.12. Oxygen isotope composition of the parents, Lactuca sativa and L. 

serriola, in mild droughted glass house trial in comparison to the Portugal field trial 
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2.5. DISCUSSION 

This chapter allows, for the first time in this genetic material, the identification of 

variation within the RILs mapping population and between parent lines, for a 

considerable number of water use related traits. This normally-distributed variation 

will enable QTL to be mapped in the future for these traits, with the potential to breed 

for a crop which uses water more efficiently. The breeding of such a crop is important 

since global temperatures are predicted to increase by between 1.1 ºC and 6.4 ºC by 

2090-2099, when compared to temperature levels in 1980-1999, due to climate change 

(IPCC, 2007). This rise in temperature is set to increase the frequency of agricultural 

drought, including elevated evapotranspiration, low soil moisture and high rates of 

run-off from hard-pan soils (Battisti and Naylor, 2009). In Europe, where a significant 

proportion of lettuce is grown, precipitation patterns are shifting and it is predicted 

that levels will rise in the winter while decreasing drastically during the summer 

months (IPCC, 2007), particularly at northern latitudes. In order to maintain the 

viability of farming in these conditions it is essential that the mechanisms which 

underlie plant responses to osmotic stress are understood. Drought stress is a long-

term challenge facing agricultural production and has thus been focused upon by 

breeders in the past but progress has been hindered by its complexity and intricate 

links between drought tolerance and yield (Passioura, 2002; Blum, 2005). 

 

Furthermore, a tight correlation between the direct measurement of leaf temperature, 

taken using porometry, and indirect measurements obtained through infra-red thermal 

imaging has been demonstrated. There was no significant deviation from a 1:1 

relationship between the measures of leaf temperature under either well-watered or 

drought conditions, however the relationship was stronger in the drought experiment. 

This was due to measurements being taken on younger plants, meaning that their 

leaves were less entwined with their neighbours’ in the water-limited experiment 

when compared to the well-watered trial. Additionally, it was also attempted to image 

an individual, specific, leaf at an angle perpendicular to the plant stem in the well-

watered trial, which meant the leaf underwent significant handling prior to imaging. 

Handling of the plants to gain an image of a particular leaf, with as little variation in 

leaf angle as possible, would have increased the temperature of the leaf both because 

it remained out of the canopy for longer, thus triggering stomatal closure, and through 

direct thermal transfer from the handler. This explains the slightly higher infra-red 

temperature in comparison to the porometer temperature in the well-watered 
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experiment, whereas the plants were imaged more quickly with little, if any, handling 

of the actual plant in the drought experiment in the glass house. 

 

This gives proof of concept in that it lends much confidence that infra-red thermal 

imaging can be used in controlled environments to estimate plant temperature without 

physical interference. Imaging is a less time consuming method than individual plant 

measurements and is far less labour intensive in terms of the skill needed to operate 

the system. Furthermore, thermography can be extended to the canopy level as 

opposed to point measurements which are generally used for plant- or soil-based 

measurements. This enables a rapid screening technique to be developed using infra-

red as well as a potential replacement of the current norm of soil based point measures 

in irrigation scheduling.  

 

The diurnal pattern of transpiration for both parents showed the expected response 

over the course of an 18 h day, with increased opening of the stomata from 05:00 until 

13:00 in line with the rising levels of sunlight experienced. Transpiration then 

decreased steadily as the stomata began to close until measurements ceased at 23:00. 

However, the two parental lines differed significantly from each other throughout this 

time course. The wild, L. serriola, transpired at a higher rate, with increased stomatal 

conductance (data not shown), when compared to the cultivated L. sativa. This is 

likely to be due to commercial breeding in L. sativa. As a cultivated crop, L. sativa has 

been selected to develop as a succulent leafed plant which will accumulate high 

biomass as this is where its economic value lies. To produce such a crop, selection for 

plants which preserve more of their water content to contribute to fresh weight has 

been common. There is the possibility that this has led to the indirect selection of 

plants with low transpiration rates. Furthermore, modern cultivars are generally 

selected for high-input systems, where water is not a limiting factor while wild 

relatives have often adapted to survive under drought conditions (Tuberosa and Salvi, 

2006). Leaf temperature was lower in L. serriola when compared to that of L. sativa 

also indicating the higher transpiration of the former, which allows the wild parent to 

cool more rapidly. Wild progenitors of cultivated crop species are often able to 

survive in more stressful and unpredictable soil environments, with respect to water, 

when compared to that of their cultivated relatives (Chapin et al., 1989) and often 

possess resistance genes which could usefully be introgressed into cultivated lines 

(Tanksley and Nelson, 1996). 
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When the recombinant inbred line lettuce mapping population was grown under well-

watered conditions two components were extracted, which cumulatively explained 

91.79% of the variance. The first of these components measured transpiration and 

stomatal conductance, while the second measured leaf temperature. The traits being 

separated into these two components is attributable to the physiological links between 

stomatal conductance and transpiration, as well as the previously established 

relationship between the two measures of leaf temperature. The existence of these two 

components is due to their creating maximum separation between the RILs, thus 

showing that the RILs could not be separated using either leaf temperature 

measurements or stomatal measurements alone. 

 

Under drought, three components were extracted using PCA and they accounted for 

83.086% of the variance of traits cumulatively. Again, two components (1 and 3) 

measured transpiration and stomatal conductance, and the two measures of leaf 

temperature respectively. However, the second component measured the contrast 

between transpiration and stomatal conductance, and fresh:dry weight ratio, carbon 

isotope discrimination and dry weight. Yet, as under well-watered conditions, none of 

the different measurements (transpiration/stomatal conductance, direct and indirect 

leaf temperature, weight measurements) show significant links between them as they 

have been separated to give maximum separation between RILs. 

 

The mapping population exhibited a positive correlation between directly measured 

leaf temperature with transpiration and stomatal conductance under well-watered 

conditions and between transpiration and both measures of leaf temperature under 

drought conditions. Generally, this follows the physiology of the plant with respect to 

water relations. In response to leaf temperature rising, transpiration is increased in 

order to dissipate excess heat. However, although while water is not limited the plant 

can afford to do this (Campalans et al., 1999; Chaves et al., 2003), it would be 

expected that under drought the plant would not be able to respond in this way. 

Although this is not the case in this instance (due to the mildness of the drought 

treatment as previously discussed), when plants cannot afford to increase their 

transpiration, heat stress will occur alongside the drought stress and this is often fatal 

to the plant (Chaves et al., 2003).  
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Moreover, under drought, with increased stomatal conductance (and transpiration) 

there is a decrease in fresh and dry weight, while there is a positive correlation with 

the fresh to dry weight ratio. Clearly, as plants transpire they lose water which would 

otherwise have contributed to their fresh weight, meaning that plants with a higher 

transpiration attain lower fresh weights. Additionally, when stomatal closure acts to 

decrease transpiration, so as to maintain homeostatic water potential thus allowing the 

plant to avoid acute dehydration (Tardieu, 2005), it also limits the accumulation of 

biomass through decreasing the plant’s ability to uptake CO2. Although we have 

demonstrated decreased dry weight in response to lower transpirational water loss, it 

has also been shown in some cases that changes to irrigation levels and thus 

transpiration do not affect dry weight (Bozkurt et al., 2009) and it would seem likely 

that an increase in photosynthetic efficiency accounts for this maintenance of dry 

weight accumulation under deficit irrigation. It is clear that in a commercial cropping 

situation lower transpiration rates would be preferable so that more biomass could be 

yielded of a higher quality. This quality would be in terms of processability, since a 

higher water content in the leaf means that the cells are more turgid, and also in terms 

of texture, since the leaves would be thicker and firmer (Clarkson et al., 2003).  

 

WUE is not necessarily correlated to transpiration of each RIL genotype as it is 

possible that some genotypes, even if they respond rapidly to drought by closing their 

stomata, do not demonstrate higher water use efficiency when compared to genotypes 

which respond more slowly. This is likely since although plants must maintain water 

in their tissues through the closing of stomata during drought they must also allow 

enough carbon dioxide to enter the same pores in order to maintain their water use 

efficiency (Condon et al., 2002). This chapter has demonstrated that RILs with higher 

transpiration levels show a lower WUE and furthermore, although WUE does not 

necessarily correspond to productivity (Monclus et al., 2005),  it has been 

demonstrated that WUE is positively related to fresh and dry weight. It has also been 

reported in wheat that yield is positively related to WUE under drought, however this 

relationship seems to be very changeable (Tokatlidis et al., 2004). The finding of this 

chapter regarding the relationship between yield and WUE lends much confidence to 

the concept that lettuce can be mined for genes which will be able to be used in future 

breeding programs to produce a high yielding, WUE lettuce crop. The advantage of 

using carbon isotope discrimination over short-term measures of gas exchange for 



88 

 

breeding is that it is an integrated measure of transpiration efficiency over the growing 

lifetime of the plant.  

 

The ten randomly selected lines which were analysed for ∆
13

C show significant 

variation not due to genotype, but instead the environment in which they were grown. 

Although one might expect WUE to increase under drought, where water is more 

limited, since WUE has been shown to decrease with increasing levels of precipitation 

(Li et al., 2007). Under drought, WUE ideally needs to be improved so as to optimally 

utilise the limited water that is available to the crop. However, the RILs reacted 

conversely by being less water use efficient under drought when compared to 

commercial field conditions. This may indicate that the RILs are not well adapted to 

drought conditions, with the exception in this sample set of RIL number 619, which 

reacted as expected. Furthermore, although typically it would be assumed that water is 

less limited in an industrially maintained field when compared to deliberately 

droughted plants grown in a controlled environment, it may be that in this case the 

drought treatment was milder in the glass house. The field trial had been irrigated one 

week prior to harvest and was due to be irrigated again on the day harvest commenced. 

However, due to a desire to harvest the driest leaves possible so that they did not 

deteriorate whilst in the plastic bags, irrigation was not applied again to the trial area. 

This led to the trial being droughted for the final two weeks of its life and could 

account for the higher WUE in the field compared to under drought. Additionally the 

drought stress applied in the glass house was deliberately mild making this 

explanation more likely. Previously, although numerous studies have determined QTL 

for carbon isotope discrimination, and thus water use efficiency (Forster et al., 2004), 

not many of these have tested the QTL across environments, which is possible in this 

study since samples have been collected both from the glass house drought trial and 

the Portugal field trial. The following chapter will assess the environmental basis for 

QTL regulation WUE and other water use associated traits. 

 

Although oxygen isotope analysis was also conducted upon the parents, it is hard to 

draw any definitive conclusions from the data as it was applied to such a small sample. 

δ
18

O is used to disentangle the effects of stomatal adjustment from carbon fixation in 

terms of ∆
13

C (Barbour, 2007) and the technique has been used with increasing 

frequency in recent years. The basis of the technique of δ
18

O is that both 
16

O and 
18

O 

isotopes exist in nature (as does 
17

O, but at negligible levels) and therefore occur side 
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by side in the water which moves through the transpiration stream. The lighter isotope 

of the pair (
16

O) evaporates more rapidly causing a build-up of 
18

O at sites of 

evaporation (Barbour, 2007). Plants that transpire at a higher rate will show an 

increased level of 
18

O enrichment in the leaves (Sheshshayee et al., 2005; Barbour, 

2007) since discrimination against 
18

O is higher when more water is being transpired. 

Moreover there is a negative correlation between stomatal conductance and oxygen 

isotope composition (Xu et al., 2000). Therefore δ
18

O reflects changes in stomatal 

conductance but is independent of photosynthesis, unlike ∆
13

C (Keitel et al., 2003). A 

positive correlation between δ
13

C and δ
18

O infers that changes in WUE are a result of 

stomatal adaptation rather than photosynthetic differences, while both photosynthesis 

and stomatal movement are responsible for WUE when a negative correlation exists. 

In this case there is a positive correlation between δ
13

C and δ
18

O meaning that WUE 

changes are as a consequence of stomatal adjustment rather than photosynthetic 

changes. 

 

The complex relationships between water use traits and biomass accumulation are of 

critical importance for breeding purposes when applied to crops, since yield must not 

be sacrificed in order to attain a drought tolerant crop and it is a question of 

maintaining yield under stress conditions that is important (Tardieu, 2005). The 

identification of variation within the RILs mapping population with respect to these 

water use traits as presented in this chapter, allows for QTL analysis to be undertaken. 

This technique identifies areas of the genome which control water use in lettuce, using 

marker information. Furthermore, MAS can be applied to these QTL, with 

improvements to drought resistance being made recently in upland rice (Steele et al., 

2006) and pearl millet (Serraj et al., 2005). Nevertheless, there have been limits to this 

success due to large environment interactions and the elucidation of many QTLs, with 

minor effects (Forster et al., 2004). However, this approach also has the ability to 

screen a large number of individuals time and cost effectively, which is also of crucial 

importance in modern breeding programs (Francia et al., 2005). 
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3.1. OVERVIEW 

The genetic basis of water use traits, which are of critical agronomic value, has been 

examined in lettuce, an important leafy crop. The traits were studied using 60 

informative F9 and F10 RILs, produced from a cross between the cultivated L. sativa 

(cv. Salinas) and the wild, L. serriola (UC96US23). QTL were mapped for a variety 

of traits in this population and areas of the genome, which control these traits, were 

identified. By comparing the population under three environmental conditions; well-

watered, mild and moderate drought in a glass house experiment, the genotype by 

environment interaction effects of the QTL were assessed. In total, 23 QTL, located 

throughout the nine lettuce linkage groups, from the 14 traits, were elucidated. These 

QTL accounted for between 15 and 50 % of variation in the traits of interest and were 

inherited from the cultivated parent under well-watered conditions and from both 

parents under drought. A number of genome hotspots were found where multiple QTL 

co-located for several traits of interest. In particular, was a co-location between WUE 

and fresh weight (FW), which held under the two drought treatments.  Both showed a 

positive relationship between fresh weight accumulation and WUE, with bigger plants 

being more water use efficient.  

 

3.2. INTRODUCTION 

The research presented in this chapter aims to elucidate the genetic and environmental 

components of a number of water use related traits in lettuce. This is the first step in 

developing a high throughput breeding program to produce a more water use efficient 

crop which does not suffer a yield sacrifice. Drought has long been a major abiotic 

stress limiting crop production worldwide and has thus been the focus of many 

breeding efforts in the past. However, these efforts have been impeded due to the 

complexity of the physiological basis of water use, complicated by its intricate links 

with yield, especially under water limited conditions (Passioura, 2002; Blum, 2005).  

 

Agronomically important traits are often quantitative and therefore lack discrete trait 

segregation and this makes classical Mendelian breeding difficult. Traditionally 

breeding programs have selected for phenotypes of interest, which can be altered by 

environmental effects and thus may not be the fastest or most efficient way to breed 

for these traits. A move towards selection of specific molecular markers, such as 

through QTL analysis, allows for the evaluation of genetic and environmental effects 

and their interactions in a shorter time frame, making it possible to uncover markers 
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with limited environmental regulation that may be introgressed into commercial 

breeding material more quickly than through traditional breeding routes. Furthermore, 

this approach also means that the trait can be selected for at any stage of development 

and so the process of breeding may be accelerated (Francia et al., 2005), thus creating 

a high throughput system of breeding. The genetic control of water use traits has been 

focussed on previously in a variety of crops (such as wheat, rice, maize, barley, 

tobacco, Arabidopsis, grape, soybean, sorghum and cotton) and progress has been 

made (Hong et al., 2000; Rebetzke et al., 2002; Juenger et al., 2005; Monneveux et al., 

2006; Richards, 2006; Tuberosa and Salvi, 2006; Chaves et al., 2007; Flexas et al., 

2010). Lettuce has not yet been targeted for improvement of these traits. 

 

Within the subsection Lactuca there are four distinct species; the cultivated L. sativa 

and three wild species; L. serriola, L. saligna and L. virosa. It is the former of these 

wild species which has the greatest sexual compatibility with L. sativa. It is thought 

that L. serriola is also the progenitor of L. sativa and might be conspecific (Kesseli et 

al., 1991; De Vries, 1997). These wild species of lettuce have already been the source 

of disease resistance genes (Maisonneuve et al., 1999; Jeuken and Lindhout, 2002; 

Beharav et al., 2006); however they have not yet been fully mined for traits relating to 

water use. 

 

Although the lettuce genome is now sequenced, it is not yet available for wide use, but 

an Affymetrix high density GeneChip
®

 microarray has been designed to detect SFPs 

in over 35,000 lettuce genes (Michelmore, 2002-2010; Truco et al., 2007; 

http://cgpdb.ucdavis.edu/database/genome_viewer/viewer/, 2012; Truco et al., 2012-

2013). The tiling array comprises 6,553,600 cells, each of which contains a 25 bp 

DNA probe, which has been designed using lettuce ESTs. For each of the 35,000 

genes, there are a large number of probes (up to 2,000) allowing the identification of 

DNA polymorphisms (Gupta et al., 2008).  The identification of SFPs occurs through 

labelling of DNA, which is then hybridised to the tiling array, and therefore the probes 

within it (Gupta et al., 2008). This has led to the development of a high density 

molecular map specific to the lettuce (L. sativa x L. serriola) RIL mapping population 

used here, which contains over 10,000 SFPs throughout the nine major linkage groups, 

spanning 1,342cM (Kozik et al., 2009). The measurement of variability in the RIL 

mapping population (Chapter 2) makes it possible to find links between DNA markers 

and important agronomic water use traits. Further to this, candidate genes, which 
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underlie quantitative traits such as water use efficiency, can be identified for future 

MAS in breeding programmes (Truco et al., 2007).  

 

Using quantitative genetic approaches, QTL have been identified previously in lettuce 

used to test candidate genes regulating root architecture (Johnson et al., 2000), seed 

and seedling traits (Argyris et al., 2005; Argyris et al., 2008; Schwember and Bradford, 

2010), shelf-life and processability (Zhang et al., 2007) and disease resistance 

(McHale et al., 2009). These analyses have usually been limited to QTL identification 

only, or at best, with some investigation of candidate genes, since most were 

completed before the SNP resource was available. This analysis has thus far not been 

applied to water use traits, either for QTL discovery or gene elucidation, in lettuce. An 

exception is for traits associated with root architecture, since previous work has 

focused on economic traits linked to disease resistance, rather than those which would 

benefit the environmental impact of crop production systems. It is only now, with 

shifts in water availability and crop requirements that water is taking on significant 

economic value. Moreover, owing to the limited nature of this resource and given that 

it is key in the provision of many ecosystem services, it is one that should be 

preserved for current and future generations (UNMillenniumProject, 2005). 

 

The focus of this study is to identify variation across the mapping population for WUE 

in lettuce, from which QTL can be identified and candidate genes elucidated and 

tested for verification. Identified genes have the potential to be used in future breeding 

programs where a crop that produces ‘more crop per drop’ will be developed using 

MAS.  

 

3.3. MATERIALS AND METHODS 

Phenotyping measurements used for QTL analyses were taken from both the well-

watered and mild drought glass house experiments (see Materials and Methods, 

Chapter 2, section 2.3.). Furthermore, a more severe drought treatment was applied to 

a glass house trial of the 60 informative lines as detailed below. 

 

3.3.1. Moderate Drought Glass House Trial of Reduced Recombinant 

Inbred Line Mapping Population 

Planting of the moderate drought glass house trial was carried out on 21
st
 June 2012. 

Five seeds were planted for germination in each 7.5 cm
2
 pot in a 1:1 mixture of 
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vermiculite (Sinclair) and Humax nursery stock compost (Professional range). These 

plants were watered using the flood bench (Figure 3.1) until germination. Three pots 

of each of the 60 informative lines and six of each parent were planted in a fully 

randomised design, which was made using the statistical software package Minitab 

16.0 for Windows (Minitab Inc., Pennsylvania, USA), with two rows of guard plants 

(green romaine) surrounding.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Once germinated, the plants were thinned to one plant per pot. Both germination and 

growth took place in a glass house with the following conditions: a 12 h day (07:00-

19:00) with a day temperature of 18 ºC and night temperature of 15 ºC with 

supplementary lighting. Water was withheld from the 17
th

 July 2012 to increase the 

drought stress of the plants. 

 

On the 23
rd

 July 2012, the RILs were harvested for biomass and carbon isotope 

discrimination. Harvesting was undertaken in the evening when temperatures were 

lower and was completed between 18:00 and 20:00. The plants were cut at the stem 

base and weighed for fresh weight using a top pan balance (Scoutpro SPU402, 

O’Haus, New Jersey, USA) to an accuracy of 0.01 g before the plant was placed in a 

separate brown paper bag (10 in
2
). The plants were oven dried at 80 ºC for 48 h and 

then used for isotopic discrimination analysis (see section 2.3.4.). Dry plant material 

a b 

Figure 3.1. Recombinant inbred line population under moderate drought conditions 

in a glass house trial at germination (a) and harvest (b) 
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was stored in paper bags within airtight plastic boxes which also contained small bags 

of silica. 

 

3.3.2. Isotopic Analyses  

In addition to the measurements described in the previous chapter, carbon isotope 

analysis was conducted on the sixty informative RILs of the mapping population from 

both the mild and moderate drought glass house trials. Three replicates per genotype 

were used and material was taken from two leaves per plant in the former trial while 

the whole plant was used in the latter trial. The leaves were dried, ground and stored 

in the same way as in Chapter 2 (Section 2.3.4.). However, only 0.4-0.5 mg of ground 

material was inserted into each 6 x 4 mm tin capsule (Ultra-clean pressed tin capsules, 

SerCon, Crewe, UK), before the samples were subjected to isotope analysis at the 

Scottish Crop Research Institute (SCRI, Invergowrie, UK) as described in Chapter 2 

(Section 2.3.4.). 

 

3.3.3. Statistical Analysis 

All statistical analyses were conducted using Minitab 15.1.0 for Windows (Minitab 

Inc., Pennsylvania, USA), unless otherwise stated. The distribution of all traits was 

ascertained using Kolgomorov-Smirnov tests and, in the case of non-normality, data 

were transformed and re-tested. 

 

3.3.4. Quantitative Trait Loci Analysis  

A molecular marker linkage map of SFP markers was used for QTL analysis and this 

map contains approximately 10,000 markers which are located across nine linkage 

groups (LGs), spanning 1,342 cM (Truco et al., 2007; 

http://cgpdb.ucdavis.edu/database/genome_viewer/viewer/, 2012; Truco et al., 2012-

2013). A subset of 317 markers, which were spaced approximately 5 cM apart, were 

selected for QTL analysis using Joinmap (Van Ooijen, 2006). 

 

Given plant water status gives rise to complex traits, which are likely to be controlled 

by multiple loci, multiple correlation analysis was combined with composite interval 

mapping, a method which is particularly suited to backcrossed populations (Zeng, 

1994). Interval mapping can significantly improve the precision of mapping by 

separating and isolating individual QTL effects. Both forward stepwise correlation 

and backward elimination correlation methods were used to detect QTLs. Permutation 
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analysis for each trait using 1,000 iterations was used and the thresholds for logarithm 

of odds (LOD) score for the QTL at p ≤ 0.05 were established. Additionally, a walk 

speed of 2 cM was employed for QTL mapping of water use traits. 

