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ABSTRACT OF THE DISSERTATION 

 

Examining natural variation in drought responses in Brassica napus 

 

by 

 

Dianne T. Pater 

Doctor of Philosophy in Biology 

University of California, San Diego, 2017 

Professor Julian I. Schroeder, Chair 

 

Drought is a major stress which reduces crop yields, and which will continue to 

be an increasing problem in the coming years as climate change and limited fresh water 

supplies lead to higher temperatures, desertification, and increased soil salinity. These 

environmental stresses can significantly impact both the seed yield and quality of crops. 

There are several strategies which plants utilize to mitigate the effects of water deficit, 

making the identification of specific traits which convey drought tolerance difficult. As 



xiv 

drought tolerance is a complex trait, accurate phenotyping to select for resilient 

genotypes is needed to improve our understanding of plant drought responses.  

In this study, stable carbon isotope screening (δ13C) of a diversity set of the crop 

plant Brassica napus grown in the field was used to identify accessions with traits linked 

with extremes in water use efficiency (WUE). We investigated physiological 

characteristics of the selected accessions to identify how these characteristics translate 

to differences in WUE. Using gas exchange techniques, we identified an interesting 

spring-type accession (G302, Mozart), which exhibited the highest WUE in the field, 

based on δ13C measurements. This line displayed high CO2 assimilation rates coupled 

with an increased electron transport capacity (Jmax) under lab conditions. We also 

analyzed stomatal conductance response to exogenous abscisic acid (ABA) in the 

selected accessions. While little variation was observed in the response rates of spring-

type accessions, one semi-winter accession demonstrated a significantly more rapid 

response to exogenous ABA, which was in line with a higher WUE derived from δ13C 

measurements. This research supports the genetic data showing distinct genetic 

lineages for spring and semi-winter accessions. It also illustrates the importance of 

examining natural variation at a physiological level for understanding the underlying 

mechanisms of drought responses. 
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Introduction 

The Green Revolution focused on increasing crop productivity by optimizing 

growing environments. This was accomplished both through breeding for growth-linked 

yield traits (dwarf wheats and rice, etc.) and through agronomic practices such as 

irrigation, fertilizing suboptimal soils, and the use of pesticides and herbicides. Plant 

breeders and researchers concurrently developed high yielding crops which thrived 

under those improved conditions. With increasing world population and changing water 

consumption due to improving global living standards, the global demand for water is 

threatening sustainable development. To meet the growing food and fuel needs of the 

global population, plant breeders and researchers will need to maintain or improve on 

the work started in the green revolution, in order to feed the additional population and 

to counteract effects of climate change on crop production.  

A number of environmental stresses adversely affect plant growth and impact 

the distribution of species. Some examples of abiotic stresses plants may encounter 

include extremes of temperature, excess light, soil salinity, and drought. It is estimated 

that two-thirds of the global population live under water scarcity conditions at least one 

month of the year (Mekonnen and Hoekstra, 2016). Crop productivity can be severely 

impacted by exposure to an unfavorable environment, with more than half of the 

maximum potential yield lost under stressful conditions (Boyer, 1982). This reduction in 

crop yield can lead to devastating losses both economically and in terms of food security 

(Battisti and Naylor, 2009). As stated by Bill Gates at the International Fund for 

Agricultural Development Governing Council meeting in 2012, “Investments in 
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agriculture are the best weapons against hunger and poverty.” With anticipated 

increases in both global population and climate change effects on water availability, 

improving stress tolerance in plants has become an important focus of research.  

 

Drought effects on crops 

Inadequate water supplies are one of the most important limitations to plant 

health and crop yield. Freshwater scarcity has been listed by the World Economic Forum 

as the largest global risk in terms of potential impact on economies, environments, and 

people (World Economic Forum, 2015). Nearly 70% of the world’s fresh water 

consumption is used in agricultural activities (WWAP - United Nations World Water 

Assessment Programme, 2015). Global climate change affects not only water availability 

from rainfall but also increases temperature and evapotranspiration due to the higher 

temperature (Trenberth et al., 2014; Gray et al., 2016). As a result of the anticipated 

shortage of water for agricultural use, the International Water Management Institute 

called for a 40% improvement by 2025 in yields of crops where water is the limiting 

factor (IWMI, 2013). Improvement of crop productivity during periodic and/or sustained 

periods of drought is a fundamental challenge for the agricultural industry. 

Drought can be defined as a, “period of abnormally dry weather sufficiently 

prolonged for the lack of precipitation to cause a serious hydrological imbalance,” 

(Trenberth et al., 2014). In the context of agriculture, however, drought describes 

conditions where the available water is less than that required by the plant to sustain 

maximum growth and productivity (Boyer, 1982; Deikman, Petracek and Heard, 2012). 
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The defining component of drought is the decrease in availability of soil water, which 

can be quantified as a decrease in soil water potential (Kramer and Boyer, 1995). 

Terminal drought refers to a progressive decrease in available water which ultimately 

results in plant death. Intermittent drought is the result of episodes of insufficient water 

during the growth season which may or may not result in plant death (Neumann, 2008). 

A variety of strategies are employed by plants to respond to drought stress. 

Some species of plants are able to tolerate reduced water content via mechanisms to 

avoid cellular damage (Verslues et al., 2006). Desiccation-tolerant plants can survive a 

fully dried state by entering a metabolically dormant state similar to seed dormancy 

(Oliver, Cushman and Koster, 2010). Most crop plants, however are mesophytes, which 

are adapted to environments that are not extremely wet or dry. As such, crop plants 

cannot enter a dormant state and are unable to recover from a severe decrease 

(roughly 50% loss) in water content (Verslues et al., 2006). Some plants escape abiotic 

stress by accelerating flowering to ensure reproduction before the onset of severe 

drought (Neumann, 2008). This “drought escape” survival strategy is a possible goal for 

crop plants that are able to achieve the desired biomass prior to terminal drought.  

 A more common strategy in crop plants is stress and dehydration avoidance. 

Plants can avoid dehydration by accumulation of solutes to prevent water loss and 

adjust osmotic potential (Kramer and Boyer, 1995). Plants can also alter physiological 

features to increase water uptake and/or reduce water loss. Access to water in the soil 

is improved through efficient root architecture. Root traits associated with improved 

drought avoidance include small fine root diameters, deep roots, and root length 
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density (Passioura, 1983; Pinheiro et al., 2005; Comas et al., 2013). Plants can reduce 

water loss to the environment by decreasing leaf cuticle permeability (Goodwin and 

Jenks, 2007) and by closing stomata in the leaf epidermis (Davies, Wilkinson and Loveys, 

2002). 

As there are many strategies which plants utilize to mitigate the effects of water 

deficit, identifying specific traits which convey drought tolerance has proven to be 

difficult. Drought stress and its effects are perceived throughout the plant, including 

changes in gene expression and physiological processes (Kasuga et al., 1999; Shinozaki, 

Yamaguchi-Shinozaki and Seki, 2003; Pinheiro and Chaves, 2011). Confounding the issue 

further is that the goal of breeding for drought tolerance is not merely survival, but 

maintenance of yield. Since drought tolerance is a complex trait with many indicators, 

accurate, high-throughput phenotyping to select for resilient genotypes is needed for 

researchers and plant breeders alike.  

Drought stress elicits complex whole-plant physiological and morphological 

responses. When plants perceive water deficit, the phytohormone abscisic acid (ABA) is 

synthesized in and/or transported to leaf tissue. The increased concentration of ABA 

triggers a cascade of responses that promote stomatal closure via loss of turgor of the 

specialized guard cells which form the stomatal opening (Schroeder et al., 2001; 

Schroeder, Kwak and Allen, 2001; Hauser, Waadt and Schroeder, 2011). Accumulation of 

ABA also inhibits stomatal opening to preserve plant hydration (De Silva, Hetherington 

and Mansfield, 1985; Schroeder et al., 2001).  
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Water Use Efficiency 

The term water-use efficiency (WUE) has been used to describe different scales 

of observations from whole plant, crop, or leaf level, and including instantaneous and 

whole-life timescales. At the crop level, WUE can be defined as a ratio of biomass 

accumulation to water consumed. The biomass accumulation can be expressed as 

photosynthetic carbon assimilation, total crop biomass, or crop grain yield; while water 

consumed can represent transpiration (loss of water by evaporation from terrestrial 

plants), evapotranspiration (which is the sum of plant transpiration and evaporation 

from land and ocean surfaces), or total water input to the system (Sinclair, Tanner and 

Bennett, 1984). It can also represent a wide range of timescales from days, months, a 

growing season, or a year (Morison et al., 2008). At the whole plant level, transpiration 

efficiency (TE) is defined as the ratio of biomass:water transpired (Vadez et al., 2014). 

Measuring plant level TE directly is problematic as it involves assessment of biomass 

increases and plant water usage on a long-term basis.  

