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EPIGRAPH

A plant that lives where it should not is simply a pest, but a plant that
thrives where it should not live is a weed. We don’t resent the audacity of
the weed, as every seed is audacious; we resent its fantastic success.

Hope Jahren
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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
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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 (6'3C) 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 &'3C measurements. This line displayed high CO, 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 §3C
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



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).



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



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).



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 CO; 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 CO; (ca — ci) or water vapor (w; — 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)



where the factor 0.6 refers to the relative diffusivities of CO, and water vapor in air, ¢;
and c, are the CO; concentrations within the leaf and ambient air, respectively, and w;
and w; 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

CO; (ci) (Morison et al., 2008)

Carbon Isotope Discrimination

The majority of carbon on Earth is 2C (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 3C (Park and
Epstein, 1960) due to the lower reactivity of 3C (Melander and Saunders, 1980; Hermes

et al., 1982). Based on the isotopic composition of the air, which is approximately - 8%.



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 §3C values found in vivo (O’Leary,
1981; Farquhar, O’Leary and Berry, 1982).

A new model showed CO; 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 3C /*2C ratio (§1%3C)
varied with different CO; fixation pathways. Plants with the C3 pathway of carbon
assimilation have an average 8'3C approximately 10%o 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 §'3C 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 (A3C) and WUE (Farquhar and Richards, 1984). It was
demonstrated that A3C 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;



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 A™3C 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 A3C 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 vyield.
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.



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
(FAQ), 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 CO; 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 8'3C 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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Abstract

Seed yield and quality of crop species are significantly reduced by water deficit.
Stable isotope screening (6'3C) 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 CO;
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 &%C
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. |dentification 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 CO;

assimilation to transpiration. Carbon isotope discrimination (63C) is used as a surrogate
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for direct measurement of WUE, as discrimination against 3C during photosynthesis
decreases with increased water stress (Farquhar and Richards, 1984).

Here we utilized stable carbon isotope screening (6'3C) 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 §3C data,
were chosen for a detailed study of gas exchange. Using infrared gas analyzer
measurements on greenhouse grown plants, we measured photosynthetic CO;
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 6'3C data varied by
accession, with the spring accession G302 showing an enhanced electron transport
capacity and enhanced WUE based on 613C analysis of field-grown plants, indicating
that photosynthetic CO; 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 (8'3C), 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 8'3C between the 147 investigated accessions with a range
between the extreme accessions of -30.5 %o (G284 Tribute) and -26.5%0 (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 83C
values, for further physiological characterizations (Figure 1B, C). In the Spring-type
accessions, G284 showed the lowest projected WUE with a 8'3C value of -30.5 %o and
G302 (Mozart) had the highest projected WUE with a 8*3C value of -26.5 %o (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 §3C value of -29.7 %0 and SW047 having

the highest WUE with a §'3C value of -26.7 %o (Figure 1C).

Gas exchange analyses

Instantaneous transpiration efficiency describes the ratio of the photosynthetic
CO; 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 &'3C values. Steady-state gas
exchange measurements were recorded under ambient CO; (400 ppm) and light (500
umol photons m-2 s —-1) conditions to compare variation in CO; assimilation rates (A)

and transpiration efficiency (TE). The average photosynthetic CO, 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 CO; 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 CO; 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 CO, 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
CO; assimilation rate and calculated internal partial pressure of CO; in the substomatal
cavity (GCi) under saturating light. This relationship is described by a biochemical model
(Farquhar, von Caemmerer and Berry, 1980) wherein CO; assimilation is limited by the
ribulose-1,5-bisphosphate (RuBP)-saturated rate of Rubisco carboxylation under low CO;
concentrations and by the rate of RuBP regeneration under high CO, 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



27

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 CO; assimilation rates (Figure 3B), as well as

lower Vemaxand 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 mm?) 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 §'3C and transpiration efficiency

The instantaneous TE calculated from the ratio of photosynthetic CO;
assimilation rates to transpiration rates was compared to the 8'3C of field-grown plants.
In the Spring accessions the higher 8'3C 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 8'3C and TE. As TE is directly related to the CO, assimilation

rate, this suggests the 8'3C value in the SW lines is related to traits other than CO>
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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
513C 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
813C 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 6'3C values
that are lower than the high WUE lines G278 and G302 (Figure 6A, P < 0.05). Line SW070
showed average 6'3C values lower than the high WUE lines SW050 and SW047 (Figure
6B, P < 0.05). Notably, the difference in §3C 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 (CO; 400 ppm, PAR 500 pmol
photons m=2 s71) using a Li-Cor-6400 gas exchange analyzer. ABA was added to the water
feeding the petioles to a final concentration of 10 uM. 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 gschange (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 6C 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
613C measurements.