 

QTL analysis was performed upon the means using Windows QTL Cartographer 2.5 

(North Carolina State University, North Carolina, USA). The means were first 

analysed for normality as previously described, with graphical representations 

prepared using Sigmaplot 11.0 (Systat Software Inc., Illinois, USA). The linkage map 

figure was prepared using Mapchart (Voorrips, 2002). 

 

3.4. RESULTS 

3.4.1. Quantitative Trait Analyses 

QTL analysis was based on the 60 informative recombinant inbred lines as, at the time 

of analysis, these were the lines for which full genetic information was available. 

 

3.4.1.1. QTL Analysis 1: Well-Watered 

The means of the data for the sixty informative lines of the well-watered experiment 

were used for this analysis and normality was tested for using Kolmogorov-Smirnov 

tests. Transpiration was the only trait to fail this test for normality but was converted 

to a normal distribution by using a log10 transformation (Figure 3.2.a). 
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Subsequent to establishing the normal distribution of these traits, data for all well-

watered traits were run through QTLcartographer to elucidate QTL. The output from 

QTLcartographer (Figure 3.3.) allowed regions of the genome which control a 

particular trait to be located, as well as giving a measure of the extent to which each 

region controls the trait. Furthermore, the inheritance of the QTL was ascertained. 
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Figure 3.2. Frequency plots  for transpiration (a), stomatal conductance (b), direct 
leaf temperature (c) and indirect leaf temperature (d) measurements when the sixty 
informative lines were grown under well-watered conditions in a glass house 
experiment. Filled arrows indicate Lactuca serriola, while unfilled arrows annotate L. 
sativa 
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Well-watered traits showed co-location of all QTL on two linkage groups, four and 

nine, all of which were inherited from the cultivated L. sativa (Figure 3.4.).  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3. QTL cartographer plots for well-watered traits of the RIL mapping 
population. The x axis shows the nine major linkage groups of the mapping 
population map, with vertical lines separating linkage groups. The fainter lines 
represent a currently unresolved part of LG3. The horizontal dashed lines show the 
threshold for each trait (Ww, well-watered; tra, transpiration; stc, stomatal 
conductance; por, direct leaf temperature (porometry); roi, indirect leaf temperature 
(IR imagery)). Peaks which pass their corresponding threshold show a specific region 
of the genome which controls that trait. The LOD score is indicated on the y axis of 
each plot. The lower plot shows the inheritance of each trait with L. sativa being 
above y=0 and L. serriola being below 

L. serriola 

Inheritance of trait 

L. sativa 

LG1    LG2     LG3       LG4         LG5   LG6  LG7    LG8     LG9 
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Although only two of the four traits (direct leaf temperature and indirect leaf 

temperature) had QTL which co-located on linkage group 4, peaks for transpiration 

and stomatal conductance, although not significant, were clearly shown to co-locate to 

this point. One significant QTL for each of the aforementioned traits were located on 

LG9 and they all co-located between the markers JYJV and PMSX (transpiration, 

LOD=3.4; stomatal conductance, LOD=3.4; directly measured leaf temperature, 

LOD=3.7 and indirectly measured leaf temperature, LOD=3.7) (Table 3.1.).

Figure 3.4. QTL cartographer plots for water use traits under well-watered conditions 
found using the RIL lettuce mapping population. The x axis shows linkage groups 4 
and 9 of the mapping population, with double vertical lines separating linkage groups. 
The horizontal lines show the threshold for each trait (Ww, well-watered; tra, 
transpiration; stc, stomatal conductance; por, directly measured leaf temperature 
(porometry); roi, indirectly measured leaf temperature (IR imagery)). Peaks which 
pass their corresponding threshold show a specific region of the genome which 
controls that trait. The LOD score is indicated on the y axis of each plot 

LG4                        LG9 
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3.4.1.2. QTL Analysis 2: Mild Drought  

QTL analysis of the mild drought experiment was based upon the same 60 RILs as for the well-watered traits. 

 

The means of the data for the sixty informative lines of the drought experiment were used for this analysis and normality was again tested for using 

Kolmogorov-Smirnov tests. Directly measured leaf temperature was the only trait to fail this test for normality but was successfully converted to a 

normal distribution by using a log10 transformation (Figure 3.5. and 3.6.). 

Table 3.1. Summary table of water use QTL found using the lettuce RILs mapping population grown under well-watered conditions in the glass 
house 

Environment Trait 
Number 
of QTL 

Linkage 
group 

Start 
marker 

End 
marker 

Number of 
markers 

within QTL 

Number of 
Arabidopsis 
homologues 

Parental 
inheritance 

Phenotypic 
control 

Well-watered Transpiration 1 9 JYJV PMSX 217 94 L. sativa 0.20 

Well-watered 
Stomatal 

conductance 
1 9 JYJV PMSX 217 94 L. sativa 0.20 

Well-watered 
Direct leaf 

temperature 
2 

4 YNZT OUHL 220 87 L. sativa 0.18 

9 JYJV PMSX 217 94 L. sativa 0.25 

Well-watered 
Indirect leaf 
temperature 

2 
4 YNZT OUHL 220 87 L. sativa 0.18 

9 JYJV PMSX 217 94 L. sativa 0.26 
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Figure 3.6. Frequency plots  for fresh weight (a), dry weight (b), fresh weight to dry 
weight ratio (c) and carbon isotope discrimination (d) measurements when sixty 
informative lines were grown under mild drought in a glass house experiment. Filled 
arrows indicate Lactuca serriola, while unfilled arrows annotate L. sativa 
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Figure 3.5. Frequency plots  for transpiration (a), stomatal conductance (b), direct leaf 
temperature (c) and indirect leaf temperature (d) measurements when sixty 
informative lines were grown under mild drought in a glass house experiment. Filled 
arrows indicate Lactuca serriola, while unfilled arrows annotate L. sativa 
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Having established the normal distribution of these traits; data for all mild drought 

traits were run through QTLcartographer to locate QTL (Figures 3.7. - 3.10.). 

  

Figure 3.7. QTL cartographer plots for water use traits under mild drought 
conditions found using the RIL lettuce mapping population. The x axis shows the 
nine major linkage groups of the mapping population map, with vertical lines 
separating linkage groups. The fainter lines represent a currently unresolved part of 
LG3. The horizontal dashed lines show the threshold for each trait (DR, drought; 
tra, transpiration; stc, stomatal conductance; por, direct leaf temperature 
(porometry); roi, indirect leaf temperature (IR imagery); fwt, fresh weight; dwt, dry 
weight; fdw, fresh:dry weight ratio; cis, carbon isotope discrimination). Peaks which 
pass their corresponding threshold show a specific region of the genome which 
controls that trait. The LOD score is indicated on the y axis of each plot 

LG1    LG2     LG3       LG4         LG5   LG6  LG7    LG8     LG9 
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Three significant QTL for stomatal conductance (LOD=3.2) were found which co-

located with QTL for transpiration on LG8 (LOD=3.1); however the other QTL 

identified were on LG3 and 7 (Figure 3.8. and Table 3.2.).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8. QTL cartographer plots for transpiration and stomatal conductance 
traits under mild drought conditions found using the RIL lettuce mapping 
population. The x axis shows linkage groups 3, 7 and 8 of the mapping 
population, with double vertical lines separating linkage groups. The horizontal 
lines show the threshold for each trait (DR, drought; tra, transpiration; stc, 
stomatal conductance). Peaks which pass their corresponding threshold show a 
specific region of the genome which controls that trait 

LG3               LG7                LG8     
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Three significant QTL were found for leaf temperature on LG1 and 4 (Figure 3.10.).  

 

Although only one significant QTL was found on LG1 for leaf temperature using 

directly measured leaf temperature measurements (LOD=2.7), there was a peak in the 

same location mapped using indirectly measured leaf temperatures (LOD=2.8). 

However, the QTL on LG 4 co-located using the two types of leaf temperature 

measurement and a QTL was also found on LG4 for indirectly measured leaf 

temperature (Figure 3.9. and Table 3.2.).  

  

Figure 3.9. QTL cartographer plots for leaf temperature traits under mild drought 
conditions found using the RIL lettuce mapping population. The x axis shows linkage 
groups 1 and 4 of the mapping population, with double vertical lines separating 
linkage groups. The horizontal lines show the threshold for each trait (DR, drought; 
por, directly measured leaf temperature (porometry); roi, indirectly measured leaf 
temperature (IR imagery)). Peaks which pass their corresponding threshold show a 
specific region of the genome which controls that trait. The LOD score is indicated 
on the y axis of each plot 

LG1              LG4          
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Four QTL were found for weight and isotopic discrimination data in the mild drought 

experiment, with one point of co-location observed on LG1 between fresh weight 

(LOD=3.0) and carbon isotope discrimination (LOD=2.8) (Figure 3.10. and Table 

3.2.). On LG6 one QTL was elucidated for fresh weight between the markers while a 

significant QTL inherited from the wild parent was found for fresh:dry weight ratio 

(LOD=2.9) on LG7. No significant QTL were detected for dry weight under drought 

conditions in the glass house. 

 

Figure 3.10. QTL cartographer plots for weight and carbon isotope discrimination 
traits under mild drought conditions found using the RIL lettuce mapping 
population. The x axis shows linkage groups 1, 6 and 7, with double vertical lines 
separating linkage groups. The horizontal lines show the threshold for each trait 
(DR, drought; fwt, fresh weight; dwt, dry weight; fdw, fresh:dry weight ratio; cis, 
carbon isotope discrimination). Peaks which pass their corresponding threshold 
show a specific region of the genome which controls that trait. The LOD score is 
indicated on the y axis of each plot 

LG1             LG6      LG7     
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Table 3.2. Summary table of water use QTL found using the lettuce RILs mapping population grown under mild drought conditions in the glass 
house 

Environment Trait 
Number 
of QTL 

Linkage 
group 

Start 
marker 

End 
marker 

Number of 
markers within 

QTL 

Number of 
Arabidopsis 
homologues 

Parental 
inheritance 

Phenotypic 
control 

Mild drought Transpiration 1 8 ZPRL IMLK 153 64 L. sativa 0.16 

Mild drought 
Stomatal 

conductance 
3 

3 KIVL WRWI 158 84 L. serriola 0.18 

7 ZPZR KKYM 199 82 L. sativa 0.15 

8 ZPRL RIWK 259 100 L. sativa 0.28 

Mild drought 
Direct leaf 

temperature 
2 

1 PSWT JLKT 257 71 L. sativa 0.19 

4 VYLZ MJNM 102 47 L. serriola 0.50 

Mild drought 
Indirect leaf 
temperature 

2 
4 VYLZ MJNM 102 47 L. serriola 0.29 

4 HRRI WJQH 195 67 L. sativa 0.49 

Mild drought Fresh weight 2 
1 ILRU NLGZ 388 163 L. sativa 0.15 

6 GWWZ XPZK 213 88 L. serriola 0.28 

Mild drought Dry weight 0 - - - - - - - 

Mild drought 
Fresh:dry 

weight ratio 
1 7 PXXJ MQJP 31 13 L. serriola 0.18 

Mild drought 
Carbon isotope 
discrimination         

1 1 ILRU NLGZ 388 163 L. sativa 0.30 
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3.4.1.3. QTL Analysis 3: Moderate Drought 

QTL analysis of the moderate drought experiment was based upon the same 60 RILs 

as for the well-watered and mild drought traits. 

 

The means of the data for the sixty informative lines of the moderate drought 

experiment were used for this analysis and normality was again tested for using 

Kolmogorov-Smirnov tests (Figure 3.11.).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Having established the normal distribution of these traits, data for both of these traits 

were run through QTLcartographer to locate QTL (Figure 3.12.). 

 

  

Figure 3.11. Frequency plots  for fresh weight (a) and carbon isotope discrimination 
(b) measurements when the sixty informative lines were grown under moderate 
drought in a glass house trial. Filled arrows indicate Lactuca serriola, while unfilled 
arrows annotate L. sativa 
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Two QTL were found for fresh weight (LOD=3.5) in the moderate drought trial and 

these occurred on LGs 5 and 8 (Figure 3.12. and Table 3.3.).  

  

Figure 3.12. QTL cartographer plots for water use traits under moderate drought 
conditions found using the RIL lettuce mapping population. The x axis shows the ten 
linkage groups of the mapping population, with double vertical lines separating 
linkage groups. The fainter lines represent a currently unresolved part of LG3. The 
horizontal lines show the threshold for each trait (12, 2012 trial; cis, carbon isotope 
discrimination; fwt, fresh weight). Peaks which pass their corresponding threshold 
show a specific region of the genome which controls that trait. The LOD score is 
indicated on the y axis of each plot 
 
 

LG1    LG2     LG3       LG4         LG5   LG6  LG7    LG8     LG9 
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Although only two significant QTL were found for fresh weight and none for carbon 

isotope discrimination (LOD=2.9) in the moderate drought experiment, both of these 

traits showed non-significant QTL, which co-located on LG1 with each other, as well 

as with fresh weight and carbon isotope discrimination under mild drought (Figure 

3.13. and Table 3.3.).  

 

Figure 3.13. QTL cartographer plots for water use traits both under mild and 
moderate drought conditions found using the RIL lettuce mapping population. The x 
axis shows linkage group 1 of the mapping population. The horizontal lines show the 
significant threshold for each trait (DR, Drought; fwt, fresh weight; cis, carbon isotope 
discrimination; 12, 2012 trial). Peaks which pass their corresponding significant 
threshold show a specific region of the genome which controls that trait. The LOD 
score is indicated on the y axis of each plot 
 

LG1     
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Table 3.3. Summary table of water use QTL found using the lettuce RILs mapping population grown under moderate drought conditions in the glass 
house 

Environment Trait 
Number 
of QTL 

Linkage 
group 

Start 
marker 

End 
marker 

Number of 
markers within 

QTL 

Number of 
Arabidopsis 
homologues 

Parental 
inheritance 

Phenotypic 
control 

Moderate 
drought 

Fresh weight 2 

5 UOIL XZML 533 222 L. serriola 0.27 

8 QQGS HWRGY 356 172 L. serriola 0.21 

Moderate 
drought 

Carbon 
isotope 

discrimination         
0 - - - - - - - 
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3.4.2. Quantitative Trait Loci Summary 

A summary of the QTL detected in all three glass house experiments is given below 

(Figure 3.14., Table 3.4., Figure 3.15.). 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.14. QTL cartographer plots for water use traits both under well-watered and 
drought conditions found using the RIL lettuce mapping population. The x axis 
shows the ten linkage groups of the mapping population, with double vertical lines 
separating linkage groups. The fainter lines represent a currently unresolved part of 
LG3. The horizontal lines show the significant threshold for each trait (Ww, well-
watered; DR, drought; tra, transpiration; stc, stomatal conductance; por, directly 
measured leaf temperature (porometry); roi, indirectly measured leaf temperature (IR 
imagery); fwt, fresh weight; dwt, dry weight; fdw, fresh:dry weight ratio; cis, carbon 
isotope discrimination; 12, 2012 trial). Peaks which pass their corresponding 
significant threshold show a specific region of the genome which controls that trait. 
The LOD score is indicated on the y axis of each plot 
 
 

LG1      LG2        LG3         LG4             LG5      LG6   LG7       LG8       LG9 
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Table 3.4. Summary table of water use QTL found using the lettuce RILs mapping population grown under well-watered and 
drought conditions in the glass house 

Environment Trait 
Number 
of QTL 

Linkage 
group 

Start 
marker 

End 
marker 

Number of 
markers 

within QTL 

Number of 
Arabidopsis 
homologues 

Parental 
inheritance 

Phenotypic 
control 

Well-watered Transpiration 1 9 JYJV PMSX 217 94 L. sativa 0.20 

Well-watered 
Stomatal 

conductance 
1 9 JYJV PMSX 217 94 L. sativa 0.20 

Well-watered 
Direct leaf 

temperature 
2 

4 YNZT OUHL 220 87 L. sativa 0.18 

9 JYJV PMSX 217 94 L. sativa 0.25 

Well-watered 
Indirect leaf 
temperature 

2 
4 YNZT OUHL 220 87 L. sativa 0.18 

9 JYJV PMSX 217 94 L. sativa 0.26 
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Table 3.4. continued. Summary table of water use QTL found using the lettuce RILs mapping population grown under drought and well-watered 
conditions in the glass house 

Environment Trait 
Number 
of QTL 

Linkage 
group 

Start 
marker 

End 
marker 

Number of 
markers within 

QTL 

Number of 
Arabidopsis 
homologues 

Parental 
inheritance 

Phenotypic 
control 

Mild drought Transpiration 1 8 ZPRL IMLK 153 64 L. sativa 0.16 

Mild drought 
Stomatal 

conductance 
3 

3 KIVL WRWI 158 84 L. serriola 0.18 

7 ZPZR KKYM 199 82 L. sativa 0.15 

8 ZPRL RIWK 259 100 L. sativa 0.28 

Mild drought 
Direct leaf 

temperature 
2 

1 PSWT JLKT 257 71 L. sativa 0.19 

4 VYLZ MJNM 102 47 L. serriola 0.50 

Mild drought 
Indirect leaf 
temperature 

2 
4 VYLZ MJNM 102 47 L. serriola 0.29 

4 HRRI WJQH 195 67 L. sativa 0.49 

Mild drought Fresh weight 2 
1 ILRU NLGZ 388 163 L. sativa 0.15 

6 GWWZ XPZK 213 88 L. serriola 0.28 

Mild drought Dry weight 0 - - - - - - - 

Mild drought 
Fresh:dry 

weight ratio 
1 7 PXXJ MQJP 31 13 L. serriola 0.18 

Mild drought 
Carbon isotope 
discrimination         

1 1 ILRU NLGZ 388 163 L. sativa 0.30 

Moderate drought Fresh weight 2 

5 UOIL XZML 533 222 L. serriola 0.27 

8 QQGS HWRGY 356 172 L. serriola 0.21 

Moderate drought 
Carbon isotope 
discrimination         

0 - - - - - - - 

 



115 

 

 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

gwjp
oonx
tzot
mgnv
imgt
ltgz
ihwr
lwoq
nhlo
sjij
shys
gpyk
jyjv
pvqm
msjs
pmsx
orvw
smrr
imrv
lunw
wxsx
ugyy
jsrm
ztqr
koip
ntjx
vysk
vzqk
vlij

W
W

_
tra

W
W

_
s
tc

W
W

_
p
o
r

W
W

_
ro

i

siim
xvxy
sivz
xpxl
wksv
mqjw
whgy
utwv
wllo
uoil
nwvy
htxg
opkk
gpmr
gzpm
wuur
xzml
lgyu
sjtk
vpgj
njgh
yjyt
jprs
momq
ujxo
ixqg
ysis
qpmg
isrm
qixh
ktrs
yixt
gpwr
itzt
knsx
ksni
yowk
okyw
ppnr
jlth
tnnr
rttu
mlqs
mzvu

1
2
_
fw

t

uwyr
xkxp
nivv
opoo
uuku
nrrk
xnii
mpgu
zkjl
xzrm
uorx
sqhk
owno
owkj
qqgs
nwzn
xqji
rkqo
gnmu
hwrg
xwrw
wsyu
lvyy
zprl
tizn
imlk
riwk
prxw
xmmq
sojl
nwjp
zpjh
ipqp
uqkw

D
r_

tra

D
r_

s
tc

1
2
_
fw

t

rsxt
trgx
jzzh
stiy
zqmw
uhrz
ouxy
mwmx
zxum
jkzn
hvvn
ilru
qnlw
zgqh
qplu
nlgz
qivi
tlyw
lply
lxnk
pswt
otuw
zpkr
jlkt
nhxg
ghhs
ttlw
jqon
ivml
tpmi
hqhx
wvgo
nmjw
ltgg

D
r_

fw
t

D
r_

c
is D
r_

c
is

D
r_

p
o
r

1
2
_
c
is

1
2
_
fw

t

jjxp
hulk
nxgh
yvlh
rghm
rsjt
onsh
jshx
msnh
hqsy
vysm
qhst
ortj
zzhu
pzxu
smup
hlvv
nghk
hvis
vqmh
zzki
hvjx
kpkq
truw
zkqz
vyrl
xplq
rtlw
womv
wnlx
wxzj
opxi
sthr
znlv
qpsz
gipm
vzkg
jupm

johm
nntl
zomx
xgmw
mmsi
rypx
kivl
rolx
wrwi
iiuh
swxo
nsgg
xtkm
xihp
kjjj
wosi
xrzt
iysl
rytn
hpjs
yjmq
sgqo
vxqk
jqrh
rlhm
utgg
tqug
rjwi
hkzr

D
r_

s
tc

zrlu
nnyl
iskw
qjzm
rpis
ljqj
uhkx
homm
ulgy
ruvm

LG1 LG2 LG3 
vtno
uruu
iuhn
lskr
pmvm
jmlo
kuyk
huit
sokx
nlqu
rqxy
uklw
nssg
yxzw
kixu
ypqp
pisv
rjjw
wvrr
vylz
mjnm
guzh
hrri
hnhz
ynzt
mqpr
wjqh
xkmm
mtti
ouhl
mxko
gmqq
tpii
zvks
lmzo
vvhj
qswu
xglh
jhwg
wmyx
nyzx
qvhv
lpxm
uqsm
zjuj
ohwg
umrj
nwli
sjqz
uvhm
rkim

W
W

_
p
o
r

W
W

_
ro

i

D
r_

p
o
r

D
r_

ro
i

D
r_

ro
i

LG4 

LG3A 

kpvr
lkqp
isrg
zpzv
jhyx
tgxr
kkym
zvin
tgkv
nxpy
qotn
nzws
zloo
knyi
zjru
zwtl
kmvt
rxrn
vzhs
rkku
ympo
kumg
ilkn
kpvv
wsms
kyho
pxxj
ltzh
uwul
mqjp
imxp

D
r_

s
tc

D
r_

fd
w

njqu
khsg
ggjg
vwss
wpmg
gwwx
gqvp
xpzk
slth
xmpg
xjug
uskn
xkhy
zurt
gxjz
jnlk
qokv

D
r_

fw
t

LG5 

LG6 

LG7 

LG8 

LG9 

* * 

Figure 3.15. Molecular map of the nine major linkage groups of the lettuce genome 
with QTL for water use traits under drought and well-watered conditions marked. Dr, 
drought; WW, well-watered; 12, moderate drought; tra, transpiration; stc, stomatal 
conductance; por, directly measured leaf temperature (porometry); roi, indirectly 
measured leaf temperature (IR); fwt, fresh weight; fdw, fresh:dry weight ratio; ciso, 
carbon isotope discrimination. * indicates non-significant QTL 
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The summary of the QTL found in these glass house trials highlighted the points of 

co-location within trials while also showing the divergence of QTL between 

environments.  

 

The QTL elucidated on LG1 which controls both fresh weight and carbon isotope 

discrimination (Table 3.4. and Figures 3.14 and 3.15.) under mild drought glass house 

conditions as well as contributing to both of these traits under moderate drought 

conditions was explored in further detail. These traits are of obvious agronomic 

importance, with breeders who aim to develop a more WUE crop endeavouring to 

disentangle the complex relationship between WUE and fresh weight biomass 

accumulation in agriculture. Furthermore, this QTL appearing under both trial 

conditions shows a robustness which suggests a lack of environmental regulation of 

this QTL. The QTL contains 388 SFPs, with 163 Arabidopsis homologues, and 

controls 15% of fresh weight variation and 30% of WUE (carbon isotope 

discrimination) variation under mild drought. 