Perhaps the most widely used measurement to examine water productivity is 

intrinsic transpiration efficiency, or ‘instantaneous WUE,’ which is the ratio of 

instantaneous CO2 assimilation (A) to transpiration (E) at the stomata (Hsiao, Steduto 

and Fereres, 2007; Vadez et al., 2014). These factors are closely tied to the 

concentration gradient of either CO2 (ca – ci) or water vapor (wi – wa) between the air 

outside the leaf and the air within the leaf. As shown in Condon et al., 2002,  

TE ≈ 0.6 ca(1 – ci/ca)/(wi – wa)      (1) 
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where the factor 0.6 refers to the relative diffusivities of CO2 and water vapor in air, ci 

and ca are the CO2 concentrations within the leaf and ambient air, respectively, and wi 

and wa are the stomatal and ambient vapor pressures. Based on this equation, 

improvements in TE can theoretically be achieved either through lowered stomatal 

conductance or higher photosynthetic capacity, or a combination of both (Condon et al., 

2002). It is important to recognize, however, that a reduction in stomatal conductance 

can lead to concurrent reductions ci/ca, which may translate to a reduction in 

assimilation (A). Because transpiration can vary with air humidity and leaf temperature, 

some researchers instead focus on the relationship between assimilation (A) and 

stomatal conductance (gs), which is sometimes referred to as, ‘intrinsic WUE’ (Morison 

et al., 2008). The ratio of A/gs is linearly related to the intercellular partial pressure of 

CO2 (ci) (Morison et al., 2008) 

 

Carbon Isotope Discrimination 

The majority of carbon on Earth is 12C (98.9%) with the heavy stable isotope 13C 

comprising approximately 1.1% of carbon globally. The isotopes occur in uneven ratios 

within different compounds, which can provide information about biological and carbon 

cycle processes including carbon fixation, respiration and food chains (Nier and 

Gulbransen, 1939; Park and Epstein, 1960; O’Leary, 1981; van der Merwe, 1982). It was 

discovered that the photosynthetic enzyme Rubisco discriminates against 13C (Park and 

Epstein, 1960) due to the lower reactivity of 13C (Melander and Saunders, 1980; Hermes 

et al., 1982). Based on the isotopic composition of the air, which is approximately - 8‰ 
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with respect to the Pee Dee belemnite standard (Keeling, Mook and Tans, 1979), and 

the enzymatic discrimination by Rubisco (Whelan and Sackett, 1973; Christeller, Laing 

and Troughton, 1976; Wong, Benedict and Kohel, 1979), it was determined that 

enzymatic fractionation alone did not account for δ13C values found in vivo (O’Leary, 

1981; Farquhar, O’Leary and Berry, 1982). 

A new model showed CO2 diffusion, metabolism, and decarboxylation processes 

can significantly affect carbon isotope discrimination (Farquhar, O’Leary and Berry, 

1982; Farquhar and Richards, 1984). Researchers also noted the 13C /12C ratio (δ113C) 

varied with different CO2 fixation pathways. Plants with the C3 pathway of carbon 

assimilation have an average δ13C approximately 10‰ less than that of plants with the 

dicarboxylic acid (C4) pathway (Bender, 1971; Whelan and Sackett, 1973). Additionally, 

plants utilizing crassulacean acid metabolism (CAM) display intermediate values 

(Bender, 1971), which have been attributed to the use of both C3 and C4 metabolism in 

these species (Osmond et al., 1973). As C4 and CAM species have higher WUE, and are 

more enriched in 13C than C3 species, it was hypothesized that δ13C values could be used 

as a comparative measure of WUE (Farquhar, O’Leary and Berry, 1982). 

Isotopic analyses of wheat plants, for which WUE was determined using long-

term accumulation of biomass and water use, demonstrated the relationship between 

carbon isotope discrimination (Δ13C) and WUE (Farquhar and Richards, 1984). It was 

demonstrated that Δ13C is positively related to ci/ca, and thus negatively related to WUE. 

This negative relationship has been demonstrated in several crop species, including 

wheat (Condon, Richards and Farquhar, 1987; Knight, Livingston and van Kessel, 1994; 
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Sayre, Acevedo and Austin, 1995), barley (Hubick and Farquhar, 1989; Craufurd et al., 

1991), common bean (Phaseolus vulgaris L.) (Ehleringer, 1990; Donovan and Ehleringer, 

1994), and canola (Knight, Livingston and van Kessel, 1994). The relationship between 

WUE and Δ13C has also been shown to be not only genetically controlled, but also 

subject to change with varied watering regimes (Ismail and Hall, 1993; Knight, Livingston 

and van Kessel, 1994; Monneveux et al., 2006). A major drawback of this method, 

however, is that it does not distinguish whether differences in Δ13C are driven by 

photosynthetic efficiency or improved conductance. 

 

Genetic variation 

Agricultural practices have relied upon the domestication of wild plant species 

with desirable traits. Over thousands of years, farmers and breeders have cultivated and 

selected plants based on traits such as nutritional value, stress adaptation, and yield. 

Domestication leads to rapid enrichment for certain traits, while subsequently reducing 

the frequency of undesirable traits. Genetic analysis of modern maize (Zea mays ssp. 

mays) as compared to early domesticated maize, and wild teosinte grass (Zea mays ssp. 

parviglumis) identified nearly 1200 genes throughout the genome have been affected 

by artificial selection (Wright et al., 2005). 

Crop varieties have been selected for adaptation to local conditions. As a result, 

a wealth of genetic diversity exists in land races and “folk” varieties of many crops which 

may not be available in widely grown domesticated varieties (Cleveland, Soleri and 

Smith, 1994). The process of breeding has created crops with reduced genetic diversity. 
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Resistance to both biotic and abiotic stresses can be higher in heirloom varieties, 

possibly as a result of diversity in resistance genes as compared to a reduced variety of 

resistance genes in modern varieties (Tanksley and McCouch, 1997). Considerable 

interspecies genetic variation has been shown in WUE (Farquhar and Richards, 1984). By 

exploiting the genetic material from land races, folk varieties, and wild relatives, 

breeders may identify genes involved in useful agronomic traits (Tanksley and McCouch, 

1997; Rieseberg, Baird and Gardner, 2000; Quist and Chapela, 2001; Stewart, Halfhill 

and Warwick, 2003). 

 

Brassica napus 

The plant family Brassicaceae is widely distributed globally and includes over 

3000 species. Amongst its important species are the model research species Arabidopsis 

thaliana and several crops, including many vegetable crops (broccoli, cauliflower, 

cabbage, kale) and oilseed crops (rapeseed). Brassica species are grown for both food oil 

and for biofuel stocks. Brassica napus is an amphidiploid species, arising from the 

hybridization between the diploid species B. rapa and B. oleracea approximately 10,000 

years ago (Parkin et al., 2005). B. napus is of particular interest both for its agronomic 

importance as well as its genomic similarity to Arabidopsis.  

B. napus is an economically important oilseed crop with over 36 million hectares 

grown worldwide for a global yield of nearly 74 million metric tons (Food and 

Agriculture Organization of the United Nations (FAO, 2014). The nutritional fatty acid 

content of rapeseed oil makes it an attractive food oil, and is currently the third largest 
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source of global vegetable oil (Food and Agriculture Organization of the United Nations 

(FAO), 2014). Additionally, the rapeseed meal remaining after oil processing serves as a 

high protein food source for livestock and aquaculture, representing 7% of vegetable 

meal consumed by European livestock (FEDIOL, 2007). Rapeseed oil also represents an 

important source of renewable fuel, producing greater than 65% of EU biodiesel 

(FEDIOL, 2007). 

Water deficit can affect B. napus during all stages of growth, influencing 

processes such as photosynthesis, protein synthesis, and metabolite accumulation. 

These processes can affect seed yield and quality, either directly or indirectly (Jensen, 

Mogensen, Mortensen, Andersen, et al., 1996; Hashem et al., 1998; Sangtarash et al., 

2009). As in most terrestrial plants, ABA production increases in B. napus upon 

perception of drought stress (Qaderi, Kurepin and Reid, 2006). Stressed plants also 

exhibit decreased net CO2 assimilation, chlorophyll content and transpiration (Hashem 

et al., 1998; Din et al., 2011; Qaderi, Kurepin and Reid, 2012; Shafiq et al., 2014) 

Water shortage at any stage of development can have potentially damaging 

effects on seed quality and yield in B. napus. Drought stress has a severe impact on yield 

in B. napus, resulting in reduced pod number, seed number, and seed weight, with a 

reduction in seed yield of 20-40% observed in stressed vs. nonstressed plants (Ahmadi 

and Bahrani, 2009). Water deficit conditions can also decrease seed oil content 

(Bouchereau et al., 1996; Champolivier and Merrien, 1996; Moaveni, Ebrahimi and 

Farahani, 2010) and alter seed composition (Enjalbert et al., 2013).  
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Drought tolerance is a complex, multi-genic trait, which complicates crop 

improvement. Mechanisms and genes involved in conferring drought tolerance may be 

identified by exploring natural variations between accessions of a species (Donovan and 

Ehleringer, 1994; Barbour et al., 2010). Breeders can utilize the inter- and intraspecific 

diversity found in wild relatives as well as diverse domestic accessions to increase 

genetic variability within crops. Our understanding of the physiological basis of WUE in 

B. napus can be improved by examining differences between diverse accessions (Zhu et 

al., 2016). 

In this dissertation, we present work that explores drought adaptation in the 

crop plant, Brassica napus. Chapter 1 of the thesis focuses on a diversity set of B. napus 

to dissect the mechanisms involved in naturally occurring variations of WUE in the field, 

as identified using δ13C measurements. A variety of approaches were utilized, including 

gas exchange to measure photosynthetic efficiency and ABA responsiveness. Appendix 1 

presents a review of molecular and systems approaches to inform strategies for 

improvement of drought tolerance in B. napus. Appendix 2 presents a project using 

RNAi to determine the effect of PP2C down-regulation in guard cells and in response to 

drought in whole plants. Appendix 3 presents experiments that tested new protocols for 

simulating drought conditions and using thermal imaging to assay plant responses to 

decreasing soil moisture. 
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Screening for Natural Variation in Water Use Efficiency Traits in a Diversity Set of 

Brassica napus L. Identifies Candidate Variants in Photosynthetic Assimilation 
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Abstract 

Seed yield and quality of crop species are significantly reduced by water deficit. 

Stable isotope screening (δ13C) of a diversity set of 147 accessions of Brassica napus 

grown in the field identified several accessions with extremes in water use efficiency 

(WUE). We next conducted an investigation of the physiological characteristics of 

selected natural variants with high and low WUE to understand how these 

characteristics translate to differences in WUE. We identified an interesting Spring 

accession, G302 (Mozart), which exhibited the highest WUE in the field and high CO2 

assimilation rates coupled with an increased electron transport capacity (Jmax) under the 

imposed conditions. Differences in stomatal density and stomatal index did not translate 

to differences in stomatal conductance in the investigated accessions. Stomatal 

conductance response to exogenous abscisic acid (ABA) was analyzed in selected high 

and low WUE accessions. Spring lines showed little variation in response to exogenous 

ABA, while one Semi-Winter line (SW047) showed a significantly more rapid response to 

exogenous ABA, which corresponded with the high WUE indicated by δ13C 

measurements. This research illustrates the importance of examining natural variation 

at a physiological level for investigation of the underlying mechanisms of drought 

acclimation and identifies natural variants in Brassica napus with improved water use 

efficiency and potential relevant traits.  
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Introduction 

Plants are exposed to a variety of environmental stresses, including drought, 

temperature, and salinity. The ability to cope with these stresses has a profound impact 

on crop productivity, with grain and seed crops losing more than half of their theoretical 

yield when exposed to an unfavorable environment (Boyer, 1982). The resulting 

decrease in crop yields translates to an economic loss and also contributes to global 

food insecurity. Unfortunately, both the severity and frequency of drought episodes are 

likely to increase as global climate change affects average global temperature and fresh 

water reserves are depleted (Trenberth et al., 2014). 

The shortage of fresh water is exacerbated both by the increasing world 

population and global climate change. As agricultural activities account for nearly 70% 

of the world’s fresh water consumption, global water deficits threaten crop productivity 

(WWAP - United Nations World Water Assessment Programme, 2015). There is a clear 

need to better understand the mechanisms that underlie natural variation in plant 

physiology and drought tolerance. Plants have developed a variety of coping strategies 

to acclimate and adapt to drought stress: drought escape, dehydration avoidance and 

dehydration tolerance (Ludlow and Muchow, 1990). Plants can avoid dehydration by 

maintaining their internal water status during periods of drought by modulating water 

uptake through the roots (Passioura, 1983; Pinheiro et al., 2005) and/or minimizing 

water loss through evapotranspiration by controlling stomatal conductance (Davies, 

Wilkinson and Loveys, 2002). There has been a wealth of detailed research on stomatal 

development and regulation in the model species Arabidopsis thaliana. Identification of 
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core components of the ABA signal transduction pathway in Arabidopsis has greatly 

increased our understanding of plant responses to environmental stress (Cutler et al., 

2010; Hauser, Waadt and Schroeder, 2011). Here we investigate the physiological 

characteristics that contribute to natural variation in water use efficiency in Brassica 

napus, a close relative of Arabidopsis (Noh and Amasino, 1999; Parkin et al., 2005).  

In terms of global production, B. napus is one of the most economically 

important oilseed crops for both feed stocks and fuel (FAO, 2015). Recent investigations 

into the evolution of B. napus have shown multiple allotetraploid origins of B. napus 

from hybridization of the diploid progenitors Brassica rapa and Brassica oleracea, 

resulting in genetic and phenotypic diversity (Allender and King, 2010). When exposed 

to water stress during flowering and seed setting, there is a reduction in seed yield and 

quality (Bouchereau et al., 1996; Champolivier and Merrien, 1996; Jensen, Mogensen, 

Mortensen, Fieldsend, et al., 1996). Crucial mechanisms and genetic loci involved in 

phenotypic differences may be identified by exploring natural variation between 

accessions of a species (Donovan and Ehleringer, 1994; Barbour et al., 2010). Examining 

the differences in water use efficiency between diverse accessions of B. napus is needed 

to develop improved understanding of the physiological basis of variations between 

accessions (Zhu et al., 2016).  

Water use efficiency (WUE) can be defined at different scales, with integrative 

whole plant WUE defined as the ratio of total biomass to evapotranspiration. Intrinsic 

water use efficiency can be measured at the leaf level as the ratio of photosynthetic CO2 

assimilation to transpiration. Carbon isotope discrimination (δ13C) is used as a surrogate 
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for direct measurement of WUE, as discrimination against 13C during photosynthesis 

decreases with increased water stress (Farquhar and Richards, 1984).  

Here we utilized stable carbon isotope screening (δ13C) on a subset of 147 lines 

from a diversity set of 500+ accessions of field-grown B. napus to identify natural 

variation in WUE. Accessions showing predicted extremes in WUE, based on δ13C data, 

were chosen for a detailed study of gas exchange. Using infrared gas analyzer 

measurements on greenhouse grown plants, we measured photosynthetic CO2 

assimilation, stomatal conductance, and transpiration efficiency of selected accessions. 

We also examined differences in stomatal index and density between accessions, and 

the responsiveness of stomatal closure to abscisic acid exposure. We determined the 

correlation of transpiration efficiency to the WUE determined by δ13C data varied by 

accession, with the spring accession G302 showing an enhanced electron transport 

capacity and enhanced WUE based on δ13C analysis of field-grown plants, indicating 

that photosynthetic CO2 assimilation rate could be a mechanism contributing to WUE in 

these B. napus accessions. We also determined differences in physiological responses 

between Spring-type and Semi-Winter-type accessions.  

 

Results 

Leaf carbon isotope discrimination varies in field-grown plants 

We grew 147 accessions of B. napus, including both Spring-type (G) and Semi-

Winter-type (SW) lines and both oilseed and fodder types to screen for natural variation 

in WUE. Plants were grown in February 2013 in the field in Maricopa, Arizona, under 
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irrigation. Leaf tissue was collected in April 2013, prior to flowering, to measure the 

carbon isotope ratio (δ13C), which is used as a time-integrated measure of WUE 

(Farquhar and Richards, 1984; Seibt et al., 2008; Easlon et al., 2014). Substantial 

variation was found in δ13C between the 147 investigated accessions with a range 

between the extreme accessions of -30.5 ‰ (G284 Tribute) and -26.5‰ (G302 Mozart) 

(Figure 1A; supplemental table 1). From these field data, eight extreme accessions were 

chosen (4 each from Spring-type and Semi-Winter-type) representing the range of δ13C 

values, for further physiological characterizations (Figure 1B, C). In the Spring-type 

accessions, G284 showed the lowest projected WUE with a δ13C value of -30.5 ‰ and 

G302 (Mozart) had the highest projected WUE with a δ13C value of -26.5 ‰ (Figure 1B). 

The SW accessions had a smaller range of variation than the Spring-type (G), with 

SW111 having the lowest WUE with an average δ13C value of -29.7 ‰ and SW047 having 

the highest WUE with a δ13C value of -26.7 ‰ (Figure 1C). 

 

Gas exchange analyses 

Instantaneous transpiration efficiency describes the ratio of the photosynthetic 

CO2 assimilation rate to transpiration. Physiological characterizations of the accessions 

were performed to investigate whether differences in gas exchange regulation among 

the various accessions contributes to differences in δ13C values. Steady-state gas 

exchange measurements were recorded under ambient CO2 (400 ppm) and light (500 

µmol photons m−2 s −1) conditions to compare variation in CO2 assimilation rates (A) 

and transpiration efficiency (TE). The average photosynthetic CO2 assimilation rates 
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showed little variation between lines, with the exception of line G302, which showed a 

slightly higher assimilation on average. The Semi-Winter line SW047 had a lower 

average CO2 assimilation rate (Figure 2B) as compared to other Semi-Winter lines, 

however this difference was not significant. These assimilation rates translated into 

similar transpiration efficiency comparisons (Figure 2C, D), with G302 having a high TE 

which corresponds to the high photosynthetic CO2 assimilation rate (Figure 2A) and may 

contribute to the high water use efficiency (Figure 1). Intrinsic water use efficiency was 

calculated as the relationship between photosynthetic CO2 assimilation rates (A) and 

stomatal conductance (gs) (Figure 2E, F). A/gs values in Spring lines showed a similar 

trend to TE, with line G302 having a higher A/gs value as compared to other Spring lines 

(Figure 2E). Semi-Winter lines did not demonstrate significant differences in A/gs values 

(Figure 2F). 