 

When the phenotype distributions of fresh weight and carbon isotope discrimination 

were compared between the mild and moderate drought trial environmental effects 

were assessed (Figures 3.16. and 3.17.). 
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Figure 3.16. Frequency plot  for carbon isotope discrimination phenotypes when the 
sixty informative lines were grown under mild and moderate drought in two separate 
glass house trials 

 

Carbon isotope discrimination (and therefore WUE) showed little environmental 

response in terms of phenotypic variability. However, fresh weight showed a more 

right-skewed distribution under more severe drought stress when compared to the 

mild drought trial. 
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Figure 3.17. Frequency plot  for fresh weight phenotypes when the sixty informative 
lines were grown under mild and moderate drought in two separate glass house trials 
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3.5. DISCUSSION 

This chapter takes significant steps towards breeding a more water use efficient, high 

yielding lettuce by determining areas of the genome which control these two 

agronomically critical traits, as well as highlighting the G x E effects.  

 

Many approaches can be taken to manipulate a plant to resist drought stress and these 

fall broadly into three categories: (1) altering the regulation of molecules which 

stabilise the cells biochemical reaction to stress (e.g. proteins membranes and 

biological structures affected by dehydration) (Garg et al., 2002), (2) regulating genes 

that code for proteins that prevent toxic molecules accumulating (Sunkar et al., 2003) 

or (3) reducing transpiration through decreased leaf growth and stomatal closure via 

hormone action (Iuchi et al., 2001) or TFs (Hsieh et al., 2002). These mechanisms 

face no obvious limitation by physiological or physical constraints however, although 

this direction may be useful in generating crops which are able to colonise and grow 

in very dry environments, it is not necessarily helpful in terms of agriculture. Survival 

in drought conditions is obviously important in crop production but since farmers aim 

to maintain water above these near lethal limits (often by selecting cropping patterns 

that avoid drought periods) it is a question of maintaining yield under stress conditions 

that is important (Tardieu, 2005). It would also appear that high biomass accumulation 

is intrinsically linked to increased water use (Tardieu, 2005). However, these 

approaches do highlight the many different genetic targets which may be manipulated 

in order to produce a more water use efficient crop. 

 

Agronomically important traits are often quantitative and are controlled by a number 

of loci, each with a small effect and in addition are environmentally regulated. These 

traits lack the discrete segregation needed for classical Mendelian breeding, however 

through quantitative genetic analysis, such as QTL analysis, and the use of molecular 

marker information, these complex traits can be explored and used in future breeding 

programs. QTL for all of the water use-associated traits measured co-locate under 

well-watered conditions but segregate when droughted. It may be that co-location in 

the well-watered trial results from the fact that only thermo-tolerant genotypes were 

included in the trial. Thermo-tolerance is a trait which is inherited from the wild 

parent, L. serriola (Argyris et al., 2008), and this would have limited the genetic 

variance in the well-watered glass house trial. However, this may not have been the 

case since when QTL co-locate they can be considered as potentially a single QTL 
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with pleiotropic effects. The clustering of QTL in this trial is consistent with the high 

correlation of the traits and may result from their physiological association. This 

clearly impacts upon selection for breeding as selection for one trait will also select 

for the others, so it must be ensured that none of the co-locating traits are undesired in 

commercial production. On the other hand, when many QTL are detected which 

segregate for traits (as in the drought trial), none of which have a major impact on the 

trait on an individual basis, breeding may need to manipulate multiple QTL 

simultaneously in order to attain a significant change in the trait of interest.  

 

This segregation of QTL is evident here with genotype effects being modulated by the 

environment (well-watered versus mild drought) resulting in phenotypic plasticity, 

hence the QTL do not hold consistently in different environments with respect to 

treatment. This shows how critical the G x E interaction is in breeding for traits of 

interest as genetic control shifts dramatically with small environmental fluxes. 

However, the traits which are of pivotal interest in this work are biomass 

accumulation and WUE, and these traits have demonstrated a lack of environmental 

regulation making this QTL a robust source of SNPs with which crops can be 

improved for a number of environments.  

 

Traditionally, selection has been based on phenotypic information, which can be 

altered by environmental effects. With rapid advances in genotyping technologies, it is 

now possible to select for specific molecular markers which removes the uncertainty 

of environmental regulation and also means the trait can be selected for at any stage of 

development. It will be possible to apply this approach to genes within the QTL 

investigated here time and cost effectively. Employing MAS for the improvement of 

traits which are controlled by multiple genes in a complex manner is more difficult 

than using it for traits regulated by a single gene due to epistasis (gene interactions) 

and the environmental regulation of the different genes (Francia et al., 2005). 

However, although this trial has demonstrated some environmental regulation of a 

number of traits, WUE and FW have been shown to co-locate both within an 

environment and between environments. The former traits are not, in isolation, of 

crucial agronomic interest since they are variable minute by minute in accordance 

with changing environmental conditions. The latter traits of WUE (isotopic analysis) 

and FW which gives a measure of WUE over the lifetime of the plant and final 

biomass accumulation, are more useful breeding targets than momentary plant 
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responses. These two traits are positively correlated and are controlled under both 

drought trials by a single QTL, thus showing limited environmental regulation. 

Further, for breeding purposes with respect to crops, yield must not be sacrificed in 

order to attain a drought resistant crop and so high WUE in combination with high 

biomass accumulation is desirable.  
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4.1. OVERVIEW 

A number of genes have been elucidated with known and putative roles in regulating 

plant water responses and biomass accumulation. These candidates are involved in a 

variety of processes including lipid metabolism and signalling, regulation of 

transcription and cell wall strengthening and loosening. SNPs for a sub-set of these 

candidates were found to be present in a range of commercial lines, where they have 

been inherited from the cultivated L. sativa. The future of this research will involve 

using back-crossing or pyramiding to introgress these key SNPs from L. serriola into 

commercial varieties using MAS in order to breed a crop with improved water use 

efficiency. 

 

4.2. INTRODUCTION 

It is predicted that the demand for food will have risen by 50% by 2050 due to human 

population growth (Tilman et al., 2001). Water availability is a major obstruction to 

the world meeting this target with water scarcity already causing yield gaps on a 

global scale, with parts of Africa realising only 20% of their potential yield 

(Rockström et al., 2010). The requirement of increased levels of irrigation water to 

produce the additional food needed to feed the world will be compounded by the 

effects of climate change, which is set to alter precipitation patterns on a global level 

(IPCC, 2007). This makes it essential that these yield gaps are minimised through 

sustainable agricultural intensification rather than expansion. 

 

The research presented in this chapter builds on the findings of Chapter 3 and takes 

the step from elucidating QTL to identifying candidate SNPs, which can form the 

basis of a breeding program to improve the WUE and yield of lettuce and other major 

crops (Figure 4.1.).  
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Figure 4.1. Summary of strategy for exploring the genetic basis of water use 
efficiency (WUE) and fresh weight (FW) and breeding an improved crop 
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4.3. MATERIALS AND METHODS 

QTL analyses were taken from the well-watered, mild drought and moderate drought 

glass house experiments (see Materials and Methods, Chapters 2 and 3, sections 2.3. 

and 3.3.). 

 

4.3.1. Candidate Gene Identification for Water Use Traits 

The gene sequences of Lactuca sativa cv. Salinas and L.serriola UC96US23 have 

been compared to protein and gene sequences of Arabidopsis thaliana by BLAST 

(blastp and tblastn) searches, yielding putative A. thaliana homologues (McHale et al., 

2009). Here, the markers within the QTL were investigated for candidate genes, using 

the information from a literature search, which identified markers which have 

previously been demonstrated to have a role in plant water use or drought responses. 

Furthermore, markers with Arabidopsis annotations which were indicative of a role in 

water responses were included. Finally, Mapman (Thimm et al., 2004) was employed 

to investigate metabolic pathways and functional categories sensitive to drought to 

discover genes that could potentially act downstream of those identified as significant 

from the QTL-SFP associations. Following the selection of candidate genes, each 

individual genotype from the lettuce RIL population was compared to the lettuce gene 

chip to identify from which parent the SFPs contained within the QTL of interest were 

inherited (conducted by the Compositae Genome Project based at the University of 

California Davis, USA).  The inheritance for the markers in the five highest and five 

lowest lines for each trait were focussed on in particular (L. sativa (A), L. serriola (B)). 

 

4.3.2. Marker Sequence Identification 

Initially, contig sequences, which contain the SFPs of interest, were downloaded from 

the Compositae Contig Viewer 

(http://cgpdb.ucdavis.edu/cgpdb2/CGP_ContigViewer/). The Compositae Genome 

Project at UC Davis has sequenced the transcriptome of both L. sativa and L. serriola, 

making it possible to download the sequences from NCBI (Maryland, USA). 

Subsequently, the contig sequence was entered into a BLASTn search against the 

Transcriptome Shotgun Assemblies (TSA) so as to attain the complementary 

transcriptome sequences for the two parents.  The exact locations of the SFPs within 

the L. sativa and L. serriola transcriptomes were found by aligning the transcriptome 

sequences to the contig sequence in BLAST. Finally, the precise location of the SFP 

was transferred onto the L. sativa─L. serriola sequence comparison.   
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4.3.3. Deoxyribose Nucleic Acid Extraction 

Genomic DNA of all RILs which were extreme (either high or low) for all traits under 

mild drought and well-watered environmental conditions as well as for the parent lines 

was extracted using a modified CTAB extraction method (from Doyle and Doyle, 

1987). 

 

Plant material was stored at –80°C until being ground to a fine powder with a pestle 

and mortar, using liquid nitrogen to maintain a low temperature.  To extract DNA, 

ground leaf material was incubated at 65°C for 45 minutes in 900 µl of pre-warmed 

CTAB extraction buffer (2% CTAB, 2% PVP 40, 100 mM Tris-HCl pH 8.0, 25 mM 

EDTA, 2 M NaCl, MQ H2O).  Subsequently, 900 µl of chloroform/Isoamyl alcohol 

was added and tubes were centrifuged (10 min, 13,200 g). Thereafter, 500 µl of the 

top liquid phase was pipetted into fresh eppendorfs.  333 µl of cold isopropanol and 

50 µl of 3M sodium acetate was added to each tube, before being mixed thoroughly 

and then incubated for 30 minutes at –20°C.  The tubes were then centrifuged (10 min, 

13,200 g), the liquid phase poured away, and 200 µl of 1X TE solution, 100 µl of 3M 

sodium acetate and 1 ml of cold absolute ethanol was added to the remaining DNA 

pellet, which was mixed well and centrifuged again (10 min, 13,200 g).  The liquid 

phase was removed and the DNA pellet washed with 500 µl of 70% ethanol, 

centrifuged (2 min, 13,200 g) and poured away.  Finally, the DNA pellet was re-

suspended in 50 µl of sterile H2O and stored at 3-4°C.  DNA quality and quantity was 

assessed using a Nanodrop ND-1000 spectrophotometer and the accompanying 

Nanodrop software version 3.7.1.  

 

4.3.4. Single Nucleotide Polymorphism Detection 

Primers for ten candidate SNPs identified in Table 4.2. were synthesised by Fluidigm 

(Fluidigm Corporation, California, USA) using SNP sequences as described in section 

4.3.2. DNA samples for 19 commercial lines and all WUE and fresh weight extremes 

from the well-watered and mild drought trials were sent to Source BioScience 

imaGenes GmbH (Charlottenburg, Germany) where they were analysed using the 

Fluidigm EP1 platform and the primers from Fluidigm.  

 

Each SNPtype assay was prepared by mixing 3.07 µl SNPtype Assay ASP1/ASP2 

(100 µM), 8.0 µl SNPtype Assay LSP (100 µM) and 29 µl of DNA Suspension Buffer 
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for each SNPtype assay to make a total volume of 40 µl for each. Subsequently, 10X 

assays were prepared for each SNPtype assay, by first mixing 2.5 µl of 2X assay 

loading reagent with 1.5 µl of PCR-grade water to form an assay pre-mix, before 

adding 1 µl of each SNPtype assay. To prepare sample pre-mixes, 3.0 µl Biotium Fast 

Probe Master Mix (Biotium, PN 31005), 0.3 µl 20X SNPtype sample loading reagent 

(Fluidigm, PN 100-3425), 0.1 µl SNPtype reagent (Fluidigm, PN 100-3402), 0.036 µl 

ROX (50X) (Invitrogen, PN 12223-012) and 0.064 µl PCR-certified water were mixed. 

To each of these sample pre-mixes 2.5 µl of genomic DNA was added for each sample. 

Once the chip has been primed 4 µL of each assay and 5 µL of each sample were 

pipetted into the respective inlets on the array (Figure 4.2.). The chip was then loaded 

before being run using the following cycle in Table 4.1. 

  

Figure 4.2. Layout of 48.48 Dynamic Array™ with integrated fluidic circuit  

Assay inlets 

Sample inlets 

Integrated fluidic 
circuit 

Approximately 50 mm 
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Table 4.1. Thermal cycling protocol for SNPtype 48x48 v1 

Thermal cycling conditions 
Temperature 

(°C) 
Time 

Hot start 1 cycle of: 95 5 min 

Touchdown (from 64 °C-61 °C, 

dropping 1 °C per cycle) 
1 cycle of: 95 15 sec 

  64 45 sec 

  72 15 sec 

 1 cycle of: 95 15 sec 

  63 45 sec 

  72 15 sec 

 1 cycle of: 95 15 sec 

  62 45 sec 

  72 15 sec 

 1 cycle of: 95 15 sec 

  61 45 sec 

  72 15 sec 

Additional PCR cycles 34 cycles of: 95 15 sec 

  60 45 sec 

  72 15 sec 

Cool 1 cycle of: 25 10 sec 

 

 

4.4. RESULTS 

4.4.1. Candidate Gene Identification 

The markers within the QTL for fresh weight and WUE on LG1 were investigated for 

candidate genes and the selected genes fell into a variety of categories, including: 

signalling, transcription and cell wall groupings (Table 4.2.). Consequently, the 

parental inheritance of these markers was examined (Tables 4.3. and 4.4.). 
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Table 4.2. Possible candidate genes for breeding for fresh weight and WUE with genes found with roles in drought using literature 
searches highlighted in grey 

Mapman group Detailed grouping 
Arabidopsis 
annotation 

Brief results of literature search 

Cell wall Cell wall proteins.AGPs at5g06390 No literature 

Cell wall Degradation.pectate lyases and polygalacturonases at4g32375 No literature 

Cell wall Pectin*esterases.PME at2g36710 Pollen tube growth 

Cell wall Pectin*esterases.PME at3g14310 Flowering 

Lipid 
metabolism 

Lipid degradation.lysophospholipases.phospholipase D at3g15730 Involved in water responses 

Stress Abiotic.drought/salt at5g25610 
Nothing in report but annotation 
implies drought role and linked to 
ABA 

Stress Abiotic.heat at1g62970 No literature 
Stress Abiotic.heat at1g53540 HSP-related 
RNA Processing.splicing at1g80070 Involved in water responses 

RNA 
Regulation of transcription.AP2/EREBP, 
APETALA2/Ethylene-responsive element binding protein 
family 

at1g53910 Involved in water responses 

RNA 
Regulation of transcription.AP2/EREBP, 
APETALA2/Ethylene-responsive element binding protein 
family 

at5g17430 Embryonic 

RNA 
Regulation of transcription.AS2,Lateral Organ Boundaries 
Gene Family 

at3g03760 No literature 

RNA 
Regulation of transcription.AtSR Transcription Factor 
family 

at3g16940 HSP-related 

RNA Regulation of transcription.B3 transcription factor family at4g31680 No literature 
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Table 4.2. continued. Possible candidate genes for breeding for fresh weight and WUE with genes found with roles in drought using 
literature searches highlighted in grey 
Mapman 
group 

Detailed grouping 
Arabidopsis 
annotation 

Brief results of literature search 

RNA 
Regulation of transcription.C2C2(Zn) GATA transcription 
factor family 

at5g25830 No literature 

RNA Regulation of transcription.DNA methyltransferases at4g19020 No literature 

RNA Regulation of transcription.DNA methyltransferases at1g69770 
CMT3 is a key determinant for non-
CG methylation 

RNA 
Regulation of transcription.SET-domain transcriptional 
regulator family 

at4g27910 No literature 

RNA Regulation of transcription.SNF7 at1g73030 Auxin-related 
RNA Regulation of transcription.HDA At5g22650 Can repress gene expression 
RNA Regulation of transcription.unclassified at2g36930 No literature 

Signalling Calcium at5g03040 Calmodulin 

Signalling G-proteins at3g13720 
Involved in the disease resistance 
hypersensitive response 

Signalling G-proteins at5g55190 
Nucleocytoplasmic transport and 
spindle bipolarization during cell 
division 

Signalling Receptor kinases.Catharanthus roseus-like RLK1 at3g46290 Related to brassinosteroids 
Signalling Receptor kinases.leucine rich repeat III at2g36570 No literature 
Signalling Receptor kinases.lysine motif at1g51940 No literature 
Signalling Receptor kinases.misc at1g07390 No literature 
Signalling Receptor kinases.proline extensin like at3g13690 No literature 
Cell  Division at3g53230 No literature 

Transport Metal at5g03280 Involved in water responses 
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Table 4.3. Parental inheritance of candidate markers contained within the QTL for fresh weight under mild drought. The QTL was located on LG1 
and was found using QTL analysis on lettuce RILs (L. sativa cv Salinas x L. serriola) grown in a glass house experiment. Blue indicates 
inheritance from L. sativa (A) and pink from L. serriola (B). ‘-‘ indicates that there is no inheritance data for that marker in that RIL. Genes found 
to have a potential role in drought through literature searches highlighted in grey. 
 High 1 High 2 High 3 High 4 High 5 Low 1 Low 2 Low 3 Low 4 Low 5 
           

At3g03760 A A A A A A - B B - 
At5g32450 A A A A A A - B B A 
At5g06390 - A A A A - - B B A 
At5g03040 A A A A A A A B B A 
At5g03280 A A A A A A - B A A 
At3g53230 A A A A A A A B A A 
At2g36930 A A A A A A - B A A 
At5g22650 A A - A A A B B A A 
At2g36570 A A A A A A A B A A 
At2g36710 A A A - A A - B A A 
At5g25610 A A A A A A - B A A 
At1g62970 A A A A A A A B A A 
At1g69770 A A A A A A A B A A 
At5g55190 A A A A A A - B A A 
At4g31680 A A A A A A A B A A 
At3g46290 A A A A A A A B A A 
At3g16940 A A A A A A B B A A 
At5g25830 A A A A A A - B A A 
At4g27910 A A A A A A A B A A 
At3g14310 A A A A A A B B A A 
At1g53910 A A A A A A B B A A 
At3g13690 A A A A A A B B A A 
At3g13720 A A A A A A B B A A 
At5g17430 A A A A A A B B A A 
At1g73030 A A A A A A B B A A 
At1g51940 A A A A A A B B A A 
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Table 4.3. continued.  Parental inheritance of candidate markers contained within the QTL for fresh weight under mild drought 

 High 1 High 2 High 3 High 4 High 5 Low 1 Low 2 Low 3 Low 4 Low 5 

At3g15730 A A A A A A B B A A 

At1g80070 A A A A A A B A A A 

At4g32375 A A A A A A B A A A 

At1g53540 A A A A A A B A A A 

At1g07390 A A A A A A B A A A 



132 
 

Table 4.4. Parental inheritance of candidate markers contained within the QTL for carbon isotope discrimination (negatively related to WUE) under 
mild drought. The QTL is located on LG1 and was found using QTL analysis on lettuce RILs (L. sativa cv Salinas x L. serriola) grown in a glass 
house experiment. Blue indicates inheritance from L. sativa (A) and pink from L. serriola (B). ‘-‘ indicates that there is no inheritance data for that 
marker in that RIL. Genes found to have a potential role in drought through literature searches highlighted in grey. 

  High 1 High 2 High 3 High 4 High 5 Low 1 Low 2 Low 3 Low 4 Low 5 

           

At1g07390 A - - B A A A B B A 

At1g51940 A - - B B A A B B A 

At1g53540 A - - B A A A B B A 

At1g53910 A - A B B A A B B A 

At1g62970 A - - - B A A B B A 

At1g69770 A - - B B A A B B A 

At1g73030 A - - B B A A B B A 

At1g80070 A - A B A A A B B A 

At2g36570 A A A B B A A B B A 

At2g36710 A A A B B A A B B A 

At2g36930 A A A B B A A B B A 

At3g03760 A - A B B A A B B A 

At3g13690 A - - B B A A B B A 

At3g13720 A - A B B A A B B A 

At3g14310 A - B B B A A B B A 

At3g15730 A - B B B A A B B A 

At3g16940 A - A - B A A B B A 

At3g46290 A - B B B A A B B A 

At3g53230 A A A B B A A B B A 

At4g27910 A - A - B A A B B A 

At4g31680 A - B B B A A B B A 
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Table 4.4. continued. Parental inheritance of candidate markers contained within the QTL for carbon isotope discrimination (negatively related to 
WUE) under mild drought 

  High 1 High 2 High 3 High 4 High 5 Low 1 Low 2 Low 3 Low 4 Low 5 

At4g32375 A - B B A A A B B A 

At5g03040 A - A B B A A B B A 

At5g03280 A A A B B A A B B - 

At5g06390 A - A B B - A B B A 

At5g17430 A - B - B A A B B A 

At5g22650 A A A B B A A B B A 

At5g25610 A - A B B A A B B A 

At5g25830 A - - B B A - B B - 

At5g32450 A - A B B A A B B A 

At5g55190 A - B B B A A B B A 

  

 

The parental inheritance of these candidates did not clearly segregate between high and low lines for either fresh weight or WUE in most cases. 

Consequently, we took all of these markers forward for lab work to verify their role in controlling lettuce fresh weight accumulation and WUE. 