To examine whether the accessions indicate differences in biochemical 

limitations to photosynthesis, we examined the relationship between photosynthetic 

CO2 assimilation rate and calculated internal partial pressure of CO2 in the substomatal 

cavity (Ci) under saturating light. This relationship is described by a biochemical model 

(Farquhar, von Caemmerer and Berry, 1980) wherein CO2 assimilation is limited by the 

ribulose-1,5-bisphosphate (RuBP)-saturated rate of Rubisco carboxylation under low CO2 

concentrations and by the rate of RuBP regeneration under high CO2 concentrations 

(Figure 3A, B). Using this model, we calculated estimates of the maximum Rubisco 

carboxylation rates (Vcmax) and electron transport rates (Jmax) which are related to the 

initial slope and plateau, respectively, of the curves in Fig. 3A, B (Table 1). In the Spring 
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accessions (Figure 3A), the high photosynthetic assimilation rate (A) of accession G302 

correlated with a higher Jmax than other Spring accessions (Table 1). Differences in the 

SW accessions showed SW070 had lower CO2 assimilation rates (Figure 3B), as well as 

lower Vcmax and Jmax values than other SW accessions (Table 1). 

 

Effect of stomatal characteristics on transpiration efficiency 

To determine if any differences in stomatal characteristics affected TE, we 

investigated stomatal conductance (gs) between accessions. A similar average range of 

gs was found in all lines (Figure 4A). Stomatal density (number of stomata per mm2) and 

stomatal index (number of stomata/total epidermal cells) were measured for the abaxial 

epidermis of each line (Figure 4B, C). Lines G278 and SW070 both had significantly 

greater average stomatal densities and stomatal indices than other accessions (Figure 

4B, C). Neither high stomatal density, as found in G278 (Figure 4D) nor lower stomatal 

density as found in SW111 (Figure 4E) translated to a difference in gs (Figure 4A).  

 

Relationship between δ13C and transpiration efficiency 

The instantaneous TE calculated from the ratio of photosynthetic CO2 

assimilation rates to transpiration rates was compared to the δ13C of field-grown plants. 

In the Spring accessions the higher δ13C value (high WUE) of the G302 (Mozart) line 

(Figure 1) was in line with an increased TE (Figure 5A). The SW lines showed a possible 

negative trend between δ13C and TE. As TE is directly related to the CO2 assimilation 

rate, this suggests the δ13C value in the SW lines is related to traits other than CO2 
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assimilation and transpiration rates. Experiments with these lines, where plants were 

grown in the field under well-watered or non-irrigated conditions, suggests field-derived 

δ13C values may also be translated into crop performance under limited irrigation 

conditions for the G302 accession (Supplemental Figure 1). As the plants were grown in 

much different conditions in the growth room as compared to the field, we measured 

δ13C values of growth-room plants used in the physiological assays (Figure 6 A, B). In 

these experiments the intermediate WUE Spring line G307, showed average δ13C values 

that are lower than the high WUE lines G278 and G302 (Figure 6A, P < 0.05). Line SW070 

showed average δ13C values lower than the high WUE lines SW050 and SW047 (Figure 

6B, P < 0.05). Notably, the difference in δ13C values were not as pronounced in the 

chamber-grown plants compared to field-grown plants.  

 

Stomatal conductance response to exogenous ABA 

To investigate the effect of ABA on stomatal closure, we developed a procedure 

which resolves the kinetics of stomatal ABA responses in intact B. napus leaves, wherein 

we performed gas exchange analyses with ABA added to the transpiration stream. 

Individual leaves were excised and the petiole submerged in water. Gas exchange 

parameters were controlled at ambient conditions (CO2 400 ppm, PAR 500 µmol 

photons m−2 s−1) using a Li-Cor-6400 gas exchange analyzer. ABA was added to the water 

feeding the petioles to a final concentration of 10 µM. The stomatal conductance curves 

were analyzed using a standard one-phase decay equation (see Methods) to determine 

rate constants of stomatal closure. The difference between steady-state stomatal 
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conductance and final conductance (“span”) was also calculated. The Spring accessions 

(Figure 7A-D) did not show significant differences in their rate of gs change (Figure 7E) or 

span (Figure 7F). In the Semi-Winter lines (Figure 8A-D), a significant difference was 

observed between the rate of change of line SW047 and the other SW lines (Figure 8E). 

This rapid stomatal closure rate may be a reason for the δ13C value recorded for 

accession SW047 (Figure 1), which indicated an increased WUE. Line SW070 had a 

significantly larger span between open and closed stomata (Figure 8F).  

 

Discussion 

Characterizing and understanding the natural variation within a species is a 

powerful tool to identify mechanisms and genetic loci associated with phenotypes. The 

work presented here demonstrates the differences in traits associated with WUE in 

natural variants of the crop species B. napus that showed extremes in WUE based on 

δ13C measurements. 

We investigated the gas-exchange physiology of field-grown Spring and Semi-

Winter B. napus accessions which had a range of δ13C values. There is a correlation 

between δ13C values of plant material and WUE (Farquhar and Richards, 1984). Gas 

exchange parameters of photosynthetic carbon assimilation (A) and stomatal 

conductance (gs) were measured in selected accessions, with no significant difference 

found in most accessions. Interestingly, the Spring line G302 (Mozart), which had the 

highest WUE in the field, had a high rate of CO2 assimilation (Figure 3A) which translated 

to a high TE. Analysis of additional accessions would be needed to infer a correlation 
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between δ13C values and instantaneous TE. Differences in stomatal density and stomatal 

index did not translate to altered stomatal conductance or assimilation in the 

investigated extreme WUE accessions, which differs from results in previous transgenic 

studies in Arabidopsis (Doheny-Adams et al., 2012). The difference in δ13C values 

observed in field-grown versus growth room plants highlights the growth condition 

dependence of δ13C values.  

Our study also examined the stomatal conductance response of these accessions 

to exogenous ABA. Examining the kinetics of plant responses to ABA in intact leaves 

allowed us to investigate the relationship of WUE to the rate of stomatal response to 

ABA. We were able to elicit stomatal closure upon addition of ABA to the transpiration 

stream in all accessions tested. Spring lines exhibited no significant difference in their 

rate of stomatal closure or the span of difference in stomatal conductance before and 

after ABA treatment. The Semi-Winter line SW047 had a significantly faster rate of 

stomatal closure as compared to the other SW lines, which may correlate with the 

higher WUE indicated by the δ13C value. Line SW070 had a significantly larger span of gs 

before and after ABA treatment compared to other SW lines.  

Recent studies have demonstrated cuticle permeability to both water vapor and 

CO2 as having a contribution to water loss from plants (Boyer, 2015a, 2015b), 

particularly in leaves with closed stomata (Tominaga and Kawamitsu, 2015). As the 

cuticle allows water vapor to exit the leaf at a higher rate than CO2 can enter, this can 

impact the difference between calculated CO2 flux and actual CO2 entering the leaf 

(Hanson, Stutz and Boyer, 2016). Analysis of the cuticle composition of the B. napus 
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diversity set, from which the accessions used in this study, revealed heritable variation 

in cuticular wax composition and amount (Tassone et al., 2016). The Tassone et al. study 

identified relatively high amounts of n-alkanes, which have been linked to the inhibition 

of leaf water loss in previous studies (Leide et al., 2007; Kosma et al., 2009). 

Measurements of the cuticle composition and cuticular wax amount in the studied 

accessions under well-watered and water-stressed conditions may indicate whether 

these traits contribute to the long term water use efficiency observed in these 

accessions. 

 

Conclusions 

This study shows how characterization of natural variation in δ13C derived WUE 

within a species provides an approach for understanding the many traits involved in 

WUE phenotypes. The present study indicates the Semi-Winter line SW047 shows a 

more rapid ABA response which may be linked to WUE and the spring line G302 had an 

increased electron transport capacity (Jmax), which may also be linked to the higher 

WUE. These results could be used to further examine the mechanisms and genetic 

differences between these accessions and shows the potential of using this diversity set 

to characterize mechanisms that affect WUE.  

 

Materials and methods 

Plant material and growth conditions  
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Growth room experiments. B. napus seeds were sown in 3-inch pots containing 

a mixture of potting soil, perlite and vermiculite (6:1:1) and placed in a walk-in growth 

room at a controlled temperature (22°C) and humidity (60 ± 2% RH) with a 12-h light:12-

h dark regime at 150 µmol m-2 s-1 photosynthetic photon flux density (PPFD). Seedlings 

were watered every other day to soil capacity. Three weeks after germination, plants 

were transferred to 5-inch pots containing the same soil mixture. Plants were grown at 

controlled temperature (22°C) and humidity (60 ± 2% RH) with a 12-h light:12-h dark 

regime at 250 µmol m-2 s-1 PPFD at canopy level. Plants were watered to soil capacity 

every other day. Experiments were performed between January 2014 and June 2015, 

with seeds sown of each line every 4-6 weeks, for continuous availability of plants for 

measurement. All plants were 6-8 weeks old at time of measurements.  