 

4.4.2. Single Nucleotide Polymorphism Detection 

Of these SNPs, it was only possible to design primers for ten due to the proximity of non-target SNPs to the targets and the nature of these non-

targets. The inheritance of these ten SNPs was verified using the Fluidigm EP1 platform. This verification was undertaken on the parents as well as 

the extreme lines for fresh weight and WUE from the well-watered and mild drought trials. Furthermore, 19 commercial lines were screened for these 

SNPs (Table 4.5.). 
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Table 4.5.  Parental inheritance of the ten candidate SNPs contained within the QTL for carbon isotope discrimination (WUE) and fresh weight 
under mild and moderate drought in the glass house. The QTL is located on LG1 and was found using QTL analysis on lettuce RILs (L. sativa cv 
Salinas x L. serriola). Pink indicates inheritance from L. sativa (A), blue from L. serriola (B) and grey annotates heterozygous inheritance (XY) 

 
3087 

Front 
Runner 

Strike 
Force 

Carl’s 
Bad 

Lunavia 2984 3025 2986 Daredevil 3088 Mutiny Barrage 3029 2985 Thriller 3084 2987 Delphi 

KSRJ A B A A A A A B A A A A A A B B A A 

IXRQ A A A A A A A A A A A A A A A A A A 

ITOH A A A A A A A A A A A A A A A A A A 

WJSP A A A A A A A A B A A XY B A A A B A 

TZVK A A A A A A A A A A A A A A A A A A 

PHOU A A A A A A A A A A A A A A A A A A 

WWOG A A A A A A A A B A A XY B A A A B A 

YPPS A A A A A A A A B A A XY XY A A A B A 

ZWWV A A A A A A A A A A A A A A A A A A 

HVJT A A A A A A A A B A A XY XY A A A B A 

 

The majority of candidate SNPs which are involved in the regulation of lettuce fresh weight and WUE were inherited from L. sativa, with only a 

small number being inherited from L. serriola. Although not all high extreme lines for either trait were controlled by L. serriola-inherited SNPs, 

some high WUE and high yielding lines did inherit the control of these traits from the wild parent. It is therefore possible to back-cross or pyramid 

these extreme lines into commercial lines which currently inherit these SNPs from the cultivated parent so as to introgress these genes either singly or 

in combination into commercial lines. This will allow the production of a number of lettuce varieties which have improved biomass accumulation 

and WUE, while maintaining their current favourable commercial traits, such as disease resistance. 
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Furthermore, it was possible to assess the genetic diversity present in commercial 

lettuce lines when compared to the RILs (Figure 4.3.). 

 

 

 

 

 

It was clear that during selection in order to breed commercial lines a major loss of 

genetic diversity in these varieties has occurred. The inbreeding which has been used 

to improve commercial traits such as yield has caused much of the wild genetic 

variety, which is evident in the RIL population, to be lost. It is likely that many useful 

resistance genes have been lost as a consequence of this selection. 

 

4.5. DISCUSSION 

This chapter progresses the development of a robust molecular marker for use in a 

breeding program which will produce a crop of improved WUE and yield. Building on 

the previous chapter, a QTL with little G x E has been probed and the SNPs within it 

investigated. Furthermore, since a range of currently used commercial lines do not 

possess any of these SNPs from the wild L. serriola, it will be possible to back cross 

or pyramid these SNPs back into commercially successful lines so as to improve their 

biomass accumulation and WUE. The information gathered here will be used to 

develop a MAS breeding program, which will improve lettuce lines, already favoured 

for a variety of factors including vigour, disease resistance and organoleptic properties, 

to produce a more WUE and high yielding lettuce for future commercial production. 

62%

38%

a

XX

YY

89%

8%
3%

b

XX

YY

XY

Figure 4.3. Genetic diversity present in the RIL lettuce mapping population (a) and 
19 commercial lettuce lines (b). Pink indicates inheritance from L. sativa (A, XX), 
blue from L. serriola (B, YY) and grey annotates heterozygous inheritance (XY) 
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In recent years candidate genes involved in drought stress have been suggested, 

including genes which encode LEAs (Richard et al., 2000), osmoprotectants, HSPs, 

myb family TF (Seki et al., 2002) and ERECTA (Masle et al., 2005).  Here, a number 

of potential gene targets have been highlighted which are involved in a range of 

processes, including cell wall, cell division, lipid metabolism, stress, RNA, signalling 

and transport. 

 

One of the candidates, At3g15730, encodes phospholipase D alpha 1 (PLDα1). PLDs 

act to hydrolyse phospholipids, generating PA and free alcohol head groups (Sang et 

al., 2001; Hallouin et al., 2002). PLD has been shown to be localised in the plasma 

membrane in Oryza sativa (Young et al., 1996), Nicotiana tabacum (Gardiner et al., 

2001) and Arabidopsis (Ritchie and Gilroy, 2000). The activity of PLD mediates ABA 

responses with the latter triggering a transient stimulation of the former in Vicia faba 

guard cells. Furthermore, PA acts to mimic the action of ABA in the protoplasts of 

Hordeum vulgare aleurone and Vicia faba guard cells by inhibiting K+ influx and thus 

reducing stomatal aperture (Ritchie and Gilroy, 1998; Jacob et al., 1999). There are 

three classes of PLDs, with PLDα being the most abundant in guard cells and 

potentially being the first step in the activation of other PLDs in response to abiotic 

stress (Sang et al., 2001). It is also thought that PLDα1 negatively regulates proline 

biosynthesis (Mane et al., 2007). 

 

When plants experience the hyperosmotic stress associated with drought the lowered 

water availability causes decreased turgor pressure (Li et al., 2009). PLDα1 has been 

shown to positively mediate ABA-dependent stomatal closure thus reducing 

transpirational water loss under drought (Zhang et al., 2004). This has been 

demonstrated both through knock-out and over-expression of PLDα1, with increased 

and decreased water loss being observed, respectively (Sang et al., 2001; Zhang et al., 

2004).  ABI1, a PP2C, negatively regulates ABA responses in Arabidopsis and is 

itself regulated by PLDα1 and PA (Zhang et al., 2004).  

 

Anti-sense PLDα1 plants exhibited more water loss than their corresponding wild-

type plants (Zhang et al., 2004). Although stomatal closure in these mutants is 

insensitive to ABA, it is promoted by PA with the anti-sense lines lacking the PA 

production normally triggered by ABA treatment (Zhang et al., 2004). Furthermore, 

there is a lowered ABI1/plasma membrane association in response to ABA in anti-
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sense mutants (Zhang et al., 2004). PLDα1-produced PA acts to inhibit the negative 

regulator ABI1, therefore promoting ABA signalling (Zhang et al., 2004). 

 

Furthermore, PLDα1 and PA act to produce ROS in guard cells in response to ABA, 

while a knock-out pldα1 mutant failed to do so (Zhang et al., 2009). Although PA 

stimulated NADPH oxidase activity in both wild-type plants and pldα1 mutants, ABA 

does not cause this response (Zhang et al., 2009). When ABA is applied to the guard 

cells, NADPH oxidase activity is stimulated in wild-type Arabidopsis, but not in 

pldα1 mutants. Moreover, the production of NO, which is normally triggered by ABA 

was decreased in the guard cells of pldα1 (Zhang et al., 2009). Although the binding 

of PA to ABI1 did not affect ABA induced production of ROS or NO, the interaction 

of PA and ABI1 was necessary for stomatal closure mediated by ABA, H2O2 or NO 

(Zhang et al., 2009). Similarly to ABI1, HAB1 is a PP2C which is implicated in the 

ABA-dependent activation of the kinase OST1 under drought (Rodrigues et al., 2009; 

Rubio et al., 2009; Vlad et al., 2009). HAB1 acts to negatively regulate ABA and 

knock-out mutants are hypersensitive to drought stress (Vlad et al., 2009). It is clear 

that the elucidation of a QTL which contains the gene which encodes PLDα1 has great 

potential to be manipulated in order to alter plant water relations under drought stress. 

Furthermore, the detection of RNA-related genes (Thimm et al., 2004), promises 

another approach to the manipulation of crop water use in a future, water scarce, 

environment. 

 

The QTL which has been investigated for WUE and FW on LG1 in this chapter also 

contained the gene At1g53910, which encodes RAP2.12. RAP2.12 is an ERF/AP2 

transcription factor in the CBF/DREB subfamily which stimulates the expression of 

the stress- and ABA-inducible ADH1-LUC reporter gene. It is able to do this by 

binding to conserved DRE promoter motifs (Papdi et al., 2008). Despite this 

information, the mode of action of RAP2.12 is still unclear. If the research presented 

in this PhD is extended in the future, the function of this gene may become evident. 

 

Additionally, although currently we have not focused upon it, it has been found that 

At1g80070 is located within this QTL and it encodes sucrose synthase 2 (SUS2), 

which is a key enzyme in the metabolism of sucrose. While SUS1 has been shown to 

be induced in response to both cold and drought stress, SUS2 has, so far, only been 

found to regulate sucrose metabolism under the stress of O2 deficiency both through 
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hypoxia and anoxia (Dejardin et al., 1999). Although the role of SUS is not yet clearly 

understood, it is thought that it aims to meet the increased glycolytic demand caused 

by stress (Dejardin et al., 1999). 

 

Finally, signalling pathways may be a successful target in order to manipulate 

improved water use efficiency in lettuce and we have detected a number of genes 

which are involved in signalling in the QTL for fresh weight and WUE. An example 

of such a target marker is At5g03280, which is involved in plant hormone signalling. 

At5g03280 encodes ethylene insensitive 2 (EIN2), which is a Nramp family nuclear 

protein which is central to ethylene signalling in plants as it is the only gene whose 

null mutation results in complete ethylene insensitivity in Arabidopsis (Wang et al., 

2007). EIN2 provides cross-links with ABA signalling and regulates plant drought 

responses in an ABA-dependent pathway with EIN2 being down-regulated under 

drought, while ABA accumulates. EIN2 null mutants showed hypersensitivity to 

drought stress and exhibited altered expression patterns of RD29B in response to 

stress, although the stress and ABA-induced RD29A and RD22 remained unchanged 

(Wang et al., 2007). 

 

These examples clearly demonstrate that the QTL which has been focused on contains 

genes with both known and potential roles in water responses. If a gene target is to be 

found which is successful in improving crop water use genetically, then it is likely that 

it will be a member of one of these gene classes. However, SNPs within genes of 

unknown function from this QTL have also been investigated as novel candidate 

genes in order to discover their role in plant water relations. The aim is to verify the 

role of a selection of these potential candidate genes in regulating plant water use and 

yield traits. 

 

Historically, it has been the practice in traditional breeding programs to select for 

phenotypes of interest, which can be altered by environmental effects. The current 

ability to select for specific molecular markers within QTL with little or no 

environmental regulation, as revealed in this chapter, removes the uncertainty of 

environmental effects. Furthermore, MAS allows the trait to be selected for at any 

stage of development reducing the time taken for crop improvement. This research has 

determined a number of genes which can be targeted for MAS in the future in order to 

improve commercial varieties in terms of WUE and biomass accumulation. 
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5.1. OVERVIEW 

Agriculture is highly dependent on water, with crop yield and quality being 

determined by the quantity, quality and timing of irrigation. Furthermore, the 

technologies used to schedule and deliver irrigation water are of critical importance as 

are the status of rivers, aquifers or streams, from which water is withdrawn. In ‘water 

hotspot’ regions, such as in southern Spain, it is especially important that farmers 

improve their water efficiency and achieve good water stewardship. This trial 

addressed the use of water in baby leaf farming in the Almeria catchment area of 

southern Spain with the intention of improving the sustainability with which water is 

used by developing a more efficient irrigation method based, in part, upon the thermal 

surface characteristics of the crop canopy, as measured remotely through IR thermal 

imaging.  

 

Strong links between soil water content and canopy thermal properties, using raw 

thermal canopy data, have been demonstrated. Furthermore, the use of crop thermal 

indices (namely, the crop water stress index and the index of stomatal conductance) 

improves the ability of predicting soil water content through remotely sensed plant-

based data, taken at the canopy scale. This work has established that thermal 

properties of spinach canopies can be used as a key indicator of soil water content, 

which will enable better scheduling of irrigation with the potential for future 

automation. 

 

Moreover, preliminarily links have been made between changes in irrigation and post-

harvest yield and quality traits. Leaves of higher yielding plants of the commercially- 

and over-irrigated spinach crops were found to be made up of larger cells, with 

decreased cell wall extensibility but an unexpectedly long shelf-life when compared to 

under-irrigated spinach. However, despite shelf-life being reduced by visible signs of 

wilting in the under-irrigated crop, this treatment caused the leaves to be made up of 

smaller cells, encouraging the view that there are water savings to be made in baby 

leaf production which could improve crop quality if determined accurately.  

 

5.2. INTRODUCTION 

Globally, water consumption levels are rising due to both human population growth 

(IPCC, 2007; Battisti and Naylor, 2009) and the effects of climate change (Kitzes et 

al., 2008; Pretty, 2008). This use is not sustainable in the long-term and more efficient 
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patterns of water consumption must be adopted to minimise our exploitation of the 

resource. Water is a precious natural resource, which needs to be managed more 

sustainably in order to protect the environment, current and future crop production, 

and other water users. 

 

Southern Spain has very high agricultural productivity due to good year-round 

growing conditions with many stakeholders involved in growing crops for a range of 

EU markets. However, it is one of the most water-stressed regions in Europe (Ripoll et 

al., 2010) and, since water intensive crop production is the basis of the local economy, 

there is much competition for water. In areas of southern Europe agriculture accounts 

for up to 90% of freshwater withdrawn from rivers, lakes and aquifers (Ripoll et al., 

2010). Of the Spanish provinces, Almeria is the most arid, yet also the most 

agriculturally productive. Consequently, groundwater resources are deteriorating, with 

63% of aquifers being over-exploited, making this area a water hotspot which needs to 

be targeted in order to encourage good water stewardship. Although the government 

has endeavoured to mitigate the problems of water scarcity, since the 1970s irrigated 

agriculture in this region has continued to expand. Government-initiated water transfer 

schemes and desalinisation programs have not been able to resolve the problem to the 

detriment of both the environment and economy (Ripoll et al., 2010). 

 

The WFD was introduced in 2000 to control European Union (EU) water exploitation. 

This directive aims to ensure that member states preserve a good status of their water 

bodies in terms of both quality and quantity and recognises that both factors can 

impact upon one another. Currently, water concessions are issued; however, the total 

volume of water involved in these significantly exceeds the amount of water which 

can be used sustainably (Ripoll et al., 2010) (for further details see Chapter 1, section 

1.4.2.). 

 

Desalination has been introduced in order to mitigate shortages in water supply, 

however, it is expensive and there is little incentive for farmers to substitute it for 

aquifer water. This leads to aquifer over-use and depletion, which increases the risk of 

saline intrusion thus destabilising their future ability to store water (Ripoll et al., 2010). 

Whereas previously, water transfer schemes have been utilised to move water between 

basins in Spain, it is now the focus of water policy in southern Spain to maintain the 

supply of water for agriculture rather than to limit demand leading to the construction 
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of ever more desalinisation plants. With increasing demand for agricultural water, 

when it is managed in this way, there will be direct environmental impacts such as the 

creation of new infrastructure and increased carbon emissions from desalinisation 

plants alongside salt residues (Ripoll et al., 2010).  

 

Lettuce is the most valuable export of open-area irrigated agriculture from southern 

Spain and, as such, has been targeted for water stewardship schemes where 

stakeholders jointly negotiate the development of fair and effective water governance 

in a given area. Through the workshops focussing on lettuce in the Almeria catchment 

area six actions were proposed to improve the sustainability of water use in the area 

(Ripoll et al., 2010) as listed below: 

 

 

1) Introduce and maintain efficient irrigation systems 

2) Allocate water according to the amount that is locally available 

3) Ensure surveillance and policing of water extraction and irrigated land areas 

4) Limit the use of desalinated water to emergency situations 

5) Reward producers that limit production according to locally available water resources 

6) Ensure that efficiency measures serve to limit water usage rather than increase it 

 

 

It is the first of these actions which is to be targeted in this chapter on baby leaf salad 

crops at Vitacress España Ltd. in the North of the Almeria catchment area (Figure 

5.1.). Vitacress España is split into five areas, each with a corresponding pump house 

from where irrigation is scheduled. These pump houses are fed by four reservoirs, 

which are spread across the farm. The farm is split into fields and the irrigation of 

these fields is controlled by a valve on a map in the pump house. Scheduling is 

determined by experienced workers since baby leaf crops are not in the ground long 

enough to make the implementation of complex scheduling infrastructure feasible. 

The irrigation of these crops is predominantly delivered by spray irrigation through 

micro-sprinklers but drip tape is also used in some crops such as wild roquette, where 

the crop is harvested multiple times. 
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  Vitacress España 

Figure 5.1. Location of field site at Vitacress España, Spain (GoogleMaps) 
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Infra-red thermal imaging was originally applied to plant water status by integrating 

the leaf and air temperatures (Jackson et al., 1977), but, although elevation of the 

canopy temperature above ambient was indicative of drought stress, ambient 

temperature fluxes also acted upon the crop leading to errors and inconsistencies. 

Subsequently, it has been noted that as stress increases so does the thermal variability 

within a canopy, which is experiencing the same conditions (Grant et al., 2007).  

 

IR imaging progressed to being applied through the use of the CWSI (Jones, 1999), 

which aimed to separate the effects of physiological and environmental factors of 

temperature change (Idso, 1982; Fuchs, 1990; Jones et al., 2002; Gontia and Tiwari, 

2008). Furthermore, the Ig can be used to evaluate crop water status without the need 

for ambient air temperature data (Jones, 1999) (see Chapter 1, section 1.4.5. for 

further details). 

 

The balance between post-harvest yield and quality is of primary importance in baby 

leaf crop production as crop production must be optimised in order to maintain food 

security, while losses will be incurred if the crop is not of a sufficient quality. This 

quality may be defined as ability to withstand the physical stresses involved in the 

process of growth, harvest, transport, washing, drying and packing without obtaining 

injury in the form of discoloration or decay.  This quality has previously been have 

termed the ‘processability’ of the leaf (Clarkson et al., 2003) and leads to a lengthened 

shelf-life post processing.   

 

The aims of this work are to develop links between irrigation and water status 

technologies including IR imaging under three irrigation regimes (under-, 

commercial- and over-irrigation) in order to better schedule irrigation. There is 

already good evidence to suggest that remote IR images can be an indicator of plant 

water status (Jones, 1999; Jones, 2007), but there is limited commercial-scale 

investigation of how this technique may be deployed for improved irrigation 

scheduling and reduced water usage (Chaerle et al., 2004; Lindenthal et al., 2005). 

Improving the links between soil water content and remotely sensed IR data has the 

potential to deliver reduced on-farm water inputs and an increasingly sustainable use 

of water in baby leaf salad production as well as other commercially-grown crops. 

Alongside this, there is potential to improve the post-harvest quality and shelf-life of 

these crops, with some evidence suggesting that reduced irrigation may lead to the 
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production of hardier leaves with a longer shelf-life. The impact of these irrigation 

changes on water use traits, quality and yield will be quantified with the intention of 

increasing the efficiency with which water is used in baby leaf salad cropping. 

Potentially, it will be possible to decrease the water needed to produce a crop with an 

optimal balance of quality and quantity traits and link this reduction to the thermal 

spectra of the canopy. 

 

5.3. MATERIALS AND METHODS 

Field work was undertaken at Vitacress España in March and April 2011 on spinach 

(cv. Finch). A single crop was subjected to three irrigation treatments; over-irrigation, 

commercial irrigation and under-irrigation (Figure 5.2. and Table 5.1.). Each 

treatment consisted of a block of 2 x 1.4 m and was surrounded by at least two rows of 

spinach undergoing the same treatment to minimise edge effects. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Irrigation treatments were implemented on 31/03/2011 when the crops were 

established at 29 days of growth. The field was also commercially fertilised at this 

irrigation event. Irrigation events took place for two hours at 19:00 using 

commercially installed spray irrigation. The commercially irrigated block was 

irrigated once a week, while the under-irrigated treatment was irrigated half as often 

Figure 5.2. The field site at Vitacress España 

Under-irrigation Commercial irrigation  Over-irrigation 
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and the over-irrigated treatment twice as frequently as when commercially maintained. 

Dataloggers (Testo 174, Testo, Alton, UK) were placed within each treatment area to 

record the temperature at 5 min intervals. 

 

5.3.1. Pre-Dawn and Afternoon Water Relations  

Measurements were taken over a 10 day period (31/03/2011-11/04/2011) at pre-dawn 

and afternoon time points, with the former being at 06:00 and the latter at 13:00 

(Table 5.1.). These measurements consisted of six soil moisture point measurements 

in each block using a Delta-T ML2x Thetaprobe connected to a HH2 moisture meter 

(Delta-T Devices, Cambridge, UK), with probe position being randomly selected. 

Furthermore, six infra-red images were taken of each treatment using a TH9100WR 

thermal camera (NEC, Tokyo, Japan) from a fixed distance of ~1 m above the crop. 

The camera operated in the region of 8-14 µm with 0.1 °C thermal resolution and a 

spatial resolution of 320 (V) and 240 (H) pixels. Emissivity was set at 1.0 (López et 

al., 2012) as it has been reported to induce errors of less than 1 °C (Jackson, 1982). 

Data for air temperature were taken from data loggers (Testo 174, Testo, Alton, UK) 

which were placed throughout the trial area. In order to account for environmental 

variation, reference surface were also employed for imaging purposes (Jones et al., 

2002). A piece of wet filter paper was included in the image to mimic an optimally 

transpiring leaf, while a leaf orientated towards the sun was greased with petroleum 

jelly to simulate the condition of a non-transpiring leaf. These references were 

included in each image but were not included in the area analysed for canopy thermal 

properties. Furthermore plant water relations were measured on a mature leaf, 

orientated towards the sun, using a LI-6400 portable photosynthesis system (Li-Cor, 

Nebraska, USA) which was fitted with a clear head so that ambient light levels could 

reach the leaf.  
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Table 5.1. Crop maintenance and measurement schedule at Vitacress España between 31/03/2011 and 15/04/2011 

    Thursday Friday Saturday Sunday Monday Tuesday Wednesday Thursday 

  Treatment 31/03/2011 01/04/2011 02/04/2011 03/04/2011 04/04/2011 05/04/2011 06/04/2011 07/04/2011 

Irrigation 

Over-irrigated ✓   ✓     ✓   ✓ 

Commercially-irrigated ✓       ✓ 

Under-irrigated ✓               

Fertilisation 

Over-irrigated ✓             ✓ 

Commercially-irrigated ✓       ✓ 

Under-irrigated ✓               

Measurements       13:00 
06:00 
&13:00 

06:00 
&13:00 

06:00 
&13:00 

06:00 
&13:00 

06:00 
&13:00 

          

    Friday Saturday Sunday Monday Tuesday Wednesday Thursday Friday 

  Treatment 08/04/2011 09/04/2011 10/04/2011 11/04/2011 12/04/2011 13/04/2011 14/04/2011 15/04/2011 

Irrigation 

Over-irrigated   ✓     ✓   ✓   

Commercially-irrigated       ✓  

Under-irrigated             ✓   

Fertilisation 

Over-irrigated       ✓  

Commercially-irrigated       ✓  

Under-irrigated       ✓*  

Measurements   
06:00 
&13:00 

06:00 
&13:00 

06:00 
&13:00 

06:00 
&13:00 

 
    

Harvest 

          ✓ Each irrigation event totals 2 hours and delivers approximately 17.56 L m
-2

 
    

* Fertilisation of the under-irrigated treatment on 14/04/2011 will be doubled due to missed fertilisation on 07/04/2011 

All crop had received 11 hours of irrigation prior to 31/03/2011 
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5.3.2. Harvest Measurements  

On 15/04/2011 each treatment block (Table 5.1.) was harvested for quality and yield 

measurements as detailed below. Six replicates were taken for: material testing, yield 

measurements, epidermal imprints and shelf-life. Yield measurements included leaf 

area as well as fresh and dry weight. Leaf fresh weight was recorded on a top pan 

balance (Scoutpro SPU402, O’Haus, New Jersey, USA) to an accuracy of 0.01 g and 

leaf dry weight measured after 48 h at 80 ºC.  The ratio of fresh to dry weight was 

subsequently determined.  The dry samples were then stored with silica in an airtight 

box. Shelf-life samples were harvested into a commercial cold chain for transport to 

the UK, where they were processed on 19/04/2011. 