Drought tolerance experiments. The diversity set lines at the Colorado State 

University Agricultural Research, Development and Education Center were grown near 

Fort Collins, Colorado (40.65°N, 105.00°W). The soil type was Nunn clay loam, and 

average annual precipitation was 356 mm. Seeds were planted in a split-plot design with 

a well-irrigated and a drought treatment and three replicates in May 2015. Plots were 

1.5 m by two rows, with 0.3-m row spacing. Irrigation was applied using a linear-move 

system at approximately 2.5 cm per week for the first 7 weeks of development at which 

point it was discontinued in the drought treatment. Irrigation was maintained at the 

rate of 2.5 cm per week for the duration of the experiment in the irrigated treatment. At 

seed maturity, all plants were cut at soil level and plot-level aerial fresh biomass was 

measured. 
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Carbon isotope discrimination 

The diversity set of B. napus (Supplemental Table 1) was grown in 3-m, one-row 

plots with three replicates in an α-lattice design at the Maricopa Agricultural Center of 

the University of Arizona in Maricopa, Arizona, as described by (Tassone et al., 2016). 

Soil is a Casa Grande sandy loam and plants were flood irrigated. Seeds were sown in 

early February 2013. At eight weeks from planting, we sampled 147 accessions, taking 

two non-shaded leaves from a random plant collected from each plot. Leaf tissue was 

dried at 65 °C for 48 h and then crushed. Aliquots containing 2-mg of leaf tissue were 

used to quantify carbon isotope ratio (δ13C, expressed relative to the Vienna PeeDee 

Belemnite standard) using a dual-inlet mass spectrometer (PDZ Europa 20-20 isotope 

ratio mass spectrometer, PDZ Europa ANCA-GSL elemental analyzer, Sercon Ltd., 

Cheshire, UK) at the Stable Isotope facility at University of California, Davis. Samples for 

growth room plants were collected similarly to field-grown plants, collecting three 

cauline leaves from each plant after bolting and prior to seed setting. Aliquots 

containing 2-mg of leaf tissue were used to quantify carbon isotope ratio (δ13C, 

expressed relative to the Vienna PeeDee Belemnite standard) using a dual-inlet mass 

spectrometer (Delta V mass spectrometer, Conflo IV interface, Thermo Scientific, 

Waltham MA, USA; ECS 4010 CHNSO Analyzer, Costech Analytical Technologies, Inc., 

Valencia CA, USA) at the Center for Stable Isotopes at University of New Mexico. 

 

Physiological analyses 
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Gas exchange measurements from intact, mature leaves of 6-8 week old plants 

were conducted using a LI-6400 infrared gas exchange analyzer (LI-6400XT, Li-Cor, Inc., 

Lincoln NE, USA) with the standard 6 cm2 leaf cuvette fitted with an LED light source (LI-

6400-02B; Li-Cor Inc.). Leaf temperature and vapor pressure deficit at the leaf level 

(VpdL) were held at 20°C and ~0.75 kPa (±0.05 kPa), respectively (Supplemental Figure 

2). All measurements were taken at 500 µmol m-2 s-1 PPFD (intensity determined to be 

at light saturation for all accessions using standard light response curve at 400 ppm 

CO2). Steady-state gas exchange measurements (A, gs, E) were taken at 400 ppm 

CO2. Photosynthetic parameters (Jmax, Vcmax) were estimated from A/Ci curves according 

to the method of Sharkey et al (2007). Values normalized to leaf temperature 25°C. 

 

Stomatal ABA response analysis 

Intact, mature leaves of 6-8 week old plants were removed and the petiole cut 

under water 2 cm from the base of the leaf. The cut end was submerged in deionized 

H2O in a 15-mL Falcon tube. Gas exchange measurements were conducted as above 

with the LI-6400XT gas exchange analyzer. Leaf temperature and relative humidity were 

held at 20°C and ~75% (±5%), respectively. Light intensity for measurements was 500 

µmol m-2 s-1 PPFD, and reference [CO2] set at 400 ppm. After ten minutes of steady state 

or more stable CO2 assimilation rates (A) and stomatal conductance (gs), ABA was added 

to the Falcon tube to a final concentration of 10 µM. Gas exchange data were collected 

for 30 minutes after the addition of ABA. In control experiments 15µL ethanol was 

added in place of ABA (data not shown). Curves were analyzed using GraphPad Prism. 
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Rate of change (K) and span were determined by fitting a plateau followed by one-phase 

decay algorithm (Model: Y= IF( X<X0, Y0, Plateau+(Y0-Plateau)*exp(-K*(X-X0))) where 

X0 is the time at which the decay begins and Y0 is the average Y value prior to time X0). 

Differences in K and span within each group (SW or G) were analyzed with one-way 

ANOVA followed by Tukey’s multiple comparisons test.  

 

Stomatal density/index analyses 

Following gas exchange measurements, three 1 cm diameter punches were 

taken from the area of leaf that was used for gas exchange. The punches were stained 

with propidium iodide (100 µg/mL) for one hour, then rinsed with distilled H2O and 

transferred to slides. Confocal microscopy was performed using a custom spinning disk 

confocal microscope system described previously (Walker et al., 2007). Laser excitation 

was 568 nm for propidium iodide. Images were acquired and Z-stack projections 

assembled using MetaMorph software (Universal Imaging). Image processing was 

performed using NIH ImageJ. Data within each group (SW or G) were analyzed with one-

way ANOVA followed by Tukey’s multiple comparisons test. 
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TABLES 

Table 1. Maximum Rubisco carboxylation rates (Vcmax) and Electron transport capacity 
(Jmax) derived from the theoretical relationships shown in Figure 3. Parameters were 
estimated according to the method of Sharkey et al (2007) by fitting the model to 
measured A/Ci values. Values were normalized to 25°C leaf temperature 

 

Genotype Vcmax Jmax  

(µmol C m-2 s-1) (µmol e- m-2 s-1) 

G278 54.48866 105.1209 

G284 64.16738 95.89537 

G302 86.66855 126.1483 

G307 53.47971 90.8347 

SW047 46.65277 91.00118 

SW050 31.64616 69.4256 

SW070 32.37564 49.6159 

SW111 52.05389 94.35183 
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Figure 1. Leaf carbon isotope discrimination (δ13C) in field-grown plants. Diverse Spring 
(G) and Semi-Winter (SW) accessions of Brassica napus were grown in the field in 
Maricopa, Arizona, under irrigation. A) Leaf tissue was collected prior to flowering, and 
δ13C was measured. A wide variation in δ13C was found between accessions. B, C) δ13C 
of selected accessions including accessions with higher water use efficiency (G302) and 
lower water use efficiency (G284). Error bars denote s.e.m. Statistical values for 
differences within categories were calculated using a one-way ANOVA followed by 
Tukey’s multiple comparisons test.  
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Figure 2. Physiological responses of B. napus under ambient conditions. 
Photosynthetic assimilation of Spring accessions (A) and Semi-Winter accessions (B) was 
recorded under ambient CO2 (400 ppm) and light (PAR 500 µmol photons m−2 s−1) 
conditions. C, D) Instantaneous transpiration efficiency was calculated as the ratio of 
photosynthetic CO2 assimilation rate to transpiration rate. E, F) Intrinsic transpiration 
efficiency was calculated as the ratio of photosynthetic CO2 assimilation rate to stomatal 
conductance. Error bars denote s.e.m. Statistical values for differences within categories 
were calculated using a one-way ANOVA followed by Tukey’s multiple comparisons test. 
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Figure 3. Analyses of CO2 assimilation rates as a function of Ci. Relationships between 
photosynthetic CO2 assimilation rate, measured under saturating light, and internal 
partial pressure of CO2 in the substomatal cavity for A) Spring accessions and B) Semi-
Winter accessions. Error bars denote s.e.m., n=3. 
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Figure 4. Effect of stomatal features on transpiration efficiency. A) Steady-state 
stomatal conductance calculated from gas exchange measurements on mature leaves. 
B) Stomatal densities (abaxial epidermis) C) Stomatal index (abaxial epidermis). Error 
bars denote s.e.m. Statistical values for differences within categories were calculated 
using a one-way ANOVA followed by Tukey’s multiple comparisons test. D-E) Examples 
of stomatal densities (G278 – high stomatal density; SW111 – low stomatal density). 
Confocal images of abaxial epidermis stained with propidium iodide. 
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Figure 5. Relationship between δ13C and calculated transpiration efficiency. A) Spring 
lines show a positive trend between δ13C and transpiration efficiency determined by 
the ratio of photosynthetic assimilation and transpiration rate. (r2 = 0.866) B) Semi-
Winter lines did not show a correlation.  
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Figure 6. δ13C values of walk-in growth room plants. Carbon isotope data were 
collected for plants grown in the growth room. A) Spring lines. B) Semi-Winter lines 
(means ± s.e.m; n=3). Statistical values for differences within categories were calculated 
using a one-way ANOVA followed by Tukey’s multiple comparisons test. 
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Figure 7. Stomatal conductance response to exogenous ABA in Spring accessions. 
Individual leaves were excised and the petiole submerged in water. Gas exchange 
parameters were controlled at ambient conditions (CO2 400 ppm, PAR 500 µmol 
photons m−2s−1) using a Li-Cor-6400 gas exchange analyzer. When steady stomatal 
conductance was observed, ABA was added to the transpiration stream to a final 
concentration of 10 µM. A-D) ABA response curves of Spring accessions to 10 µM ABA 
(means ± s.e.m; n=3). No significant difference was found in the E) rate constant (K) or F) 
difference between starting and ending stomatal conductance values (span), between 
Spring lines. Curves were fitted, and rate constant (K) and span determined, using a 
standard one-phase decay equation. Statistical values for differences within categories 
were calculated using a one-way ANOVA followed by Tukey’s multiple comparisons test. 
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Figure 8. Stomatal conductance response to exogenous ABA. Measurements were 
conducted as in Figure 7. A-D) ABA response curves of Semi-Winter accessions to 10 µM 
ABA (means ± s.e.m; n=3). In Semi-Winter accessions, E) SW047 had a significantly 
higher rate constant than other accessions. F) SW070 had a significantly larger span than 
other Semi-Winter accessions. Curves were fit, and rate constant (K) and span 
(difference between starting and ending stomatal conductance values) determined, 
using a standard one-phase decay equation. Statistical values for differences within 
categories were calculated using a one-way ANOVA followed by Tukey’s multiple 
comparisons test. 
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S1. Fresh biomass of field-grown Spring lines under well-watered (white symbols) and 
non-irrigated (black symbols) conditions. Plants were harvested after seed-set and 
fresh shoot mass was recorded. Statistical values for differences between treatments 
were calculated using a two-way ANOVA followed by Fisher’s LSD test. (P < 0.05; n=3) 
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S2. Transpiration rates of (A) Spring and (B) Semi-Winter accessions. Error bars denote 
s.e.m. Statistical values for differences within categories were calculated using a one-
way ANOVA followed by Tukey’s multiple comparisons test and showed no significant 
differences between accessions. 

  



51 

 

G 2 7 8 G 2 8 4 G 3 0 2 G 3 0 7
0

1

2

3

4

T
ra

n
s

p
ir

a
ti

o
n

 (
m

m
o

l H
2

O
)

S W 0 4 7 S W 0 5 0 S W 0 7 0 S W 1 1 1
0

1

2

3

4

T
ra

n
s

p
ir

a
ti

o
n

 (
m

m
o

l H
2

O
)

P re  A B A

P o s t A B A

 

S3. Transpiration rates in response to exogenous ABA. Bars represent average of 10 
minutes of measurements prior to ABA addition (black bars) and 10 minutes of low 
transpiration data after ABA addition (white bars). (means ± s.e.m.; n=5). No significant 
differences were found between post ABA values amongst accessions. Statistical values 
for differences within categories were calculated using a two-way ANOVA followed by 
Sidak’s multiple comparisons test.  
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Molecular and systems approaches towards drought-tolerant canola crops
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Appendix B 

 

Targeted knockdown of Clade A protein phosphatases (PP2Cs) 

for increased drought tolerance in canola (Brassica napus) 
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Introduction 

When plants perceive drought stress, they respond by a variety of methods, 

including escape, avoidance, and tolerance. One of the best understood avoidance and 

tolerance responses is the abscisic acid (ABA) signal transduction pathway. Abiotic 

stresses, including drought, elicit production of the plant hormone (ABA), which 

stimulates stomatal closure and alters gene expression, increasing the plant’s tolerance 

to the stress.  

Upon sensing drought stress, endogenous ABA levels increase, initiating a 

complex signal transduction pathway which allows the plant to modulate stomatal 

aperture, reducing transpirational water loss. (Cutler et al., 2010; Hubbard et al., 2010; 

Munemasa et al., 2015). ABA binds to the “PYR/PYL/RCAR” receptors, inducing a 

conformational change which allows interaction with the type 2C protein phosphatases 

(PP2Cs) of the clade A subfamily (Park et al., 2009; Klingler, Batelli and Zhu, 2010; Joshi-

Saha, Valon and Leung, 2011). Clade A plant PP2Cs act as negative regulators of ABA 

signaling, with nine identified Clade A PP2Cs implicated in the ABA signaling pathway. 

PP2Cs characterized in Clade A include ABI1, ABI2, HAB1, HAB2, and PP2CA 

(Schweighofer, Hirt and Meskiene, 2004; Bhaskara, Nguyen and Verslues, 2012).  

PP2Cs act by both physical interaction with and dephosphorylation of 

downstream kinases of the SnRK2 family (Hubbard et al., 2010). After ABA has bound to 

the PYR/PYL/RCAR receptors, a Trp residue on the PP2C interacts with the receptor-ABA 

complex, locking the molecules together and preventing phosphatase activity (Melcher 

et al., 2009; Miyazono et al., 2009; Yin et al., 2009). This allows phosphorylation of the 
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SnRK2 and CDPK kinases (Fujii et al., 2009; Fujii and Zhu, 2012), which then 

phosphorylate downstream targets such as transcription factors and ion channels (e.g. 

SLAC1) which are involved in stomatal closure (Cutler et al., 2010; Brandt et al., 2012, 

2015; Umezawa et al., 2013; Munemasa et al., 2015).  

Previous studies have shown that while single gene knockouts of PP2Cs have 

limited effect on ABA responses, inactivation of multiple PP2Cs involved in ABA signaling 

improves drought tolerance (Saez et al., 2006; Rubio et al., 2009). Saez et al., showed 

mutants with double PP2C knockouts (hab1-1 abi1-2, and hab1-1 abi1-3) had an ABA-

hypersensitive phenotype in growth assays and stomatal closure. The mutants also 

showed reduced water consumption, but demonstrated decreased biomass and yield 

under non-drought conditions. Similar results were found for PP2C triple loss of function 

mutants (hab1-1 abi1-2 abi2-2 and hab1-1 abi1-2 pp2ca-1) (Rubio et al., 2009). 

This research seeks to determine the effect of targeted PP2C knockdown on 

plant responses to drought stress. Despite the high sequence similarity between 

Arabidopsis and Brassica transcripts and corresponding proteins, these genes are 

generally triplicated in Brassica as compared to Arabidopsis (J. Wang et al., 2011; 

Chalhoub et al., 2014; Cheng et al., 2016). RNAi technology can be used to target 

multiple genes within a gene family without requiring individual gene mutations 

(Kerschen et al., 2004; Bezanilla et al., 2005). As whole-plant knockouts result in 

constitutive growth inhibition under non-drought conditions, it was hypothesized that 

by inhibiting PP2Cs specifically in guard cells or in a manner induced by drought, 

drought responses can be enhanced without the corresponding growth penalty.  



78 

 

Results  

B. napus homologues were identified for target PP2Cs (ABI1, ABI2, HAB1, PP2CA) 

via the Brassica Database (Cheng et al., 2011). The target region chosen was a 400 bp 

region in the highly conserved PP2C catalytic site (Bork et al., 1996; Rodriguez, 1998). 

Pairwise alignment analysis was performed using the ClustalW program to find highly 

homologous regions between the B. napus genes and also the A. thaliana cDNAs to 

identify RNAi target regions for silencing of these negative regulators of drought-

induced ABA signaling (Figure B1).  

The RNAi target sequence was compared for sequence similarity to the 

published B. napus genome using the Brassica Database (BRAD, 

http://brassicadb.org/brad/index.php). The target sequence had the highest sequence 

similarity to BnABI1 (chrA01 88%, chrC01 87.8% identity) and BnABI2 (chrA10 77.6% 

identity). Lower sequence similarity was found to the A chromosome copy of HAB1 

(chrA07 51.6% identity) and both PP2CA copies (chrA05 44%, chrC05 43.6% identity). 

The lowest similarity was calculated for the C chromosome copy of HAB1 (26.5% 

identity). HAB2, which is found in A. thaliana and other Brassica species (Kerk, 2002; 

Schweighofer, Hirt and Meskiene, 2004; Cheng et al., 2011; X. Wang et al., 2011; 

Ludwikõw et al., 2013), has not been identified in B. napus (Chalhoub et al., 2014; 

Babula-Skowrońska et al., 2015). 

Hairpin RNAi constructs of identified PP2Cs (ABI1, ABI2, HAB1, PP2CA) were 

designed under the tissue-specific promoter pGC1 (At1g22690), which drives strong and 

preferential gene expression in guard cells (Yang et al., 2008), including in Brassica 
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(Figure B2). The RNAi construct was also driven under the stress-inducible promoter 

rd29a (Ishitani et al., 1997) to investigate and compare responses of whole plant down-

regulation of the PP2Cs under drought stress, while minimizing negative growth effects 

of ABA under non-drought conditions (Saez et al., 2006; Rubio et al., 2009). The 

construct was also driven under the whole-plant expressed 35S promoter to compare to 

whole plant knockdown of PP2Cs. 

The RNAi constructs were transformed into Brassica napus using callus 

transformation. We obtained a total of 12 independent Brassica napus lines containing 

the rd29a-driven anti-PP2C constructs. We also obtained 6 independent Arabidopsis 

thaliana lines containing the rd29a-driven PP2C RNAi construct. The independent A. 

thaliana transformants all showed stunted growth and a developmental phenotype of 

multiple rosettes (Figure B3). We were unable to obtain any lines containing the 35S-

driven construct or the pGC1-driven construct in either B. napus or in A. thaliana. 