 

5.3.2.1 Yield Measurements 

An image of the leaves was taken on a scaled background using a digital camera 

(Canon 350D, Canon Ltd., Tokyo, Japan) and the images were imported into Image J 

(1.44o, National Institute of Health, Maryland, USA) for analysis. Background was 

separated from the leaves automatically with some manual adjustment to calculate the 

leaf area in mm2. These samples were then oven-dried in brown paper bags (10 in2) at 

80 ºC for 48 h for dry weight. 

 

5.3.2.2. Shelf-Life 

The shelf life of baby salad leaves was used as a direct measurement of the 

processability of the samples. The whole plant was taken for shelf-life analysis, 

whereby the leaves were separated by excision from the roots, washed by hand and 

dried before being placed into re-sealable polythene bags (10 x 6 in). These samples 

were then stored in a domestic refrigerator at 8 ºC ±1 ºC  and in a cold room at 3 ºC ±1 

ºC with a temperature data logger (Testo 174, Testo, Alton, UK). For the course of 

post-processing, storage the bags were rotated daily and care was taken to avoid freeze 

damage.  

 

Individual bags of leaves were visually assessed on a daily basis at 15:00 for signs of 

breakdown due to damage caused by processing. When any bruising or decomposition 

was observed on the leaves the bag was rejected and removed from the trial as it was 

deemed to be at the end of its commercial shelf-life. 
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5.3.2.3. Material Testing 

To determine the biophysical properties of plant material, a section was immediately 

excised parallel to the mid-vein from the adaxial surface of a mature leaf. Sections 

were cut carefully from the same area of the leaf – as leaf viscoelastic properties vary 

naturally across its surface – to avoid major veins. Scalpel blades fitted to a Perspex 

block were used for leaf section excision and the sections were then stored in 7 ml 

vials of 100% ethanol. Tubes were stored at <4 oC in the dark and tested after at least 

24 h in ethanol.  The leaf sections were 5 mm width and 40 mm length. 

 

Leaf strips were re-hydrated at room temperature in 15 ml of distilled water on a mini 

orbital shaker (SO5, Stuart Scientific, Staffordshire, UK), set at a low speed of 75 rpm 

for 10 minutes. The sample was carefully blotted dry and fixed between the hydraulic 

clamps of the Instron machine (model 5542, Massachusetts, USA) which were set to a 

gauge length of 10 mm. The section was stretched vertically at 5 mm min-1 to a load 

of 0.2 N, before being reversed to 0 mm at the same speed. This cycle was then 

repeated with the section being stretched vertically at 5 mm min-1 to a load of 0.2 N 

and then returned at the same speed to 0 mm. Following this, the leaf section was 

taken at 5 mm min-1 to breaking point and the load at break was established. Chordal 

moduli were established, at peak load, for each extension and reversal, for use in 

calculations (Figure 5.2.).  

 

The chordal moduli of the first slope is equivalent to the total extensibility of the leaf 

section, plasticity and elasticity, (%P + %E), and when the same leaf section is 

stretched a second time it outputs a steeper curve giving the elastic (%E) extensibility.  

Plastic (%P) extensibility of the leaf tissue section is calculated as the difference 

between the two chordal moduli (Figure 5.3.) (Clarkson et al., 2003; Zhang et al., 

2007).  
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5.3.2.4. Epidermal Cell Imprints 

Epidermal imprints were taken from the abaxial surface of mature leaves to determine 

mean epidermal cell area and stomatal index. The method used was based upon a 

protocol from the lab of Gail Taylor for use with baby leaf salad crops (Clarkson et al., 

2003).  Each imprint was conducted on the same region of the leaf and was conducted 

by painting the surface with colourless nail varnish and air drying. The nail varnish 

was removed by gently pressing colourless sticky tape to the underside of the leaf and 

ensuring full contact between the surfaces. The section of tape was then peeled away 

carefully and immediately the tape/imprint was mounted on to a glass microscope 

slide. Slides were kept in the dark at <4 ºC. 

 

At the University of Southampton, the epidermal imprint slides were viewed on a 

Zeiss microscope (Carl Zeiss, Oberkochen, Germany) and images were captured with 

a digital camera attached at x 10 magnification. Images were imported for image 

L
o

a
d

 (N
) 

Tensile strain (%) 

A A’ B B’ 

20N 

%P + %E = ( ( A’ - A ) / A ) x 100 
%E      = ( ( B’ – B ) / B ) x 100 
%P      = ( %P + %E ) – ( %E ) 

Figure 5.3. An example Instron output. Leaf plasticity and elasticity values were 

calculated using the equations shown. The values for A, A’, B and B’ were taken 

as the X-intercept of a chordal modulus plotted at maximum load for each trace. 

The traces are from a leaf strip, harvested into 100% ethanol, which was 

rehydrated before being subjected to two consecutive loads of 0.2 N at a speed of 

5 mm min-1, and returned back to 0 mm between extension cycles 
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processing and analysis using ImageJ for windows (Image J.1.44o). Cell size was 

calculated by drawing around 10 epidermal cells (which did not border stomata) and 

the mean was taken. The number of epidermal cells and stomata in the field of view 

(FOV) were also counted so that stomatal index (SI) could be determined using the 

equation below (Salisbury, 1928): 

 

SI = Number of stomata / (Total number of cell + Number of stomata) * 100 

 

5.3.3. Statistical Analyses 

All of the results were tested statistically using SPSS 16.0.1 for Windows (SPSS, 

Illinois, USA). All relationships were analysed using PCAs to determine links 

between soil moisture and a range of IR-based measures. In total, three PCAs were 

conducted with the first examining the relationships between soil moisture, 

photosynthesis, transpiration and stomatal conductance. Secondly, soil moisture was 

tested against thermal data, including raw temperatures and well as thermal crop 

indices. Finally, end-of-life yield and quality measurements were analysed. 

 

All thermal imagery was analysed using Image Processor Pro II software (Version 4.0, 

NEC, Tokyo, Japan). Estimates of canopy thermal properties were based on several 

leaves to reduce errors associated with leaf angle (Grant et al., 2007) 

 

5.4. RESULTS 

5.4.1. Pre-Dawn and Afternoon Water Relations  

Daily measurements at pre-dawn (06:00) and afternoon (13:00) were taken for a 

number of water traits so that relationships could be uncovered over the crops growing 

lifetime (Figure 5.4.). 
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Soil water content was affected by irrigation events, with the optimum difference 

between treatments being observed from Day 9 onwards. This allowed us the 

opportunity to compare plant responses under the three irrigation treatments both 

before and after their soil moisture segregated. The aim of taking these measurements 

was to draw out any relationships between soil moisture and plant water use 

(transpiration, stomatal conductance and photosynthesis) irrespective of age and time 

of day. In order to do this, a PCA was performed on the pooled data (Table 5.2. and 

5.3.). 
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Figure 5.4. Water status measurements of three irrigation treatments taken over the 
course of ten days (D1-D10) at pre-dawn (06:00) and afternoon (13:00) time points on 
spinach grown commercially at Vitacress España in March/April 2011. Day length was 
07:49 – 20:28 on Day 1 and 07:36 – 20:36 on Day 10. Each data point represents the 
mean value of randomly selected plants, ±SE, n=6. Dark blue indicates over-irrigation, 
cyan shows commercial irrigation and yellow denotes under-irrigation. Soil moisture (a) 
was measured with a probe, while photosynthesis (b), stomatal conductance (c) and 
transpiration (d) were measured with a portable photosynthesis meter 

Commercial-irrigation 
Over-irrigation 

Under-irrigation 
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Table 5.2. Total variance explained by Principle Component Analysis when spinach 

was grown commercially at Vitacress España. Soil moisture and crop water use 

(photosynthesis, stomatal conductance and transpiration) were measured 

Component 

Initial Eigenvalues 

Extraction Sums of Squared 

Loadings 

Total 

% of 

Variance Cumulative % Total 

% of 

Variance Cumulative % 

1 1.535 38.371 38.371 1.535 38.371 38.371 

2 0.999 24.980 63.351    

3 0.749 18.737 82.088    

4 0.716 17.912 100.000    

 

One component was extracted, with an Eigenvalue of over 1, and accounted for 38.37% 

of variance. 

 

 

Table 5.3. Component matrix from Principle Component Analysis when spinach was 

grown commercially at Vitacress España. Soil moisture and crop water use 

(photosynthesis, stomatal conductance and transpiration) were measured 

 Component 

 1 

Soil moisture 0.696 

Photosynthesis 0.220 

Stomatal conductance 0.707 

Transpiration 0.708 

 

 

This one component measured all four traits and it was clear that crop water use was 

affected by soil moisture content, with a positive relationship between soil moisture 

and stomatal conductance/transpiration. However, photosynthesis was relatively 

insensitive to soil moisture variation with only a small increase in response to 

increasing soil moisture content. 

 

Crop canopy thermal properties were also measured throughout this ten-day period to 

establish links between soil moisture and canopy temperature (Figure 5.5.). 
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In this study, two thermal crop indices were calculated from the data collected using 

IR imagery to scale absolute crop canopy temperatures according to environmental 

variation (Figure 5.6.). The Ig was determined using information from ‘wet’ and ‘dry’ 

reference surfaces, which represent an optimally transpiring surface and a non-

transpiring surface respectively, using the equation below: 

  

Ig = (Tdry-Tleaf)/(Tleaf-Twet) 
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Figure 5.5. Crop canopy thermal properties of three irrigation treatments taken over the 
course of ten days (D1-D10) at pre-dawn (06:00) and afternoon (13:00) time points on 
spinach grown commercially at Vitacress España in March/April 2011. Day length was 
07:49 – 20:28 on Day 1 and 07:36 – 20:36 on Day 10. Each data point represents the 
mean values derived from replicate images, ±SE, n=6. Dark blue indicates over-
irrigation, cyan shows commercial irrigation and yellow denotes under-irrigation 
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Where Tdry is the temperature of a dry reference surface, Twet is the temperature of a 

wet reference surface and Tleaf is the leaf temperature 

 

In addition to the thermal properties of reference surfaces, as used to calculate the 

index of stomatal conductance, the CWSI also took into account the ambient air 

temperature at the time of imaging. CWSI was determined using the following 

equation:  

 

CWSI = [(Τc-Τa)-(Τc-Τa)ll]/[(Τc-Τa)ul-(Τc-Τa)ll] 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

These indices were both able to detect similarities and differences between the 

treatments with respect to their soil moisture content. Segregation between the 

treatments became most apparent on day 8, when soil moisture differences were 

optimal. In order to assess the ability of detecting soil moisture changes using IR 

imagery and canopy thermal properties correlations were performed upon the six crop 

canopy thermal properties and soil moisture (Figure  5.7.). 

a b 

Figure 5.6. Crop canopy thermal indices (CWSI (a) and Ig (b)) of three irrigation 
treatments taken over the course of ten days (D1-D10) at pre-dawn (06:00) and 
afternoon (13:00) time points on spinach grown commercially at Vitacress España in 
March/April 2011. Day length was 07:49 – 20:28 on Day 1 and 07:36 – 20:36 on Day 
10. Each data point represents the mean values derived from replicate images and 
corresponding replicate values of ambient and reference temperatures, ±SE, n=6. 
Dark blue indicates over-irrigation, cyan shows commercial irrigation and yellow 
denotes under-irrigation 
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Figure 5.7. Correlation matrix for crop canopy thermal traits and soil moisture when spinach 

was commercially-grown in the field at Vitacress España, April, 2011. with the correlation 

co-efficients shown where p<0.05. CWSI, Crop Water Stress Index; Ig, Index of stomatal 

conductance 
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These correlations demonstrated several strong relationships present between many of the traits of interest. To ascertain the links and interactions 

between these relationships, PCA was performed upon the traits (Table 5.4.). 

 

 

Table 5.4. Total variance explained by Principle Component Analysis when spinach was grown commercially at Vitacress España. Soil 

moisture and crop canopy thermal properties were measured 

Component 

Initial Eigenvalues Extraction Sums of Squared Loadings Rotation Sums of Squared Loadings 

Total % of Variance Cumulative % Total % of Variance Cumulative % Total % of Variance Cumulative % 

1 4.005 57.221 57.221 4.005 57.221 57.221 3.796 54.233 54.233 

2 2.192 31.311 88.532 2.192 31.311 88.532 2.401 34.299 88.532 

3 0.392 5.598 94.131       

4 0.266 3.804 97.935       

5 0.118 1.686 99.621       

6 0.027 0.379 100.000       

7 -6.165E-16 -8.808E-15 100.000       
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Eigenvalues of 1 were set as the threshold for components to be extracted by PCA and 

this allowed two components to be highlighted, which explained 88.532% of the 

variance cumulatively. 

 

These two components were explored in more detail to determine principal 

relationships (Table 5.5.). 

 

Table 5.5. Rotated component matrixa from Principle Component 

Analysis when spinach was grown commercially at Vitacress 

España. Soil moisture and crop canopy thermal properties were 

measured 

 Component 

 1 2 

Soil moisture -0.375 0.784 

Minimum temperature 0.914 -0.053 

Maximum temperature 0.987 -0.097 

Mean temperature 0.986 -0.071 

Temperature range 0.930 -0.110 

Crop Water Stress Index -0.088 -0.926 

Ig -0.052 0.948 

Extraction Method: Principal Component Analysis.  

Rotation Method: Varimax with Kaiser Normalization. 

a. Rotation converged in 3 iterations. 

 

 

The rotated component matrix highlighted two components, which illustrated two 

major groupings between the thermal traits and soil moisture. Firstly, component 1 

measured all four raw thermal canopy properties (minimum, maximum and mean 

temperature and temperature range). These traits, perhaps not surprisingly, were all 

highly positively correlated, with some link to soil moisture, which is slightly 

negatively related to all of these thermal traits. However, the second component 

described the links between soil moisture and the canopy thermal indices, Ig and 

CWSI. This demonstrated that these thermal indices were more sensitive indicators of 

soil moisture when compared to raw thermal properties of the canopy (Figure 5.8.). 

 



159 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.4.2. Harvest Measurements  

A range of end of life yield measurements were taken and all displayed the same 

pattern with respect to treatment effect (Figure 5.9.). 

  

Figure 5.8. Component plot from Principle Component Analysis of spinach thermal 
canopy traits and soil moisture. Coloured circles show the grouping of the traits 
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Harvest traits were not sufficiently replicated to analyse using ANOVAs but trends 

were observed. Crop yield was lower when the crop was under-irrigated, compared to 

the normally-irrigated crop. Furthermore, there was a slight decrease in yield when the 

crop was over-irrigated. 

 

Epidermal imprints were employed to calculate cell size and stomatal index of the 

crop under the three irrigation treatments (Figure 5.10.). 

 

 

 

 

 

 

Figure 5.9. Yield measurements of commercially-grown spinach under three irrigation 
treatments. Samples were harvested in the evening at the end of life in April 2011. 
Each data bar represents mean values ±SE, n=6 
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Cell size showed a similar pattern to that of leaf area, with under-irrigated leaves 

containing smaller cells than either normally- or over-irrigated plants. Furthermore, 

there was a slight decrease in cell size in over-irrigated plants when compared to their 

normally-irrigated counterparts. Moreover, stomatal index increased with treatment 

water availability with an increasing number of stomata alongside increasing irrigation. 

 

For leaf biophysical properties, both %E and %P were measured as well as %E + %P 

(Figure 5.11.). 

  

Figure 5.10. Cell size and stomatal index measurements of commercially-grown 
spinach under three irrigation treatments. Samples were harvested in the evening at 
the end of life in April 2011 and slides of epidermal imprints were made. Each data 
bar represents mean values ±SE, n=6 
 

Commercial Commercial 
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Plasticity was markedly higher in the under-irrigated crop while elasticity was 

unaffected by irrigation treatment. 

 

The shelf-life of these treatments was measured after transport back to the UK in the 

commercial cold chain (Figure 5.12.). 

  

Figure 5.11. The cell wall biophysical properties of commercially-grown spinach under 
three irrigation treatments. Samples were harvested in the evening at the end of life 
on 14th April 2011 and stored in ethanol before rehydration. Leaf strips were tested 
using an Instron apparatus to calculate elasticity (%E) and plasticity (%P). Each data 
bar represents mean values ±SE, n=6 
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Figure 5.12. The shelf-life of commercially-grown spinach under three irrigation 
treatments. Samples were harvested in the evening at the end of life on 14th April 
2011. Each data bar represents mean values ±SE, n=6 

 

  

 

 

 

 

Shelf-life was lower in the under-irrigated crop when compared to both the 

commercial and over-irrigation treatments, which had very similar longevity post-

harvest.  

 

Although ANOVA was not possible on the harvest measurements due to replication, 

there are relationships present between the traits. To ascertain these relationships, 

PCA was performed upon the traits (Table 5.6.). 
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One component was extracted by PCA with the threshold for Eigenvalues set at 1, and 

this component explained 93.11% variance. 

 

The relationships contained within this component were explored in more detail to 

determine principal relationships (Table 5.7.). 

  

Table 5.6. Total variance explained by Principle Component Analysis when spinach 

was grown commercially at Vitacress España. Leaf area, fresh weight, dry weight, 

fresh:dry weight ratio, shelf-life, cell area, stomatal index, elastic extensibility, plastic 

extensibility and total extensibility were measured 

Component 

Initial Eigenvalues 

Extraction Sums of Squared 

Loadings 

Total 

% of 

Variance 

Cumulative

 % Total 

% of 

Variance 

Cumulative

 % 

1 10.242 93.110 93.110 10.242 93.110 93.110 

2 0.758 6.890 100.000    

3 2.681E-15 2.437E-14 100.000    

4 1.374E-15 1.249E-14 100.000    

5 3.552E-16 3.229E-15 100.000    

6 2.305E-16 2.096E-15 100.000    

7 7.297E-17 6.633E-16 100.000    

8 -5.623E-17 -5.112E-16 100.000    

9 -1.479E-16 -1.344E-15 100.000    

10 -2.313E-16 -2.103E-15 100.000    

11 -3.615E-16 -3.287E-15 100.000    
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Table 5.7. Rotated component matrix from Principle Component Analysis 

when spinach was grown commercially at Vitacress España. Leaf area, fresh 

weight, dry weight, fresh:dry weight ratio, shelf-life, cell area, stomatal index , 

elastic extensibility, plastic extensibility and total extensibility were measured 

 
Component 

1 

Leaf Area 0.994 

Fresh Weight 0.951 

Dry Weight 0.833 

Fresh:Dry Weight Ratio 1.000 

Shelf-life post-harvest 0.995 

Shelf-life post-processing 0.995 

Cell Area 0.975 

Stomatal Index 0.909 

Elastic extensibility -0.962 

Plastic extensibility -0.994 

Total extensibility -0.993 

 

 

The extracted component measured all traits of yield, shelf-life, cell area and stomatal 

index. However, these traits were strongly, negatively related to all measures of 

extensibility. This PCA showed that higher yielding crops were made up of larger 

cells with more stomata and an increased shelf-life, possibly caused by decreased 

extensibility.  

 

Moreover, it was possible, with known water costs and crop values, to calculate the 

monetary costs of these irrigation alterations (Table 5.8.).  
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Table 5.8. Crop value and water costs for growing 667 m2 of spinach under three 
irrigation treatments, when grown commercially at Vitacress España in 2011 

 Irrigation treatment 
 Under Commercial Over 

Value of crop at harvest (€) 872,39 1500,75 1261,55 
Cost of irrigation over lifetime (€) 35,14 39,82 58,56 

Value of yield minus water costs (€) 837,25 1460,93 1202,99 

 

 

When costs and yields were examined, it was clear that, economically, money is lost if 

the crop is either under- or over-irrigated in this way, while the cost of water and the 

value of the crop is at this level. Although there is no economic benefit to altering 

irrigation in this way, it is important to consider the environmental cost associated 

with increased water use. 

 

5.5. DISCUSSION 

Globally, water use is rising due to an ever-growing human population and the effects 

of climate change. Many areas are over-abstracting with regions in Europe, such as 

southern England and Spain, abstracting 20-45% of their effective rainfall 

(EnvironmentAgency, 2008). Thus, the management of water resources must be 

improved in order to protect the environment and crop production, in both current and 

future climates. Irrigation is a major source of water loss in agriculture, through run-

off, deep percolation and evaporation when water is applied in excess of the crops 

ability to extract it from the soil (Bos, 1985; Postel, 1993; Wallace, 2000; Morison et 

al., 2008). Maintaining the balance between water application to excess or at a deficit 

is crucial both to preserve water resources and to produce a crop of maximum yield 

and quality. Both excessive and deficit irrigation can cause yield and quality defects 

so the scheduling of irrigation must be optimised. 

 

Consequently, this chapter was focused on manipulating the irrigation of spinach in 

order to determine the degree to which irrigation can be altered both through increased 

and decreased irrigation without sacrificing yield or quality. The research was 

undertaken on a commercial farm and this, in some respects was limited by the 

facilities available there and also the treatments that could be imposed. Despite this, 

links between irrigation and canopy thermal properties, as well as post-harvest yield 

and quality, were investigated in order to improve the scheduling of irrigation. The 

impact of changes to irrigation upon spinach water use traits, quality and yield were 
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quantified with the intention of optimising the irrigation requirements of spinach to 

produce a crop with an optimal balance of quality and yield traits. Moreover, we 

linked these irrigation modifications to changes in the thermal spectra of the crop for 

future automation of irrigation scheduling. 

 

The spinach crop was monitored from implementation of the treatments and natural 

variation between the treatment areas was confirmed as negligible, with no differences 

in water relations or thermal properties observed until the irrigation treatments began 

to diverge. Furthermore, although photosynthesis increased with age of the crop, no 

differences were evident between the treatments with respect to direct plant-based 

measures of water relations (stomatal conductance, transpiration and photosynthesis), 

showing these to be less-sensitive indicators of soil water availability in the field. In 

contrast, IR imagery was able to detect soil moisture differences with great sensitivity, 

with the crop canopies exhibiting similar thermal signatures until soil moisture content 

diverged between the treatments.  

 

As water deficits increase, stomatal aperture decreases until the stomata are closed and 

transpiration decreases, leading to an increase in leaf temperature (Grant et al., 2007). 

It is this associated change in leaf thermal energy fluxes which can be monitored 

through IRT, since the amount of long wave infra-red radiation which is reflected by a 

surface is indicative of its temperature (Grant et al., 2007). Stomatal responses have 

been shown to occur prior to any change in plant water status demonstrating the 

sensitivity of this index as an indicator of soil water deficits prior to crop damage 

(Davies et al., 2000; Grant et al., 2007).  