This method of introducing RNAi for Brassica PP2Cs had unreliable results. We 

were not able to obtain positive constructs driven by the 35S promoter. It is possible the 

RNAi knockdown is lethal when expressed on a whole-plant level. As the region chosen 

for knockdown was within the well-conserved catalytic domain of PP2Cs, the whole-

plant knockdown may have had off-target effects upon other PP2Cs uninvolved in the 

ABA signaling pathway.  
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Materials and Methods 

Construction of plant expression vector 

For the PP2C RNAi construct, the coding sequences of known A. thaliana and B. 

napus PP2Cs were aligned ClustalW alignment using Geneious R6 software (Kearse et 

al., 2012). The region of highest sequence consensus was analyzed to correspond to the 

catalytic domain of the proteins. A 400-bp consensus sequence was cloned downstream 

of the 35S promoter of the Brassica optimized plasmid, pBRACT507 (John Innes, 

Norwich, UK) using Gateway cloning technology (Invitrogen, Carlsbad, CA) (Smedley and 

Harwood, 2014). For subsequent vectors, the promoter region of the plasmid containing 

the RNAi target sequence was replaced by the pGC1 or rd29a promoters, respectively. 

The expression vectors were introduced into Agrobacterium tumefaciens GV3101 

containing pSOUP helper plasmid through electroporation.  

 

RNAi target sequence 

TTGTACGGCGTGACTTCCATCTGTGGAAGAAGACCGGAGATGGAAGATGCTCTCTCCG

CGATACCAAGATTCCTCCAATCTCCGACCAATTCGTTGATAGATGGTCGTTTCAATCCTCAGTCC

GCCGCTCACTTCTTCGGCGTCTACGACGGCCACGGCGGTTCTCAGGTAGCGAACTATTGCAGAG

AGAGGATGCACTTGGCTTTAGCGGAGGAGATAGAGAAGGAGAAACCGATGCTC 

 

Plant transformation 

Spring-type oilseed rape (B. napus cv. Westar) transformants were generated by 

the method described by (Yao et al., 2016) at Huazhong Agricultural University (Wuhan, 
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China). Plasmids were transformed into A. thaliana (Col-0 ecotype) by the floral dip 

method (Clough and Bent, 1998). Seeds were grown on 1/2 -MS phytoagar plates 

containing Kanamycin (50 µg/mL) to choose positive transformants.  

 

Analysis of transgenic plants by PCR 

Plant genomic DNA was extracted from collected samples of both Brassica and 

Arabidopsis using the method of (Edwards, Johnstone and Thompson, 1991). Non-

transformed Brassica and Arabidopsis DNA were used as a negative control. Putative 

transformants were detected by PCR screening using primers targeting plasmid 

backbone and promoter region.  

 

PCR genotyping primers 

35S Forward: TAATACGACTCACTATAGGG 

35S Reverse: TAGCTGGGCAATGGAATCCG 

pGC1 Forward: ATGGTTGCAACAGAGAGGA 

pGC1 Reverse: ATTTCTTGAGTAGTGATTTTGAAGTAG 

rd29a Forward: TAATACGACTCACTATAGGG 

rd29a Reverse: TTGCTCTCTACGCGTGTCTG 
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Figure B1. RNAi target consensus Comparison of RNAi target sequence (first line) to six 
published B. napus PP2C genes ABI1, ABI2, HAB1, and PP2CA. RNAi target sequence had 
highest consensus with ABI1 and ABI2.  
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Figure B2. Guard cell specific staining using a pGC1::GUS construct in Brassica 
(Schroeder lab, unpublished data). 

  



89 

 

 

Figure B3. A. thaliana RNAi transformants. Examples of T1 generation Arabidopsis 
displaying multi-rosette phenotype. Arrows indicate aerial rosettes. Similar findings 
were observed in 6 independent transformants. 
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Appendix C 

 

Rapid drydown protocol for leaf temperature phenotyping of drought responses 
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Introduction 

Drought is one of the most damaging of all abiotic stresses, in terms of loss to 

crop productivity. Breeding efforts to improve drought tolerance are limited and slowed 

both by the complexity of plant responses to drought and by the variation in drought 

intensity, timing, and length. Drought tolerance refers to several traits, for which 

numerous genes and interactions may be involved. This complexity is increased by gene 

interactions which are subject to transcriptional and post-transcriptional regulation 

(Belostotsky and Rose, 2005) and by metabolic fluxes (Morandini and Salamini, 2003). 

To overcome reductions in crop yields from drought, plant breeders must understand 

not only what genes and traits are involved in plant responses, but also how identified 

traits are expressed under different growth conditions. 

Breeding for improved water use efficiency needs to address specific 

requirements at the main stages of the plant life cycle, including: germination and 

seedling establishment, vegetative development, flowering, and grain filling. To do this, 

researchers need to be able to identify phenotypes under not only severe water stress, 

but also over periods of varied intensity and length. Researchers are challenged to 

develop effective and inexpensive ways to impose controlled conditions to identify 

promising phenotypes at specific developmental stages and/or level of drought stress. 

High-throughput infrared imaging can be an effective tool to analyze physiological 

changes in response to drought over time (Merlot et al., 2002; Verslues et al., 2006; 

Berger, Parent and Tester, 2010) 
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To address this question, we developed a water limitation and drought 

phenotyping protocol which allows for rapid water loss of approximately 10% soil water 

content loss per day. The non-destructive imaging of shoots allows for monitoring of the 

same plants throughout the experiment and collection of biomass following the 

treatment. This technique also allows for temporal resolution related to soil moisture 

content. 

 

Results  

For this experiment, Arabidopsis thaliana lines overexpressing carbonic 

anhydrases (CA) identified to regulate CO2 controlled stomatal movements (Hu et al., 

2010) were tested over an extended drought and recovery regimen. Col-0, carbonic 

anhydrase double knockout mutants (ca1ca4) and ost1-1 mutants were included as 

controls. Plants were grown in Profile clay soil (“Profile Porous Ceramic (PPC) “Greens 

Grade” soil, Profile Products LLC, Buffalo Grove, IL) for rapid soil drydown and soil 

moisture measured directly using a soil moisture probe to obtain accurate soil moisture 

measurements. Thermal and soil moisture measurements began 6 weeks post-

germination. The soil had a uniform soil moisture change under drydown conditions for 

all tested lines (Figure C1). 

Thermal imaging data were used to determine an average temperature per plant 

and showed average temperature increase in all plants undergoing drought treatment 

(Figure C2). At the beginning of the experiment, only the ca1ca4 double carbonic 

anhydrase knockout had a significantly lower temperature than the Col-0 control (Figure 



93 

 

C3.A). Over the length of the treatment, the differences in average temperature 

increased over most lines with the ca1ca4 knockout maintaining a lower average 

temperature as compared to the Col-0 control (C3.B). The ca1ca4 double knockout 

mutants maintained a constant low temperature under both watering regimes. By day 

9, all plants undergoing the drought treatment were very wilted, so the temperature 

data may be less reliable at that late stage of soil drydown.  

Plant material was collected for any plants which survived the drydown regime. 

An average increase in root fresh weight was observed in the CA overexpression line 4-1 

both as compared to the well-watered Col-0 plants, and in comparison to the well-

watered CA4-1. (Figure C.4A). Rehydrating fresh biomass to a fully turgid state, which 

was not significantly different than fresh weight, demonstrated that the plants were 

well-hydrated at the time of harvest (Figure C4.B). There was no appreciable increase in 

shoot mass to accompany this increase in root mass and no significant difference in 

shoot mass seen between lines or treatments (Figure C4). Biomass measurements were 

collected from a single experiment with between 3-7 plants collected per line.  

 

Discussion 

The protocol using the Profile clay soil (“Profile Porous Ceramic (PPC) “Greens 

Grade” soil, Profile Products LLC, Buffalo Grove, IL) for rapid soil drydown and soil 

moisture measured using a soil moisture was shown to be an effective method for 

obtaining a rapid drought treatment with uniform water loss from the soil (Figure C1). In 

this experiment, seeds were germinated on MS plates then transferred as seedlings 
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onto the fritted clay soil. An issue with this protocol is high plant morbidity at the 

seedling stage. Some CA-overexpression lines had many seedlings die after being 

transferred to the clay soil, leading to lower sample sizes for these lines. This method 

may be used as a rapid test to identify plant variants that demonstrate a drought-

responsive leaf temperature phenotype. 

The porous inorganic soil was easily removed from the root mass, allowing for 

simple collection of root material. Using this method for a drought-stress and recovery 

protocol may be useful for identifying lines such as CA4-1 that demonstrated increased 

root mass under drought-stressed conditions (Figure C4.A).  

 

Methods 

Germination 

Arabidopsis seeds were surface sterilized with 70% ethanol, then suspended in 

0.1% agar in 1.5 ml Eppendorf tubes. Seeds were pipetted onto sterile ½-strength MS-

agar plates, which were then wrapped with foil and kept at 4°C for 3 days. Seeds were 

germinated in a growth chamber at a controlled temperature (22°C) and humidity (50 ± 

2% RH) with a 16-h light:8-h dark regime at 100 µmol m-2 s-1 photosynthetic photon flux 

density (PPFD). 