 

Despite the many existing ways of measuring plant water status, most plant-based 

methods require direct interference with the plant, making the use of remote sensing 

desirable. Although satellite and aerial data have a very high spatial resolution they 

have a low pass rate, rely on clear days, require atmospheric correction and also have 

a large pixel size meaning that the data is not necessarily applicable to field-scale 

utilisation (Bastiaanssen et al., 2000). This explains why field-based IR imaging is 

preferable since it is non-destructive and does not impact upon stomatal conductance, 

yet it is high throughput. IR imaging has been used as a method for screening, such as 

for drought tolerance in wheat, whereby 11 genotypes were grown under moderate 

osmotic stress with canopy temperatures varying by  up to 7 ºC (Inagaki and Nachit, 
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2008). Furthermore, it has been shown that instead of examining individual leaf 

temperature, which is not consistently related to Ig, canopy temperature can detect 

crop water stress more precisely, due to the averaging of temperatures across multiple 

leaves (Grant and Chaves, 2005). This is due to the averaging of many leaves at 

different angles and orientations when a canopy is analysed when compared to 

impacts of differences between leaf angle and orientation when focusing on individual 

leaves (Grant and Chaves, 2005; Zia et al., 2011). 

 

Nevertheless, the application of IR imaging as a tool for irrigation scheduling has been 

hampered until recently by the difficulty of separating leaf from background 

temperatures. However, the technology to do this has much improved in recent years 

allowing for the progression of IR imaging, which, thus far has been predominantly 

applied in controlled conditions (Chaerle et al., 2004; Lindenthal et al., 2005) or to 

homogeneous fields, rather than row crops such as spinach. IR imaging of individual 

beds allowed us to monitor the crop at a bed-scale, however, in order to monitor the 

whole field, the IR camera would need to be passed along whole rows. Until recently, 

remote sensing has been favoured as a research device as opposed to an applicable 

agricultural tool, and, while this was the case, the technology was designed in this way, 

meaning that spatially and temporally it was not suitable for agriculture. Advances in 

recent years have improved the transfer of the technology from research environments 

to field-based application and thermal imagery has been used to monitor differences in 

stomatal responses in both rice and wheat under drought in field trials. 

  

The use of crop water stress indices has also been focused on for the application of 

thermal imaging to crop species (Maesa et al., 2011; O'Shaughnessy et al., 2011). In 

this research, crop stress indices, further highlighted the thermal canopy signatures of 

soil water status, producing an even more sensitive tool for use in irrigation 

scheduling. A greater range of irrigation treatments, at smaller increments, need to be 

implemented in order to fine tune these relationships with respect to developing a 

threshold at which to trigger irrigation irrespective of environmental variation and this 

is part of our on-going research. In support of this finding, Grant and colleagues 

compared the Ig to stomatal conductance, as measured using porometry, and a good 

correlation was found in a number of crop types (Grant et al., 2006). 
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In addition to these advances in infra-red scheduling techniques, it has been 

demonstrated that under-irrigation caused both yield and quality changes in spinach, 

while over-irrigation is of no benefit to the crop, adding only to the cost and 

environmental footprint. In fact, there is some evidence to show that over-irrigation is 

detrimental to crop yield with commercial irrigation yielding the highest fresh weights 

with the largest cells, while over-irrigated crops exhibited a slightly lower yield with 

smaller cells. Under-irrigation caused significantly smaller leaves to develop made up 

of much smaller cells with a trend of less stomatal pores. However, these small cells 

did not confer improved shelf-life, due to wilting of the crop, and leaves which 

exhibited a high degree of extensibility when compared to the other two treatments.  

 

Although there was a lack of replication in this trial, the results are still informative 

for future work. The evidence from this research shows that this commercial farm is 

currently using best practice for irrigation water control when compared to the deficit 

and excess irrigation treatments used in this trial. This is shown by the yield and shelf-

life defects caused by under-irrigation, and over-irrigation giving neither a higher 

yield nor a crop of increased quality, when compared to commercially-irrigated crops. 

However, the small cells which make up the leaves of the under-irrigated spinach crop 

show that there may be benefits to under-irrigation, albeit not at this level of deficit. 

This provides motivation for further work using varying degrees of less extreme 

deficit-irrigation. Furthermore, although water costs are not substantially affecting 

spinach growth at present, costs are liable to increase as the resource becomes scarcer. 

It is also important to consider water use in terms of environmental impact, in addition 

to its monetary cost. 

 

Irrigation is where most water can be saved in agriculture and developing the 

technology to improve the scheduling of this irrigation may prove crucial in making 

these savings. The links we have found between soil moisture and canopy thermal 

properties allow for plant water status to be measured rapidly and directly, without 

physical interference with the crop. It is hoped that the use of IR imaging can enhance 

the sustainability of future irrigation through improving scheduling with water savings 

across a range of crops. The use of thermography may also allow predictions of yield 

and quality to be made and the balance between them to be manipulated according to 

commercial pressures. 
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6.1. OVERVIEW 

It is therefore important to reduce water use in baby leaf cropping systems using up-

to-date technologies. Chapter 5 illustrated that IR imaging can be used to determine 

plant water relations through estimating stomatal conductance to water and can be 

used to schedule irrigation events precisely, reducing water loss. This chapter 

develops the relationships which were highlighted in the previous chapter, between 

irrigation and canopy thermal properties to further inform an improved scheduling of 

irrigation which will lead to a more sustainable use of water. Additionally, the results 

presented demonstrate the importance of clear days for IR imaging, as differences 

were much more notable when the weather was clear while showing little variation 

despite treatment when imaging occurred on overcast days. 

 

Furthermore, although deficit irrigation was shown to improve crop establishment, 

yield and quality of the final crop was not significantly affected by altered irrigation 

practices. Due to rain during the trial the treatments were not as consistent as they may 

have been, however this shows that young crops can recover from deficit irrigation, 

prior to final harvest. 

 

6.2. INTRODUCTION 

Cultivated lettuce is eaten widely throughout the world and is of significant economic 

value with the UK and USA’s gross production of lettuce and chicory reaching 

117,000 MT and 4,360,400 MT respectively (FAO, 2007). However, water resources 

are beginning to limit this production due to competition from other sectors, mainly 

driven by a growing human population, alongside the unpredictable effects of climate 

change (IPCC, 2007). Ensuring efficient irrigation, both in terms of scheduling and 

application of water, during the cultivation of these drought sensitive salad crops is 

therefore crucial. This research chapter aims to develop links between crop water 

status and remotely sensed IR imagery, as well as connecting these traits to post-

harvest yield and quality traits, in a commercial situation. 

 

The problem of crop irrigation arises due to crops being very sensitive to drought 

stress and therefore it is common in agriculture to irrigate at an excess so as to ensure 

rapid growth and thus biomass accumulation. This biomass accumulation not only 

increases the saleable part of the plant, but also leads to an increased radiation 

perception, which acts as a positive feedback loop to generate more biomass. However, 
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when over-watering occurs it is likely that much water will be lost through run-off, 

making the system far less water efficient than it might be. Moreover, this irrigation is 

often scheduled in correspondence with the driest plants, ensuring an even greater loss 

through run-off and also creating the possibility of yield (Morison et al., 2008) and 

quality defects due to over-watering. Additionally this increases the risk of salinisation 

and water-logging while diverting water that could be used in other sectors or 

ecosystems (Pretty, 2008). This situation focuses attention on building a system to 

monitor crops below the field scale directly as opposed to indirectly through soil 

moisture measurements. If successful, irrigation scheduling can be improved so that 

crops are neither stressed by a water excess or deficit despite field heterogeneity and 

varying topography (Jones, 2004, 2004; Parry et al., 2005) however, this is still in the 

research stage and is technically demanding.  

 

Chapter 5 established preliminary relationships between canopy thermal properties 

and soil moisture, alongside linking deficit and excess irrigation alterations to changes 

in crop yield and quality. However, the conclusions which can be drawn from this 

work are limited by the number of treatments and lack of replication. Treatments were 

severe and did not provide the subtle changes in soil water availability which may be 

needed to improve crop quality without detrimental yield effects. Furthermore, 

Chapter 5 illustrated that thermal imagery can indeed be applied in the field and it is 

now necessary to implement more subtle variation in irrigation levels to fine tune the 

detection of plant water status through the use of thermal imaging. 

 

At Mullens Farm (Figure 6.1.), water is abstracted from a single borehole, which uses 

a submersible pump to extract water from the chalk at a depth of 30 m. The farm has a 

winter abstraction licence for 45,000 m3 of water, which is stored in a 10 million 

gallon reservoir. The summer licence is for 37,000 m3 and is either stored in a holding 

lagoon or applied immediately to the crop. Both of these licences are regulated by the 

EA and are dependent on local river flow rates. All irrigation at Mullens Farm is 

applied using boom and reel systems, which inherently allow a significant amount of 

drift. Attempts are made to minimise this through lowering the boom height and using 

different nozzle types. Spinach is drilled to 20 mm and is typically irrigated twice to 

12-15 mm to establish the crop and bring it to a harvestable size. Irrigation is 

scheduled by workers who have experience of both the crops and soil types at Mullens 

Farm. 
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There is the potential to save water through improving irrigation scheduling, using IR 

imaging technologies. Drought stress is inherently linked to changes in canopy 

temperature as transpiration is the mechanism by which plants dissipate excess heat. 

Non-transpiring leaves can be up to 10 ºC hotter than their transpiring counterparts, 

thus IR imaging can detect stomatal responses remotely with higher temperatures 

being demonstrated when water deficits increase (Jones et al., 2002). Furthermore, 

canopies which exhibit a higher range of temperatures have been found to be 

indicating an increased level of stress, when compared to canopies which show a 

lower range of temperatures (Fuchs, 1990). In addition to these measured canopy 

thermal properties, there are a number of calculated indices which can increase the 

detection of water stress (Idso, 1982; Fuchs, 1990; Jones, 1999; Jones et al., 2002; 

Gontia and Tiwari, 2008). Using these approaches, it is possible to improve the 

precision with which irrigation is scheduled on-farm. This chapter will establish the 

links between data collected through IR imaging and soil water content. Moreover, an 

attempt will be made to link these manipulations of water availability to post-harvest 

yield and quality of the crop. This will enable the development of an improved system 

of irrigation management whereby irrigation is minimised with consideration of yield 

and quality of the spinach crop. 

Figure 6.1. Location of the field site at Mullens Farm, UK (GoogleMaps) 

Mullens Farm 
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6.3. MATERIALS AND METHODS 

In order to manipulate irrigation precisely, a crop of spinach (cv. Finch) was 

commercially drilled on 29th August 2011. Irrigation treatments were implemented on 

31st August 2011 using a boom and reel irrigator. Five treatments were applied (5, 10, 

15, 18, 25 mm) over linearly arranged areas of 25 * 54 m and measurement areas were 

taken from the centre of each treatment area (Figure 6.2.). Due to the farm set up, it 

was not possible to randomise the order of the treatments within each of the three 

sample row. This situation was rectified in the next chapter where it was possible to 

improve the experimental design. 

 

 

  

Figure 6.2. The field site at Mullens Farm, UK 

Sample row 1     Sample row 2     Sample row 3 
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6.3.1. Measurements throughout Lifetime 

Both soil moisture measurements and IR imaging were obtained using the same 

equipment as previously described. Soil moisture measurements were taken on the day 

following irrigation, with five replicate point measurements taken at random within 

each measurement area. Once true leaves had emerged (26/09/2011), soil moisture 

measurements and thermal imagery were taken on days 19, 21 and 23 (Table 6.1.). 

These measurements consisted of five soil moisture point measurements in each study 

area using a Delta-T sensor connected to a HH2 moisture meter (Delta-T Devices, 

Cambridge, UK), with probe position being randomly selected. Furthermore, five 

infra-red images were taken of each treatment using a TH9100WR thermal camera 

(NEC, Tokyo, Japan). For further details of how soil moisture and thermal imagery 

was conducted see Chapter 5, section 5.3. 

Figure 6.3. Spacing of treatments with circles indicating measurement areas. The trial 
was conducted on commercially-maintained spinach at Mullens Farm, UK, 2011. 
Irrigation treatments were implemented on 31st August 2011 using a boom and reel 
irrigator. Five treatments were applied (5, 10, 15, 18, 25 mm), with 15 mm being the 
normal commercial level 
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All measurements were taken between noon and 13:00. At 24 days of growth 

establishment was measured in each treatment area. The number of plants growing in 

a 20 cm2 quadrat randomly placed five times in each study area was recorded (Figure 

6.4.).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

6.3.2. Harvest Measurements 

The day before the crop was due to be commercially harvested; the study areas were 

sampled for a range of yield and quality measurements. Five replicates were taken for: 

yield, material testing, epidermal imprints and shelf-life. Harvest measurements were 

taken as described in Chapter 5, section 5.3, with minor alterations.  Shelf-life was 

assessed at two storage temperatures – commercial refrigeration at 3 ºC ±1 ºC and 

domestic refrigerator at 7 ºC ±3 ºC – with a temperature data logger in each 

refrigeration unit (Testo 174, Testo, Alton, UK).  

 

  

Figure 6.4. Measuring establishment using a quadrat. The number of plants growing 
in a 20 cm2 quadrat was determined 
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Table 6.1. Timeline of measurements taken at Mullens Farm, UK, Autumn 2011 

Day 1 Day 19 Day 21 Day 23 Day 24 Day 26 Day 27 

Daily soil moisture measurements 
  

Commercial 
harvest 

 
Daily IR imaging 

   

    
Establishment 

  

     

Harvested for 
yield and 
quality 

measurements 
 

 

 

6.3.3. Statistical Analyses 

All of the results were tested statistically using SPSS 16.0.1 for Windows (SPSS, 

Illinois, USA). 1-way ANOVAs were used to analyse each trait individually using 

irrigation treatment as the factor. Where time was also a factor a repeated measure 

ANOVA was employed using treatment and time as factors. All post-hoc testing 

consisted of Tukeys tests. 

 

All thermal imagery was analysed using Image Processor Pro II software (Version 4.0, 

NEC, Tokyo, Japan). Estimates of canopy thermal properties were based on several 

leaves to reduce errors associated with leaf angle (Grant et al., 2007) 

 

6.4. RESULTS 

6.4.1. Measurements throughout Lifetime 

Soil moisture was monitored over the course of 23 days, at four time points when a 

commercial crop of spinach cv. Finch was exposed to five irrigation treatments 

(Figure 6.5.). 
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Soil moisture varied significantly between treatments (F4,10=5.471, p=0.013), as well 

as with time (F3,30=57.843, p<0.0005), with interaction between the two (F12,30=6.361, 

p<0.0005). Post-hoc testing (Tukeys) revealed two homogeneous groups to be present 

amongst the treatments (5, 10 and 15 mm and 10, 15, 18 and 25 mm respectively). 

 

Establishment of the crop under each irrigation treatment was measured as the number 

of plants established per 20 m2 (Figure 6.6.). 
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Figure 6.5. Soil water status of five irrigation treatments taken over the course of 23 
days at four time points. The spinach crop was grown commercially at Vitacress 
Salads in August-September 2011. Irrigation treatments were implemented on 31st 
August 2011 using a boom and reel irrigator. Five treatments were applied (5, 10, 15, 
18, 25 mm), with 15 mm being the normal commercial level. Each data bar represents 
the mean value of randomly selected points within treatment areas, ±SE, n=15. The 
two homogeneous groups are marked with * and ^ respectively 
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Crop establishment varied significantly between treatments (F4,70=4.954, p=0.001) and 

post-hoc testing using Tukey’s found two homogeneous groups in the treatments (15, 

18, 25 and 10 mm and 18, 25, 10 and 15 mm) with most difference being seen 

between 5 mm and 15 mm irrigation treatments. 

 

Crop canopy thermal properties were measured using infra-red imaging at three time 

points, the first of which was an overcast day, while the following two were bright, 

clear days (Figure 6.7.). 

  

Figure 6.6. Crop establishment of commercially-grown spinach under five irrigation 
treatments. Establishment was measured at 24 days of growth. The crop was grown 
commercially at Vitacress Salads in August-September 2011. Irrigation treatments 
were implemented on 31st August 2011 using a boom and reel irrigator. Five 
treatments were applied (5, 10, 15, 18, 25 mm), with 15 mm being the normal 
commercial level. Each data bar represents the mean value of randomly selected 
points within treatment areas, ±SE, n=15. The two homogeneous groups are 
marked with * and ^ respectively 
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All four raw thermal properties of the crop canopy were analysed between treatments 

as well as over time. Moreover, the Ig was compared in the same way (Table 6.2.). 
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Figure 6.7. Crop thermal canopy properties of commercially-grown spinach under five 
irrigation treatments. Infra-red imaging was undertaken on days 19 (a), 21 (b) and 23 
(c) of growth. The crop was grown commercially at Vitacress Salads in August-
September 2011. Irrigation treatments were implemented on 31st August 2011 using a 
boom and reel irrigator. Five treatments were applied (5, 10, 15, 18, 25 mm), with 15 
mm being the normal commercial level. Each data bar represents the mean value of 
replicate images within each treatment area, ±SE, n=15 
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Table 6.2. Statistical analyses of crop thermal properties as measured using separate repeated measure ANOVA and post-hoc Tukey's 
testing. Tukey’s homogeneous groups are marked with *^° ͋ (group 1-4 respectively) 

Thermal property Treatment effect Time effect Interaction Homogeneous grouping 

Minimum temperature F4,70=24.322, p<0.0005 F2,140=11.808, p<0.0005 F8,140=6.981, p<0.0005 5*, 10*^, 15*, 18*^, 25^ mm 

Maximum temperature F4,70=5.374, p=0.001 F2,140=606.048, p<0.0005 F8,140=4.253, p<0.0005 5*^, 10*^, 15*, 18*, 25^ mm 

Mean temperature F4,70=5.042, p=0.001 F2,140=534.839, p<0.0005 F8,140=3.352, p=0.002 5*^, 10*, 15*, 18*, 25^ mm 

Range temperature F4,70=14.214, p<0.0005 F2,140=584.856, p<0.0005 F8,140=7.858, p<0.0005 5 ͋, 10^°, 15*, 18*^, 25°͋ mm 

Ig F4,70=3.176, p=0.019 F2,140=7.218, p=0.001 F8,140=6.291, p<0.0005 5^, 10*^, 15*^, 18*^, 25* mm 

 

 

All measures of canopy temperature displayed significant differences both between treatments and over time, with interaction between the two in 

each case. Groupings tended to categorise either similar treatments together or, otherwise, treatments at either irrigation extreme. For example, 

maximum temperature shows both of these tendencies, with 5, 10, 15 and 18 mm being grouped together (similar treatments), while 5, 10 and 25 mm 

were grouped together (most different to commercial irrigation at 15 mm). 
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6.4.2. Harvest Measurements 

Crop yield was measured using a variety of traits, including leaf area, fresh weight, 

dry weight and fresh to dry weight ratio (Figure 6.8.). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Leaf area (F4,69=1.051, p=0.387), fresh weight (F4,70=1.205, p=0.317) and dry weight 

(F4,70=1.486, p=0.216) did not differ significantly between the irrigation treatments, 

however fresh to dry weight ratio was significantly affected by treatment (F4,70=3.667, 

p=0.009). Post-hoc testing demonstrated that there were two homogeneous groups 

present (25, 18 and 10 mm and 18, 10, 15 and 5 mm). 

 

Epidermal imprints were imaged in order to determine mean cell size and stomatal 

index (Figure 6.9.).  

 

 

 

 

Figure 6.8. Crop yield of commercially-grown spinach under five irrigation 
treatments. The crop was harvested at 26 days of growth and yield was measured in 
terms of plant leaf area (a), fresh weight (FW), dry weight (DW) and fresh:dry weight 
ratio (FW:DW) (b). The crop was grown commercially at Vitacress Salads in August-
September 2011. Irrigation treatments were implemented on 31st August 2011 using 
a boom and reel irrigator. Five treatments were applied (5, 10, 15, 18, 25 mm), with 
15 mm being the normal commercial level. Each data bar represents the mean value 
of randomly selected plants within treatment areas, ±SE, n=15. The two 
homogeneous groups for fresh:dry weight ratio are marked with * and ^ respectively 
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Neither cell size (area) (F4,70=1.594, p=0.186), nor stomatal index (F4,70=1.739, 

p=0.151), varied significantly between irrigation treatments, although both were 

observed to be slightly lower under both deficit and excess irrigation. 

  

a b 

Figure 6.9. Crop properties of commercially-grown spinach under five irrigation 
treatments. The crop was harvested at 26 days of growth and epidermal imprints were 
used to determine mean cell area (a) and stomatal index (b). The crop was grown 
commercially at Vitacress Salads in August-September 2011. Irrigation treatments 
were implemented on 31st August 2011 using a boom and reel irrigator. Five 
treatments were applied (5, 10, 15, 18, 25 mm), with 15 mm being the normal 
commercial level. Each data bar represents the mean value of randomly selected 
plants within treatment areas, ±SE, n=15 
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Shelf-life was not significantly affected by irrigation treatment at either 3 °C 

(F4,70=1.005, p=0.411) or 7 °C (F4,70=1.347, p=0.261) (Figure 6.10.). 

 

Finally, the economic impact of these treatments was assessed for growing 1 m2 of 

spinach cv. Finch at Mullens Farm in August-September 2011 under these five 

irrigation treatments (Table 6.3.). 

Table 6.3. Crop value and water costs for growing a m2 of spinach (cv. Finch) under 
five irrigation treatments, when grown commercially at Mullens Farm, UK in August-
September 2011 

  Irrigation treatment (mm) 

  5 10 15 18 25 

Value of yield (GBP) 1.27 1.24 1.26 1.06 1.21 

Cost of irrigation (GBP) 0.22 0.45 0.67 0.8 1.12 

Value of yield minus irrigation costs (GBP) 1.05 0.79 0.59 0.26 0.09 

 

 

There was a clear trend of decreasing profit as irrigation levels rose with profit 

dropping from £1.05 under 5 mm of irrigation to only £0.09 under 25 mm of irrigation. 

It is worth noting that this model did not take quality costs into account, which may 

impact further on the profit of the crop. 

Figure 6.10. Shelf-life of commercially-grown spinach under five irrigation treatments. 
The crop was grown commercially at Vitacress Salads in August-September 2011 
and was harvested at 26 days of growth. Irrigation treatments were implemented on 
31st August 2011 using a boom and reel irrigator. Five treatments were applied (5, 10, 
15, 18, 25 mm), with 15 mm being the normal commercial level. Each data bar 
represents the mean value of randomly selected plants within treatment areas, ±SE, 
n=15 
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6.5. DISCUSSION 

Farming requires major water inputs and the supply of water as a resource is 

becoming limited in many regions worldwide. This water scarcity is coupled with 

growing food demand driven by a rising human population making it a crucial social, 

environmental and economic issue (McKinseyReport, 2009). This chapter describes 

how the water available to the crop is reflected in crop thermal properties, meaning 

that irrigation and crop water status can be measured remotely using infra-red thermal 

imaging technology. 

 

To further investigate the relationships described in the previous chapter; more subtle 

treatments were implemented on a spinach crop at both deficit and excess levels to the 

commercial 15 mm. Although soil moisture was not consistent over time, the 

treatments fell into two groupings: lower levels of irrigation (5, 10 and 15 mm) and 

higher levels (10, 15, 18 and 25 mm), with the 10 and 15 mm treatments overlapping 

the two groups. The crucial finding of this trial was that although canopy thermal 

properties can be used as an indicator of soil moisture content, this is only possible 

when conditions are bright and clear (Figure 5.9.). The relationships found were not 

straightforward, especially in combination with varying environmental conditions 

which are unavoidable over time. In order to further understand how infra-red imaging 

can be used as a remote technology with which to monitor soil water content and 

therefore develop more efficient irrigation scheduling technologies, work is being 

undertaken in collaboration with Warwick University (Computational Biology and 

Bioimaging (COMBI) Group, Department of Computer Science). The future aim for 

this is to develop an image analysis technique which can more easily separate 

background from leaf and incorporate more information into an algorithm with which 

to ascertain soil water content and crop water use using remotely gathered information. 

These include using all measures of thermal canopy properties, as well as the thermal 

indices which can be calculated from them, crop greenness and ambient 

environmental information. 

 

It is also commercially important that any change to irrigation is balanced with crop 

yield and quality. For example, it is acceptable to reduce yield by lowering water 

inputs if this, in turn, improves or does not alter crop quality. The first measure of 

yield which we looked at was that of seed establishment, where it was shown that 

establishment was actually highest under deficit or excess irrigation when compared 
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to commercial levels, with the lowest level of irrigation yielding the best 

establishment rate. Furthermore, although the results were not significant, this lowest 

irrigation treatment yielded the highest leaf area. Overall, it can be concluded that 

altering the irrigation levels in this way does not significantly affect crop yield, which 

is a promising result for reducing the water inputs for baby leaf cropping. It has 

previously been shown that dry weight is not affected by irrigation levels (Bozkurt et 

al., 2009), however it is not common for fresh weight to be unaffected. It is likely that 

rain throughout the growing period caused the treatments to converge at times. 

 

The quality of a salad crop has been shown to be determined, in part, by cell size in 

the leaf, with smaller cells yielding a stronger leaf, which is more resistant to the 

process of growth, harvest, transport, washing and packaging (Clarkson et al., 2003). 

In this study no difference in cell size was found between treatments, although it was 

observed that cell area was slightly lower in water stressed plants, both at deficit and 

excess irrigation treatments. This lack of impact on cell size was reflected in shelf-life, 

which was also not significantly affected by irrigation treatment. Potentially, more 

severe treatments would yield crops of improved processability conferred by cell area 

decreasing. The mildness of these irrigation treatments may also be responsible for the 

lack of variation displayed in terms of stomatal index in the crop. Given these 

treatments were implemented prior to establishment, it would be expected that the 

differing levels of water would impact upon the developmental processes regulating 

stomatal differentiation (Bosabalidis and Kofidis, 2002). 

 

Overall, it has been shown that not only can reducing water benefit the environment, 

but it can save money in this baby leaf cropping system, with a 78% gain when the 

crop is irrigated at 5 mm compared to the commercial 15 mm and a 85% loss when 

over-irrigation is achieved at 25 mm. Using less water not only saves a significant 

amount of money but it alters the yield of the crop, although not significantly in this 

study. Due to the lack of impact that changing irrigation had upon yield, the monetary 

savings are mainly made from reducing the water used. Although these calculations 

are only rudimentary and do not account for quality costs, they give a good illustration 

of how reducing the water used for irrigation can benefit all stakeholders and users in 

other sectors, as well as the obvious associated environmental benefits.  
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As previously mentioned, it was not possible to randomise the order of the treatments 

within each of the three sample rows in this trial, due to farm infrastructure. This 

means that care must be taken when interpreting the results of the trial since the three 

replicate treatments areas were not independent of one another. This situation was 

rectified in the next chapter where five irrigation treatments were implemented in 

Portugal with an improved experimental design. 
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7.1. OVERVIEW 

Due to the increasing requirements of the human population for food, fuel and fibre, 

natural resources are becoming ever more stressed. It will not be long before their 

limits are reached globally and it is therefore important to sustainably intensify 

agricultural cropping systems. The aim is to maintain crop production, while reducing 

losses through waste, by improving crop quality without the need to increase inputs 

such as water. This chapter builds upon the previous two (Chapters 5 and 6) to 

establish the links between crop yield and quality in relation to irrigation inputs, while 

monitoring the canopy’s thermal spectra in order to improve the scheduling of future 

irrigation. 

 

This work has led to the major finding that stomatal index can be manipulated by 

deficit irrigation with the consequence of maintaining yield and quality in spinach 

while making a water saving of almost 20%. If this relationship is robust, major water 

savings will be possible across the leafy salad agricultural sector, reducing its water 

footprint and improving the sustainability of crop production. 

 

7.2. INTRODUCTION 

Eighteen percent of the world’s cropped land is irrigated  and as this area produces 40-

45% of food globally (FAO, 2007), reducing irrigation could have major impacts on 

food security. When irrigation is applied in excess to the crop’s needs, it is lost 

through evaporation, run-off or deep-percolation. Improving the efficiency with which 

water is applied is of critical importance if we are to continue to feed our growing 

population without irreversibly damaging our environment. 

 

Plants maintain their water status through physiological responses, which are 

especially important under drought conditions. When a crop is growing under well-

watered conditions a balance is present between the water which is taken up by the 

roots and the water which is lost through the stomata. However, when water is limited, 

the water lost through the stomata outweighs that which can be taken up by the roots. 

The plant responds rapidly to this by closing its stomata so as to decrease water loss 

from the leaf and maintain the plant water potential within a healthy range. In 

commercial agricultural systems, the osmotic stress will be mild allowing the crop to 

maintain its homeostatic water potential through reducing stomatal conductance and 

transpiration to avoid severe dehydration (Tardieu, 2005). Although decreased 
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stomatal aperture and leaf area reduce transpiration under drought stress, they also 

limit biomass accumulation. Photosynthetic capacity is intrinsically limited when less 

carbon is able to enter the plant through the stomata and this causes a problem when 

trying to create a high biomass crop, which is tolerant to drought stress (Blum, 1998). 

 

Additionally, drought stress is inherently linked to heat stress, given transpiration is 

the mechanism by which plants dissipate excess heat and non-transpiring leaves can 

be up to 10 ºC hotter than their transpiring counterparts (Jones et al., 2002). If plants 

are modified to have decreased transpiration, then heat stress will not be buffered 

through enhanced transpiration and its associated cooling effects, leading to further 

issues with plant stunting and development. To avoid growth stunting and other 

problems associated with drought stress, irrigation is necessary for many crops. 

Generally, crops are classified according to the way in which they are irrigated with 

four major categories: extensive; semi-intensive; intensive and saturated. Permanent 

crops such as vines, are permanently irrigated at low levels in order to improve 

productivity in arid regions (Baldock et al., 2000). In contrast to this, baby leaf crops 

fall into the third of the aforementioned categories along with other high value crops. 

These intensive crops must be irrigated at a relatively high level to attain both yield 

and quality (Baldock et al., 2000). 

 

When irrigation management practices have been compared with respect to baby leaf 

salads it has been shown that irrigation is often applied in excess to the crop’s needs 

so as to prevent stress, or even death, of the crop (Smith, 1997). It has been 

demonstrated that over-irrigation is detrimental, especially early in the crop’s 

development, since it results in shallow rooting. Consequently, a very slight drought 

stressing of the crop in the early stages of its establishment is beneficial to the crop 

(Smith, 1997). It is therefore important that the actual water requirements of baby leaf 

salads are quantified, as in this study, so that irrigation can be targeted more precisely. 

Furthermore, the impact of altering irrigation quantity on crop yield and quality must 

be determined so as to optimise the system. 

 

Water use in Portugal is governed by the European WFD (Directive2000/60/EC, 2000) 

and on the farm at Azenha do mar, water is abstracted from the Santa Clara dam 

before being stored on-farm in an open reservoir with a capacity of  20,000 m3. Water 

is applied to the crop using micro-sprinkler irrigation and this irrigation is, at present, 
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scheduled either by experienced workers who judge the health of the crop by eye. If 

there is hope to improve the efficiency of irrigation and automate its scheduling in the 

field, a more robust system must be developed which prevents both crop and water 

loss. 

 
 
 

  

Figure 7.1. The location of the field site at Azenha do mar, Portugal (GoogleMaps) 

Azenha do mar 
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This chapter aims to improve upon the relationships developed through the previous 

two chapters (see Chapters 5 and 6). These relationships include those which exist 

between irrigation and therefore crop water status and canopy thermal indicators, as 

measured using infra-red imaging. Furthermore, the impact of manipulating irrigation 

has been shown to impact yield and quality of the crop at harvest and these effects will 

be investigated under a number of subtle irrigation treatments on sand in Portugal, 

which will improve our ability to manipulate water stress. 

 

7.3. MATERIALS AND METHODS 

A crop of spinach was drilled on 21st and 22nd March 2012 and commercially 

maintained until 9th April 2012, when a number of irrigation treatments were 

implemented using micro-sprinkler irrigation. There were five treatments within each 

block, of which there were three (Table 7.1. and Figures 7.2. and 7.3.). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Deficit and excess irrigation treatments were applied through the use of different 

nozzles, which output water at varying speeds (Table 7.1.). 

 

Figure 7.2. Field site at Azenha do mar, Portugal 

Block A    Block B    Block C 
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Table 7.1. Irrigation of spinach under five irrigation treatments. The crop 

was grown at Azenha do mar, Portugal, in March-April 2012 

Irrigation treatment  

(percent of commercial) 

Nozzle speed  

(L hr-1) 
Nozzle colour 

66.28 226 Violet 

81.52 278 Yellow 

100 341 Brown 

117.6 401 Orange 

142.29 485 Grey 

 

 

Treatment areas were arranged into three blocks, with one of each of the five 

treatments arranged randomly within each block. Each block consisted of five beds, 

with five beds separating each block. Blocks were surrounded by at least two beds of 

commercially maintained spinach to minimise edge effects. Sprinklers were spaced 

approximately 8 m apart (Figure 7.3.). Dataloggers (Testo 174T, Testo, Alton, UK) 

were arranged across the field (Figure 7.3.) and logged the temperature every 15 min 

throughout the experiment. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.3. Field plan at Azenha do mar, Portugal. The trial was conducted on 
commercially-maintained spinach in March-April, 2012. The crop was grown under 
five irrigation treatments. Each circle represents a sprinkler head, each of which is 
designated a colour according to the speed at which it applies water and applies a 
given percentage of commercial irrigation. Violet, 66.28%, 226 L hr-1; yellow, 81.52%, 
278 L hr-1; brown, 100%, 341 L hr-1; orange, 117.6%, 401 L hr-1; grey, 142.29%, 485 
L hr-1. Stars refer to the position of Testo 174T data loggers  
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7.3.1. Daily Crop Water Relations  

Measurements were taken over a 10 day period (15/04/2012-24/04/2012) between 

12:00 and 13:00 each day. These measurements consisted of six soil moisture 

temperature and electrical conductivity (EC) point measurements in each study area 

using a Delta-T WET2 sensor connected to a HH2 moisture meter (Delta-T Devices, 

Cambridge, UK), with probe position being randomly selected. Furthermore, six infra-

red images were taken of each treatment using a TH9100WR thermal camera (NEC, 

Tokyo, Japan) as described in Chapter 5, section 5.3.  

 

7.3.2. Harvest Measurements 

On 24th April 2012, the day before commercial crop harvest, establishment was 

measured in each treatment area as described in Chapter 6, section 6.3. Furthermore, 

the study areas were sampled for a range of yield and quality measurements. Six 

replicates were taken for: yield, epidermal imprints and shelf-life. Samples were all 

transported immediately to the cold chain where they were vacuum cooled and 

transported back to the UK for processing and analysis. All processing was 

undertaken on 27th April 2012 at the University of Southampton. For further details 

regarding yield measurements, shelf-life and epidermal cell imprints see Chapter 5, 

section 5.3. Shelf-life was stored at 3 ºC ±1 ºC.  

 

7.3.3. Statistical Analyses 

All of the results were tested statistically using SPSS 16.0.1 for Windows (SPSS, 

Illinois, USA). All thermal canopy and soil-based measurements were analysed using 

a PCA to determine links between soil moisture and a range of IR-based measures. 

Furthermore 1-way ANOVAs were used to analyse each trait (establishment and post-

harvest yield and quality) individually using irrigation treatment as the factor. Where 

time was also a factor a repeated measure ANOVA was employed using treatment and 

time as factors. All post-hoc testing consisted of Tukeys tests. 

 

All thermal imagery was analysed using Image Processor Pro II software (Version 4.0, 

NEC, Tokyo, Japan). Estimates of canopy thermal properties were based on several 

leaves to reduce errors associated with leaf angle (Grant et al., 2007) 
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7.4. RESULTS 

Irrigation events were recorded in order to map changes in soil moisture over time and 

the pattern of irrigation for the purpose of establishing the crop and supplementing its 

growth were observed (Figure 7.4.). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

7.4.1. Daily Crop Water Relations 

After implementation of the different nozzle types, which controlled the irrigation of 

each treatment area, soil moisture and temperature were monitored for a period of ten 

days (Figure 7.5.).  

 

Figure 7.4. Irrigation of commercially-grown spinach under five irrigation treatments. 
Dates for drilling (1), treatment implementation (2), commencement of measurements 
(3) and harvest (4) are shown by arrows on the x axis. Spinach was grown in March-
April 2012 

1                           2    3             4 
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Soil moisture was significantly affected, not only by treatment (F4,10=12.365, 

p=0.001), but also by time (F9,90=191.020, p<0.0005), with interaction between the 

two factors (F36,90=2.068, p=0.003). Optimal differences between the treatments were 

seen immediately subsequent to irrigation events, for example on days 6 and 10. It is 

worth noting that the sand on which the crop was grown was quick draining and it is 

likely that in the 12 h between irrigation and measurements, that the sand would have 

drained significantly, which may account for differences between treatments not being 

as obvious on some days. 
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Figure 7.5. Soil moisture (percent volume) of commercially-grown spinach under five 
irrigation treatments. Treatments are assigned a colour dependent on the 
percentage of commercial irrigation which they deliver and the speed at which they 
deliver it. Violet, 66.28%, 226 L hr-1; yellow, 81.52%, 278 L hr-1; brown, 100%, 341 L 
hr-1; orange, 117.6%, 401 L hr-1; grey, 142.29%, 485 L hr-1. Spinach was grown in 
March-April 2012 
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Soil temperature also varied between treatments (F4,10=8.784, p=0.003) and over time 

F9,90=131.129, p<0.0005), however there was no interaction between these factors 

(F36,90=1.095, p=0.357), meaning that soil temperature differences between treatments 

were consistent over time (Figure 7.6.).  

 

Thermal canopy indicators were assessed as measures of soil moisture using PCA 

(Table 7.2.). 
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Figure 7.6. Soil temperature of commercially-grown spinach under five irrigation 
treatments. Treatments are assigned a colour dependent on the percentage of 
commercial irrigation which they deliver and the speed at which they deliver it. 
Violet, 66.28%, 226 L hr-1; yellow, 81.52%, 278 L hr-1; brown, 100%, 341 L hr-1; 
orange, 117.6%, 401 L hr-1; grey, 142.29%, 485 L hr-1. Spinach was grown in 
March-April 2012 
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Table 7.2. Total variance explained by Principle Component Analysis when spinach was grown commercially at Azenha do mar, 

Portugal under five irrigation treatments. Measurements include: soil moisture, soil temperature, minimum canopy temperature, 

maximum canopy temperature,  mean canopy temperature, canopy temperature range and the index of stomatal conductance (Ig)  

Component 

Initial Eigenvalues Extraction Sums of Squared Loadings Rotation Sums of Squared Loadings 

Total 

% of 

Variance 

Cumulative 

% Total 

% of 

Variance 

Cumulative 

% Total 

% of 

Variance 

Cumulative 

% 

1 4.792 68.463 68.463 4.792 68.463 68.463 4.785 68.358 68.358 

2 1.118 15.973 84.436 1.118 15.973 84.436 1.125 16.078 84.436 

3 0.667 9.527 93.963       

4 0.327 4.677 98.640       

5 0.088 1.259 99.899       

6 0.007 0.101 100.000       

7 5.986E-16 8.551E-15 100.000       

Extraction Method: Principal Component Analysis. 
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Two components were extracted by PCA with the threshold for Eigenvalues set at 1, 

and these components explained 84.436% of variance cumulatively. 

 

The relationships contained within these components were explored in more detail to 

determine principal relationships (Table 7.3.). 

 
 

Table 7.3. Rotated component matrixa from Principle Component Analysis when 

spinach was grown commercially at Azenha do mar, Portugal under five irrigation 

treatments. Soil moisture, soil temperature, minimum canopy temperature, maximum 

canopy temperature, mean canopy temperature, canopy temperature range and the 

index of stomatal conductance (Ig) were measured 

 
Component 

1 2 

Soil moisture -0.709 0.425 

Soil temperature 0.949 -0.056 

Minimum temperature 0.808 0.247 

Maximum temperature 0.987 -0.024 

Mean temperature 0.966 0.102 

Temperature range 0.907 -0.137 

Index of stomatal conductance (Ig) 0.044 0.923 

Extraction Method: Principal Component Analysis.  

Rotation Method: Varimax with Kaiser Normalization. 

a. Rotation converged in 3 iterations. 

 

 

 

The first component, which accounted for 68.358% of variance, measures soil 

moisture, soil temperature and all raw thermal traits. The second traits described soil 

moisture and the index of stomatal conductance, however the link between these two 

traits is less tightly linked showing that in this case raw thermal properties were more 

sensitive as indicators of water availability compared to water stress indices (Figure 

7.7.). 
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7.4.2. Harvest Measurements 

A variety of measurements were taken with respect to crop yield and these included: 

establishment, fresh weight and dry weight. Establishment allowed the assessment of 

the number of plants which had germinated and grown to an adult size (Figure 7.8.). 

  

Figure 7.7. Component plot from Principle Component Analysis of thermal canopy 
properties and soil traits (moisture and temperature) when spinach was grown under 
five irrigation treatments at Azenha do mar, Portugal, in March-April 2012. Coloured 
circles show the grouping of the traits 
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Establishment did not vary between treatment areas (F4,10=0.078, p=0.0987) meaning 

that if irrigation treatments were found to affect yield, this is not due to a different 

number of plants per area, but instead a different yield per plant.  

Figure 7.8. Crop establishment of commercially-grown spinach under five irrigation 
treatments. Establishment was measured immediately prior to harvest. The crop 
was grown commercially at Azenha do Mar, Portugal, in March-April 2012. Each 
data bar represents the mean value of randomly selected points within treatment 
areas, ±SE, n=3. Treatments are assigned a colour dependent on the percentage of 
commercial irrigation which they deliver and the speed at which they deliver it. 
Violet, 66.28%, 226 L hr-1; yellow, 81.52%, 278 L hr-1; brown, 100%, 341 L hr-1; 
orange, 117.6%, 401 L hr-1; grey, 142.29%, 485 L hr-1 
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Crop yield, as measured by fresh weight, increased as irrigation levels rose 

(F4,10=17.595, p<0.0005) and this gradual increase in yield was supported by the 

Tukeys homogeneous groupings (Figure 7.9.). This suggests that irrigation did not 

affect yield by limiting or promoting establishment but that it improved the yield of 

individual plants directly.  

Figure 7.9. Fresh weight of commercially-grown spinach under five irrigation 
treatments. The crop was grown at Azenha do Mar, Portugal, in March-April 2012. 
Each data bar represents the mean value of randomly selected points within 
treatment areas, ±SE, n=3. Treatments are assigned a colour dependent on the 
percentage of commercial irrigation which they deliver and the speed at which they 
deliver it. Violet, 66.28%, 226 L hr-1; yellow, 81.52%, 278 L hr-1; brown, 100%, 341 L 
hr-1; orange, 117.6%, 401 L hr-1; grey, 142.29%, 485 L hr-1. Tukey’s homogeneous 
groups are marked with *^° ͋ (groups 1-4 respectively) 
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In addition to the stimulation of fresh weight accumulation, dry weight was also 

gained with increasing levels of irrigation (F4,10=8.768, p=0.003), showing an increase 

in photosynthesis when water was applied in excess to commercial practices (Figure 

7.10.). 

 

Crop quality was also of critical importance when the irrigation is manipulated and 

cell size, stomatal index and shelf-life are indicators of crop quality. 

 

 

 

 

 

 

 

Figure 7.10. Dry weight of commercially-grown spinach under five irrigation 
treatments. The crop was grown at Azenha do Mar, Portugal, in March-April 2012. 
Each data bar represents the mean value of randomly selected points within 
treatment areas, ±SE, n=3. Treatments are assigned a colour dependent on the 
percentage of commercial irrigation which they deliver and the speed at which they 
deliver it. Violet, 66.28%, 226 L hr-1; yellow, 81.52%, 278 L hr-1; brown, 100%, 341 L 
hr-1; orange, 117.6%, 401 L hr-1; grey, 142.29%, 485 L hr-1. Tukey’s homogeneous 
groups are marked with *^° (groups 1-3 respectively) 
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Cell size was shown to increase between deficit and commercial irrigation levels, 

however there was no difference between commercial and excess irrigation 

(F4,10=18.158, p<0.0005) (Figure 7.11.).  

 

Figure 7.11. Cell size of commercially-grown spinach under five irrigation 
treatments. The crop was grown at Azenha do Mar, Portugal, in March-April 2012. 
Each data bar represents the mean value of epidermal imprints made each 
treatment area, ±SE, n=3. Treatments are assigned a colour dependent on the 
percentage of commercial irrigation which they deliver and the speed at which they 
deliver it. Violet, 66.28%, 226 L hr-1; yellow, 81.52%, 278 L hr-1; brown, 100%, 341 L 
hr-1; orange, 117.6%, 401 L hr-1; grey, 142.29%, 485 L hr-1. Tukey’s homogeneous 
groups are marked with *^° (groups 1-3 respectively) 
 

0

500

1000

1500

2000

2500

3000

3500

4000

4500
C

e
ll 

a
re

a
 (
µ

m
2
)

Irrigation treatment (nozzle type and % of commerical irrigation)

* 
* 

^ 

° 
° 

° 

^ 



206 
 

 

 

 

 

 

 

 

 

SI was reduced by deficit irrigation, but was not increased when the crop was over-

irrigated when compared to the stomatal index of commercial irrigation levels 

(F4,10=14.223, p<0.0005) (Figure 7.12.). 
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Figure 7.12. Stomatal index of commercially-grown spinach under five irrigation 
treatments. The crop was grown at Azenha do Mar, Portugal, in March-April 2012. 
Each data bar represents the mean value of epidermal imprints made each treatment 
area, ±SE, n=3. Treatments are assigned a colour dependent on the percentage of 
commercial irrigation which they deliver and the speed at which they deliver it. Violet, 
66.28%, 226 L hr-1; yellow, 81.52%, 278 L hr-1; brown, 100%, 341 L hr-1; orange, 
117.6%, 401 L hr-1; grey, 142.29%, 485 L hr-1. Tukey’s homogeneous groups are 
marked with *^(groups 1-2 respectively) 
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The shelf-life of the crop was improved by a slight deficit irrigation but was no better 

when the crop was over-irrigated, or under-irrigated to a more extreme extent 

(F4,10=5.953, p=0.01) (Figure 7.13.). This tied-in with the cell size results, with 

commercial and over-irrigation showing no difference in cell size. However, there was 

a marked difference between the two under-irrigation treatments, despite their 

similarity in terms of cell size. This was likely due to the fact that despite the leaf 

being of a similar mechanical strength in the violet and yellow treatments, the violet 

crop was severely water stressed and wilted. In contrast, the yellow crop had an 

increased cell wall volume without the negative effect on shelf-life caused by 

decreased turgor pressure and wilting.  