 

Drydown soil preparation 

Plants were grown in 2 inch square pots lined with polyester fabric at the bottom 

inside of each pot to encourage wicking and to prevent soil escape. Pots were filled with 
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pre-moistened “Profile Porous Ceramic (PPC) “Greens Grade” soil (Profile Products LLC, 

Buffalo Grove, IL) to the top of the pot. To remove dust and any possible salts from the 

clay, the bottom of each tray was filled with water to 2 cm up the height of the pots. 

The trays covered with transparent domes and allowed to soak overnight. The following 

day, remaining water was siphoned off from the trays and refilled with fresh water. This 

was repeated for a total of three times. Flats were then filled with ½ strength 

Hoagland’s nutrient solution, covered with domes and allowed to soak overnight. The 

next day, remaining standing solution was siphoned off, and the seedlings were 

transplanted into the pots containing saturated clay soil.  

 

Plant growth conditions 

Seedlings were transplanted one week after germination into the prepared pots 

and grown in a walk-in in a walk-in growth room at a controlled temperature (22°C) and 

humidity (60 ± 2% RH) with a 16-h light:8-h dark regime at 100 µmol m-2 s-1 

photosynthetic photon flux density (PPFD). Trays were bottom watered to saturation 

every other day, allowed to stand in water for one hour, then remaining water was 

siphoned off to allow oxygenation of the soil. Plants were fertilized with half-strength 

Hoagland’s once a week in place of watering, following the same procedure as used for 

watering. 

 

Drydown regime protocol 
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Six weeks post-germination, pots were randomly arranged in separate trays 

according to watering treatment. Equal quantities of each line were arranged per tray. 

For the well-watered treatment, all pots were bottom watered every two days as 

described above. For the drought treatment, plants were not watered from days 0-10 of 

the treatment. The drought treatment was ended when plants had begun to wilt. After 

thermal imaging and soil moisture were measured on day 10 of treatment, both 

treatments were watered to saturation for recovery. Leaf temperature and soil moisture 

measurements were taken eleven days after the start of rewatering for comparison. 

 

Infrared thermal imaging and soil moisture measurements 

Using an infrared thermal imaging camera (FLIR A320, FLIR Systems Inc., 

Wilsonville, OR), images of whole rosette per pot were taken daily, to correlate with the 

drought experiment. Leaf temperature was calculated, per plant, with the Thermovision 

ExaminIr software (FLIR Systems Inc.). Soil moisture per pot was measured using a 

custom-calibrated EC-5 soil moisture probe (Decagon Devices, Pullman, WA) after 

thermal images were taken of each tray. A water saturated piece of filter paper was 

included in each thermal measurement image as a comparison.  

 

Plant material harvest 

Following leaf temperature measurements after the 11-day rewatering and 

recovery, plant biomass was collected. Any flower stalks were removed, and rosettes 

were separated from roots at the root-shoot junction. Rosettes were weighed 
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immediately following excision, then placed into a closed dish with the cut area 

submerged in water. After one hour of re-hydration, excess water was blotted from the 

rosettes, and turgid mass was measured. Each rosette was placed in an individually 

labeled bag and transferred to a drying oven. Roots were rinsed thoroughly with water 

to remove any remaining soil. Excess water was blotted from roots with a KimWipe, and 

the fresh mass was recorded. The root system from each plant was placed in an 

individually labeled bag and all were transferred to a drying oven. After drying for two 

weeks, the dry mass of each rosette and root system was recorded. 
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Figure C1. Soil moisture loss by treatment. On day 0, plants were 5 weeks post-
germination. Pots were either rewatered to capacity (white circles) or allowed to dry 
without watering (red circles). Soil moisture was measured using a Decagon EC-5 soil 
moisture probe with a custom calibration for the Profile clay soil. The custom calibration 
was calculated at Decagon Devices (Pullman, WA) to relate the dielectric constant of the 
soil to the volumetric water content. The moisture release properties of the soil allowed 
for a uniform soil drydown over time. 
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Figure C2. Average leaf temperature Plants were well-watered (white circles) or 
subjected to a drydown treatment (red circles) plants (means ± s.e.m.; n=3 to 6 plants). 
Plants were re-watered to full saturation on day 10 after all measurements were taken 
for the day. Day 20 measurements were taken after 11 days of watering and recovery. 
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Figure C3. Average leaf temperature at beginning and end of drydown protocol. 
Average leaf temperature on A) first day of protocol with pots watered to soil capacity 
and B) following 10 days without watering (means ± s.e.m., n=3). The ca1ca4 double 
carbonic anhydrase knockout had a significantly different temperature than the Col-0 
control throughout the experiment. Statistical values for differences as compared to 
Col-0 control were calculated using a two-way ANOVA followed by Sidak’s multiple 
comparisons test.  
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Figure C4. Harvested root mass. A) Fresh and B) dry root mass under watered (white 
bars) and drydown treatment (red bars). The fresh root mass of carbonic anhydrase 
knockout line 4-1 was significantly different than Col-0 plants. Plants of both conditions 
were re-watered to full saturation on day 10 after all measurements were taken for the 
day. Plant mass for both conditions was harvested after 11 days of rewatering and 
recovery. (Error bars denote s.e.m., n=3 to 6 plants per line). Statistical values for 
differences as compared to control (Watered Col-0) were calculated using a two-way 
ANOVA followed by Sidak’s multiple comparisons test. 
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Figure C5. Harvested shoot mass. A) Fresh, B) turgid, and C) dry shoot mass under 
watered (white bars) and drydown treatment (red bars). Plants were re-watered to full 
saturation on day 10 after all measurements were taken for the day. Plant mass was 
harvested after 11 days of watering and recovery. Turgid mass (B) is the fresh mass 
following one hour of rehydration. (Error bars denote s.e.m., n=3 to 6 plants per line). 
Statistical values for differences as compared to control (Watered Col-0) were calculated 
using a two-way ANOVA followed by Sidak’s multiple comparisons test.  
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Conclusion 

This work focused primarily on understanding the mechanisms that drive 

differences in water use efficiency and drought tolerance in the crop plant Brassica 

napus. Since “drought tolerance” is a broad term describing the cumulative effects of 

numerous plant responses, it remains difficult to translate single gene effects into whole 

plant or crop traits that are useful for breeding. Instead, researchers can identify useful 

quantitative phenotypes, and use those phenotypes to identify gene targets for 

molecular assisted breeding.  

The results described here illustrate how integrated water use efficiency 

measurements, in the form of stable carbon isotope data, can be used to identify 

potential candidates for increased water use efficiency and photosynthetic capacity. 

These experiments also support the use of the genetic diversity found in available crop 

accessions, wild relatives, and land races to identify genes linked to useful agronomic 

traits.  

We were able to identify an interesting candidate from the B. napus diversity set 

(G302, Mozart) which demonstrated improved photosynthetic capacity corresponding 

to improved water use efficiency in the field. This accession can be further studied to 

determine the mechanisms and genes may be responsible its improved performance. It 

is possible that this accession may employ improved photosynthetic CO2 uptake or 

fixation. Identification of quantitative trait loci (QTL) associated with the improved 

assimilation in this accession may help identify what genes are involved. Further, 

researchers are increasingly interested in the contribution of mesophyll conductance 
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and epidermal permeability to both water use efficiency and photosynthetic 

assimilation. Plants with improved mesophyll conductance may be able to maintain 

their photosynthetic capacity while reducing stomatal conductance under stressed 

conditions. Recent research has also investigated the influence of cuticle wax quantity 

and composition on epidermal permeability to both water and CO2. Analysis of the wax 

content and composition of these plants may provide additional insight to differences in 

their water use efficiency.  

We were also able to demonstrate a protocol inducing a controlled soil moisture 

deficit on plants. This method can be used to identify candidate plants that show 

differences in leaf temperature throughout various lengths and intensities of drought 

stress. This method can also be used to quantify root and shoot mass following drought 

stress. In the future, this method may also be useful for imposing other osmotic stresses 

on larger plants, such as salt stress, which may be unevenly distributed in an organic 

soil. 

We also introduced a project that utilizes RNAi technology to target multiple 

PP2Cs involved in the ABA pathway. Our preliminary results from this experiment 

suggest that the chosen region of homology may have been similar to too many related 

proteins, creating multiple off-target effects such as those seen in the transformed 

Arabidopsis. Future plans include testing the transformed B. napus to determine if there 

is increased drought tolerance and/or stomatal responsiveness in plants expressing the 

RNAi construct driven by the drought-inducible rd29a promoter. We also plan to 
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quantify protein expression using RT-PCR to determine the effectiveness of the RNAi 

knockdown on expressed PP2Cs.  

In summary, these projects introduce new protocols for inducing drought stress 

in the lab, and also for testing the effects of exogenous ABA on stomatal responses. 

Further, we were able to identify a strong candidate from a diverse set of B. napus 

accessions which demonstrated high water use efficiency in the field as well as 

increased photosynthetic capacity under lab conditions. These results provide support 

for translating time-integrated carbon isotope data to specific traits and mechanisms 

that can be targeted by breeders.  

 