Figure 7.13. Shelf-life of commercially-grown spinach under five irrigation 
treatments. The crop was grown at Azenha do Mar, Portugal in March-April 2012 
and was stored at 3 °C ±1 °C. Each data bar represents the mean value of 
randomly selected points within treatment areas, ±SE, n=3. Treatments are 
assigned a colour dependent on the percentage of commercial irrigation which they 
deliver and the speed at which they deliver it. Violet, 66.28%, 226 L hr-1; yellow, 
81.52%, 278 L hr-1; brown, 100%, 341 L hr-1; orange, 117.6%, 401 L hr-1; grey, 
142.29%, 485 L hr-1. Tukey’s homogeneous groups are marked with °* (groups 1-2 
respectively) 
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6.5. DISCUSSION 

The stress on both water and land resources is increasing due to population growth, 

alongside a rise in per capita protein and food-energy demand (Rockström et al., 

2007). Furthermore, the unpredictable effects of climate change make management of 

the available resources more complex. Currently, almost 40% of the world’s 

population is suffering from water scarcity and this scarcity also impacts upon many 

ecosystems (Oki and Kanae, 2006). It is estimated that agriculture could be 

responsible for as much as 85% of consumptive global freshwater use (Shiklomanov 

et al., 2003) and this is predicted to double by 2050 (Tilman et al., 2002). Moreover, it 

is thought that crop production is limited to 65% of its potential yield due to water 

stress (Gleick, 1998). 

 

Salad is a nutritious crop of significant economic value, which is eaten globally (FAO, 

2007), however, the water which is necessary to produce it, is now limited in many 

regions. It is therefore the aim of this chapter to further develop the findings of the 

previous two data chapters (Chapters 5 and 6) and increase the sustainability of water 

use in salad production. Data in the previous chapters demonstrated that both crop 

yield and quality were affected by altering irrigation scheduling, however the 

relationships found were changeable. Here, experimental design was improved and 

further treatments were implemented to improve these links between irrigation level 

and harvest traits. This chapter showed that although there was a yield (fresh and dry 

weight) decrease when the crop was severely under-irrigated, savings of 18.48% could 

be achieved without impacting upon yield using milder deficit irrigation. Generally, it 

is the case that deficit irrigation aims to stabilise yields, rather than improving them 

(Geerts and Raes, 2009), given the intrinsic link between irrigation levels and biomass 

accumulation (Sinclair and Rufty, 2013 (in press)). Furthermore, stomatal index was 

shown to be lower in both deficit irrigation treatments, and this would have acted to 

limit water loss. Although it has widely been reported that the stomata respond rapidly 

to drought by reducing their aperture, thus restricting water loss as well as carbon 

assimilation (Chaves et al., 2003), the response of stomatal development to water 

deficits has not been investigated in depth. If stomatal index can be restricted through 

deficit irrigation practices as it has been shown here, then these crops will be better 

able to maintain yield under drought conditions. This may also have the impact of 

quality maintenance as wilting will be limited. 
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The impact of these findings was that crop quality was maintained, or improved, by 

this mild deficit irrigation strategy. Shelf-life has been shown to be a critical indicator 

of salad leaf quality (Clarkson et al., 2003) and was not affected by reducing water 

inputs by almost 20%. Alongside the obvious economic benefits to lowering water 

inputs in agriculture in this way, there are also major environmental and social 

benefits to be lowering the water footprint of agriculture.  

 

Furthermore, this chapter, rather than using individual leaf temperature, which does 

not consistently correlate with Ig (Grant and Chaves, 2005), used whole canopy 

temperatures, which have been shown to allow for a more accurate detection of crop 

water stress, due to the averaging of multiple leaves (Grant and Chaves, 2005). It has 

been suggested that given the canopy contains many leaves, this can counteract the 

effect of differing leaf angles and orientations (Grant and Chaves, 2005; Zia et al., 

2011). It was shown that this method allowed an accurate estimation of soil water 

content without the need scale the temperatures to environmental fluxes through 

reference surfaces. This would significantly reduce the time and labour required to 

implement thermal imaging at a large scale, if reference surfaces did not need to be 

captured in every image. However, it has been shown that Ig correlates well with 

stomatal conductance, as measured using porometry, in a number of crop types (Grant 

et al., 2006) and so this approach should not be discarded. It may be, that in the 

instance of the research presented in this chapter, environmental fluxes were minimal 

and weather conditions ideal for imaging, meaning that reference surfaces were not 

necessary to account for ambient temperature changes. 

 

Water is limited in many areas worldwide and limits crop production significantly 

(Geerts and Raes, 2009). Employing deficit irrigation strategies will reduce excess 

irrigation which will, in turn, limit nutrient run-off and leaching from the root-zone, 

resulting in less pollution as well as a decreased requirement for fertiliser on the field 

(Geerts and Raes, 2009). Furthermore, there are social benefits of deficit irrigation if it 

acts to stabilise yields as it will allow for improved economic planning and will 

guarantee a stable income for farmers. This research has shown that major water 

savings of almost 20% can be made without any detrimental yield or quality effects 

observed in spinach.  
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The world’s population has tripled in the past century but, surpassing this, water use 

has risen six-fold. The way in which we currently use water is unsustainable and it is 

predicted that by 2050, we will not be able to meet our feed, fuel and fibre 

requirements without improving our water management. The impacts of climate 

change will exacerbate these issues with shifting precipitation patterns causing an 

increase in extreme rain events in both in the higher latitudes and the tropics and an 

increase in drought in the subtropics (McKinseyReport, 2009). Crucially, given the 

problems of water stress, both in deficit and excess, there is a problem of water 

management, which involves many challenges – environmental, social and economic. 

 

The scarcity of water, as a resource, is a major factor for irrigated and rain fed crops 

alike and this will drive the need to produce new varieties with improved drought 

resistance, WUE and yield, which will minimise irrigation requirements (Zhengbin et 

al., 2011) as well as improving irrigation management strategies. In the past, breeding 

efforts have often been focused on improving yield and disease resistance however, 

with 75% of people predicted to inhabit water-stressed regions by 2050, there is now a 

move to breeding for resource use efficiency as is the aim of this PhD (Figure 8.1.).
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Figure 8.1. Major findings of this PhD project. RILs, recombinant inbred lines; QTL, quantitative trait loci; WUE, water use efficiency ; FW 
fresh weight; SNPs, single nucleotide polymorphisms; MAS, marker assisted selection; IR, infra-red; CWSI, crop water stress index; Ig, index 
of stomatal conductance. 
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A wide range of candidate genes which are involved in drought stress have been found, 

including genes which encode LEAs (Richard et al., 2000), osmoprotectants, HSPs, 

TFs (Seki et al., 2002) and ERECTA (Masle et al., 2005).  However, 

commercialisation of these findings has been limited, to date. The research presented 

in this thesis has highlighted a number of potential gene targets involved in a variety 

of processes, including those for the cell wall, cell division, lipid metabolism, stress, 

RNA, signalling and transport, which will be back-crossed into commercial lines in 

the near future. 

 

The molecular markers which have been found to control WUE and FW are robust 

under drought environments and, although some have known roles in drought 

responses, others are not yet well-understood. One of the candidates, At3g15730, 

encodes PLDα1, which mediates ABA responses as well as hydrolysing phospholipids 

to generate PA (Ritchie and Gilroy, 1998; Jacob et al., 1999; Sang et al., 2001; 

Hallouin et al., 2002). Both ABA and PA can act on guard cells to decrease stomatal 

aperture and thus limit transpirational water loss under drought (Ritchie and Gilroy, 

1998; Jacob et al., 1999; Zhang et al., 2004). Of the three classes of PLDs, PLDα is 

the most abundant in guard cells and has been proposed to activate other PLDs in 

response to abiotic stress (Sang et al., 2001). It is also thought that PLDα1 negatively 

regulates proline biosynthesis (Mane et al., 2007). 

 

Clearly, if PLDα1 can be altered so that, when the plant experiences the hyperosmotic 

stress associated with drought and the subsequent decrease in turgor pressure (Li et al., 

2009), the stomata close rapidly to prevent water loss, then the plant will be more 

resistant to drought. The action of PLDα1 has been demonstrated using knock-out, 

antisense and over-expression lines (Sang et al., 2001; Zhang et al., 2004), but it has 

not yet been introgressed into commercial lines using non-GM methods. 

 

The QTL which was found to control WUE and FW in this thesis also contained the 

gene At1g53910, which encodes RAP2.12. RAP2.12 is a TF in the CBF/DREB 

subfamily yet although it stimulates the expression of stress- and ABA-inducible 

genes, its mode of action is not clear (Papdi et al., 2008). If the research presented in 

this PhD is extended in the future, the function of this gene may become evident. It is 

widely thought that TFs and other components of the signalling pathway are  as well 

as components of the signal transduction pathways are likely to be prime targets for 
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the manipulation of complex traits, like drought tolerance. There has been much 

research on engineering crops using a transgenic approach to modify DREB/CBF TFs. 

Rice, wheat and tomato have all successfully shown increased stress tolerance when 

over-expressing DREB/CBF TFs (Hsieh et al., 2002; Pellegrineschi et al., 2004; Oh et 

al., 2005). Additionally, they demonstrated a higher induction of downstream stress-

related compounds such as proline and soluble sugars. It has been shown in rice that 

this drought tolerance is due to an increase in ABA sensitivity which resulted in 

higher stomatal closure in response to water deficit (Hu et al., 2006). 

 

RNA and signalling pathways may also be a successful target in order to manipulate 

improved water use efficiency in crops and a number of genes which are involved in 

signalling in the QTL which controls fresh weight and WUE have been detected. One 

such gene is At5g03280, which encodes ethylene insensitive 2 (EIN2). EIN2 is an 

Nramp family nuclear protein which is the only gene whose null mutation results in 

complete ethylene insensitivity in Arabidopsis (Wang et al., 2007). EIN2 is clearly 

crucial for ethylene signalling and it also provides cross-links with ABA signalling 

and regulates plant drought responses in an ABA-dependent pathway (Wang et al., 

2007). Ethylene’s antagonistic mediation of the stomatal response to ABA has been 

identified as a target for crop engineering (Hu et al., 2006; Wilkinson et al., 2012). 

 

These examples of molecular markers, and the functions of the genes where they are 

situated, clearly demonstrate that the QTL which has been focused on in this study 

contains genes with both known and potential roles in water responses. If a gene target 

is to be found which is successful in improving crop water use genetically, then it is 

likely that it will be a member of one of these gene classes. However, SNPs within 

genes of unknown function from this QTL have also been investigated as novel 

candidate genes in order to discover their role in plant water relations. It was also 

demonstrated that of 19 randomly selected commercial lines, 27% of wild genetic 

diversity has been lost through commercial breeding. When phenotypic selection was 

the only available method with which to improve yield under drought, the increase in 

yield was likely attained through the unintentional pyramiding of yield or disease 

resistance loci (Cattivelli et al., 2008). 

 

Furthermore, through this historical phenotypic selection, it was not possible to dissect 

the G x E effects, as is possible with modern techniques. The current ability to select 
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for specific molecular markers within robust QTL, which undergoes little or no 

environmental regulation, as revealed in this research, removes the uncertainty of 

environmental effects. Furthermore, MAS allows the trait to be selected for at any 

stage of development thus reducing the time taken for crop improvement significantly. 

This research has determined a number of genes which can be targeted for MAS in 

order to improve commercial varieties in terms of WUE and biomass accumulation. 

The project is now at the stage where back-crossing MAS can be implemented using 

commercial lines, already favoured for a variety of factors including vigour, disease 

resistance and organoleptic properties. Once progeny from this program is available, 

field trials can be initiated to verify the role of these candidate genes in improving 

WUE and FW under both stressed and non-stressed conditions. 

 

Although improving the genetics of the crop is obviously one method to reduce the 

water footprint of agriculture and food production, there are also water savings to be 

made with regard to commercial irrigation management. It is thought that crop 

production is limited to 65% of its potential yield due to water stress (Gleick, 1998) 

and, given only half of abstracted freshwater is thought to actually reach the intended 

crop (Knox et al., 2012), an improvement in application efficiently will help bridge 

this yield gap. This thesis takes two approaches to address this problem: 

- Linking deficit- and excess-irrigation to changes in crop yield and quality 

- Improving the remote sensing of crop stress using thermal imaging 

 

Taken together, success in both of these fields would allow an irrigation plan to be 

devised, which could be automatically scheduled using thermal imagery, while also 

producing a crop of optimal yield and quality (Figure 8.2.). 
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Figure 8.2. Major findings of this PhD project. RILs, recombinant inbred lines; QTL, quantitative trait loci; WUE, water use efficiency ; FW 
fresh weight; SNPs, single nucleotide polymorphisms; MAS, marker assisted selection; IR, infra-red; CWSI, crop water stress index; Ig, index 
of stomatal conductance. 
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Deficit irrigation has been employed extensively to reduce water consumption without 

sacrificing yield however this has mainly been in grains and permanent crops, where 

timing of the deficit is critical in maintaining the harvestable index (English and 

Nakamura, 1989; Panda et al., 2003; Zhang et al., 2004; Ballester et al., 2011). Little 

research has been dedicated to investigating the use of deficit irrigation for producing 

leafy crops as is targeted in this thesis. 

 

It has been shown in this thesis that water-savings can be made in baby leaf salad 

crops through deficit irrigation practices. Although Chapters 5 and 6 were limited by a 

restricted experimental set up, it was demonstrated that there is no benefit to over-

irrigating the crop, in terms of yield or quality. However, there was a yield sacrifice in 

the Spanish field trial due to the severity of the deficit irrigation treatment, which is 

in-line with results which show reduced vegetative growth of olive trees under deficit 

irrigation (Iniesta et al., 2009). This level of drought (50% of commercial) is 

unsurprisingly detrimental to crop growth yet there was no obvious effect on shelf-life 

of the crop. Chapter 7 rectified the problems of replication, randomisation and rain 

which were the challenges in Chapters 5 and 6, and showed again that severe deficit 

irrigation was detrimental to yield; yet milder deficits could provide an 18.5% water 

saving while maintaining yield and quality. It is not likely that irrigation management 

can be used to improve yield without increasing water inputs given the fundamental 

links between irrigation levels and biomass accumulation (Sinclair and Rufty, 2013 (in 

press)). Generally, deficit irrigation is therefore aimed at maintaining yield while 

improving crop quality (Geerts and Raes, 2009). Furthermore, others have found that 

lettuce is most water use efficient under mild deficits, when compared to severe deficit 

and excess irrigation (Yazgan et al., 2008). 

 

It is proposed that the maintenance of yield and crop quality as described in this thesis 

is due to changes to SI due to irrigation manipulation. Stomatal control is essential for 

plants to adapt to a changing environment; both in terms of stomatal development and 

therefore SI or the regulation of stomatal aperture (Haworth et al., 2011). Those plant 

species with a superior ability to control their stomata in both these aspects will be 

more able to adapt to both sudden- and slow-onset changes to the environment. These 

fluxes may include factors such as water availability, CO2 levels and temperature 

change – all of which are of great importance in context of climate change. It has been 

demonstrated here that SI was lower in both levels of deficit irrigation treatment, and 
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this would have acted to limit water loss. Although it has widely been reported that the 

stomata respond rapidly to drought by reducing their aperture, thus restricting water 

loss as well as carbon assimilation (Chaves et al., 2003), the response of stomatal 

development to deficit irrigation has not been as widely reported. Since, in this case, 

the various irrigation treatments were implemented after crop establishment, it can be 

inferred that spinach can respond rapidly to reduce stomatal development without 

stunting biomass accumulation. Yan and colleagues have also observed a negative 

linear relationship between stomatal density and soil water content in potato when 

deficit irrigation treatments were applied (Yan et al., 2012). However, a study on 

perennial grass found the opposite relationship with moderate water deficits positively 

effecting stomatal number. It was only under severe deficits that a reduction in 

stomatal number was observed (Xu and Zhou, 2008). If stomatal index can be 

restricted through deficit irrigation practices as it has been shown here, then these 

crops will be better able to maintain yield under drought conditions. This may also 

have the impact of quality maintenance as wilting will be limited. 

 

The impact of these changes to the crop was that crop quality was maintained, or 

improved, by this mild deficit irrigation strategy. Shelf-life has been shown to be a 

critical indicator of salad leaf quality (Clarkson et al., 2003) and was not affected in 

this study when water inputs were reduced by almost 20%. The improvement of shelf-

life will significantly reduce waste at all stages in the supply chain as well as in the 

home. In addition to the savings which can be made by reducing waste through quality 

improvements achieved by deficit irrigation, preliminary calculations have shown that 

in the UK reducing irrigation can save money in this baby leaf cropping system. 

Although these calculations are only rudimentary at present and do not account for 

quality costs, they give a good illustration of how reducing the water used for 

irrigation can benefit all stakeholders and users in other sectors, as well as the obvious 

associated environmental benefits. The cost benefit to reducing irrigation in Portugal 

was higher with water costs being reduced by 18.5% without any effect on yield and 

an improved crop quality, as measured by shelf-life of the product. Monetary savings 

are a key motivator for farmers to reduce their water use and, if it can be shown that 

there are economic as well as resource savings to be made, growers are more likely to 

adopt deficit irrigation practices. Furthermore, alongside the obvious economic 

benefits to lowering water inputs in agriculture in this way, there are also major 

environmental and social benefits to be lowering the water footprint of agriculture. 
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This thesis also investigated the use of thermal imaging as a tool for the remote, yet 

direct, indication of crop water status. The ultimate aim of which would be to employ 

thermal imaging to monitor the canopy so as to inform an automated irrigation 

management strategy which will maintain crop water status at a mild irrigation deficit 

as described previously.  To this end, rather than using individual leaf temperatures, 

which do not consistently correlate with Ig (Grant and Chaves, 2005), thermal analysis 

was conducted on canopy temperatures, which, due to the averaging of multiple leaves 

at a variety of angles and orientations, have been shown to be a more reliable indicator 

of crop water stress (Grant and Chaves, 2005; Zia et al., 2011). This thesis established 

that thermal imaging can be used to monitor soil water content remotely however the 

results were variable regarding the need to use reference surfaces to scale for 

environmental fluxes. Although the raw thermal properties of the canopy were a good 

indicator of crop water status, thermal indices were shown to be more sensitive in 

some cases. Further investigation is needed to determine the optimal protocol for 

imaging as, if reference surfaces are not necessary to estimate crop water status 

accurately, the time and labour requirements to implement thermal imaging at a large 

scale would be greatly reduced. However, it is likely that despite this being possible in 

the Portuguese field trial, crop indices hold more potential for future automation of 

irrigation scheduling with Ig and CWSI having been shown to correlate well with 

stomatal conductance, as measured using porometry, and leaf water potential, 

respectively, in a range of crop types (Grant et al., 2006; Ben-Gal et al., 2009; Meron 

et al., 2010). It is likely that the reason for raw thermal properties being reliable 

indicators of crop water status in Portugal due to environmental fluxes being minimal 

alongside ideal weather conditions for imaging, meaning that reference surfaces were 

not necessary to account for ambient temperature changes and simply slowed the rate 

of imaging. Although the technique of using thermally-derived crop stress indices 

have been established as measuring water stress in the field on crops such as cotton 

(Cohen et al., 2005) and grapevines (Möller et al., 2007; Jones et al., 2009), to our 

knowledge this is the first time it has been applied to baby leaf salad crops. 

 

Water is limited in many areas worldwide and limits crop production significantly 

(Geerts and Raes, 2009). Employing deficit irrigation strategies will reduce excess 

irrigation which will, in turn, limit nutrient run-off and leaching from the root-zone, 

resulting in less pollution as well as a decreased requirement for fertiliser on the field 

(Geerts and Raes, 2009). Furthermore, there are social benefits of deficit irrigation if it 
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acts to stabilise yields and reduce the water requirement of this sector. If this is 

achieved, deficit irrigation will allow for improved economic planning while 

guaranteeing a stable income for farmers as well as reducing the environmental and 

social impact of excessive agricultural water use. This research has shown that major 

water savings of almost 20% can be made without any detrimental yield or quality 

effects observed in spinach. 

 

This thesis has addressed both the genetic improvement of the crop as well as the 

improvement of irrigation management to fulfil the over-arching aim of improving the 

sustainability of water use in baby leaf cropping systems (Figure 8.3.). It has provided 

underpinning science for molecular breeding in lettuce with robust molecular markers 

elucidated to inform a MAS breeding program to introgress the key traits of WUE and 

FW into commercial lettuce varieties. It is the intention that the progeny of this 

program will retain desirable commercial traits such as disease resistance and vigor 

while demonstrating an improved WUE without a compromised ability to produce 

biomass. Furthermore, a deficit irrigation schedule has been devised which saw water 

savings of almost 20% without a reduction in yield or quality of the crop. Through this 

agronomical approach, IR thermography was used to monitor plant water status 

remotely, leading to the acquisition of field data which linked IR canopy properties to 

soil water content, using established crop water stress indices. The information 

attained will feed into future scheduling programs for field irrigation in baby leaf 

salad crops and can be linked to the deficit irrigation schedule that has been 

demonstrated to lower crop water use without detrimental effects to yield or quality 

through manipulating the SI of spinach. 

 

The effects of global water resource limitation will be wide-ranging and will depend 

on both location and situation. In some areas, biodiversity will be affected first, while 

others will experience constraints on domestic use and sanitation. Furthermore energy 

resources may be damaged either through excessive use, whereby energy is diverted 

for desalinisation of water, or else due to decreased production if irrigation is focused 

on food crops as opposed to biofuels. Others yet will suffer threats to their livelihoods 

and food security (McKinseyReport, 2009). It is therefore vital that the sustainability 

of water use is improved and to do this in agriculture it is essential that the different 

research areas of crop improvement and irrigation management work together in order 

to optimise the balance between the world’s food production and water use. 
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Although the genetic results presented in this thesis show some extremely promising 

results which can be employed to improve crop WUE without yield penalties, crop 

breeding and phenotypic verification can be slow process and development may take 

5-10 years. However, the agronomic work which we have undertaken shows that 

water savings can be made immediately with little effort on the farmers’ part. If water 

savings of almost 20% can be made in leafy salad crops, then it is likely that plants 

with more robust structures, such as woody species, could be grown successfully with 

even greater water savings. It is of little, if any, cost to commercial growers to trial 

deficit irrigation practices such as this to determine what impact water savings have 

on crop yield and quality on their farms. If only a small percentage of water could be 

saved on each farm, there would be major savings made globally which would impact 

positively on agriculture’s water footprint and improve global sustainability of water 

use for food production.
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