We investigated the gas-exchange physiology of field-grown Spring and Semi-
Winter B. napus accessions which had a range of 8'3C values. There is a correlation
between 63C 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 CO, 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 §13C 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 &%3C values
observed in field-grown versus growth room plants highlights the growth condition
dependence of 8§'3C 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 §'3C 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
CO; 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 CO; can enter, this can
impact the difference between calculated CO> flux and actual CO. 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 63C 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 pmol m s 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 umol m2 s'* 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 a-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 (63C, 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 (6%3C,
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 cm? 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 umol m?2 s! PPFD (intensity determined to be
at light saturation for all accessions using standard light response curve at 400 ppm
CO,). Steady-state gas exchange measurements (A, gs, E) were taken at 400 ppm
CO;. 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
H,0 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
umol m2 st PPFD, and reference [CO;] set at 400 ppm. After ten minutes of steady state
or more stable CO; assimilation rates (A) and stomatal conductance (gs), ABA was added
to the Falcon tube to a final concentration of 10 uM. Gas exchange data were collected
for 30 minutes after the addition of ABA. In control experiments 15uL 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<XO, YO, Plateau+(YO-Plateau)*exp(-K*(X-X0))) where
X0 is the time at which the decay begins and YO 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 pg/mL) for one hour, then rinsed with distilled H,O 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 ImagelJ. 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/C; values. Values were normalized to 25°C leaf temperature

Genotype | Vemax Jmax
(umol Cm2s?) | (umole m?2s?)

G278 54.48866 105.1209

G284 64.16738 95.89537

G302 86.66855 126.1483

G307 53.47971 90.8347

SWO047 46.65277 91.00118
SWO050 31.64616 69.4256

SWO070 32.37564 49.6159

SW111 52.05389 94.35183
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Figure 1. Leaf carbon isotope discrimination (863C) 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

513C was measured. A wide variation in §'3C was found between accessions. B, C) §'3C

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
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ambient conditions.
Photosynthetic assimilation of Spring accessions (A) and Semi-Winter accessions (B) was
recorded under ambient CO2 (400 ppm) and light (PAR 500 umol photons m== s)
conditions. C, D) Instantaneous transpiration efficiency was calculated as the ratio of
photosynthetic CO, assimilation rate to transpiration rate. E, F) Intrinsic transpiration
efficiency was calculated as the ratio of photosynthetic CO; 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 6. 613C 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 umol
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 uM. A-D) ABA response curves of Spring accessions to 10 uM 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 uM
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.
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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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Summary

Maodern agriculture isfacing multiple challenges including the necessity for a substantial increase
in production to meet the needs of a burgeoning human population. Water shortage is a
deleterious consequence of both population growth and climate change and is one of the most
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Key words: abscisic acid (ABA), Arabidopsis  SEVETe factors limiting global crop productivity. Brassica species, particularly canola varieties, are

thaliana, Brassica napus, canola, drought, cultivated wordwide for edible oil, animal feed, and biodiesel, and suffer dramatic yield loss upon

ailseeds, natural variation, translational drought stress. The recent release of the Brassica napus genome supplies essential genetic

bialagy. infarmation to facilitate identification of drought-related genes and provides new information
for agncultural improvement in this species. Here we summarize current knowledge regarding
drought responses of canola, including physiological and -omics effects of drought. We further
discuss knowledge gained through translational biology based on discoveries in the closely
related reference species Arabidopsis thaliana and through genetic strategies such as genome-
wide association studies and analysis of natural vanation. Knowledge of drought tolerances
resistance responses in cancla together with research outcomes arising from new technologies
and methodologies will inform novel strategies for improvement of drought tolerance and yield
in this and other important erop species,
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I. Introduction

Fresh water scarcity is an emerging global problem, and given thar
the majority of fresh water extracted by humans is used for
agriculure (Rosegrant eral, 2009}, improving crop production
under limited water availabilicy is an importane challenge.
.|‘\||:|'|-::|ug|'| crop F.‘T‘HIIJL'E-I[JTI can h‘.' G.‘nl'lﬂl'.lc‘.'d. h)’ waler L'(]I'l!i[.']'\"ﬂ(i[)l'l
through improvements in tillage and irrigation practices, modifi-
cation of the genetic basis of stress wolerance in crops is an urgendy
needed complementary serategy for improving productivity under
conditions of moisture deficit (Turner, 20015 Pennisi, 2008). Ttis
estimated that crops attin less than half of their potendial yicld as a
result of unfavorable environmental conditions, with water deficit
being the most severe stress (Boyer, 1982; Gleick, 1998; Arus
eral, 2002), Given climate change scenarios, drough rolerance
will be an increasingly necessary agronomic characteristic.

There are over 3000 species within the Braciezeeae (mustard
family) and they are mainly cultivated in the northern hemisphere.
The Brasicaceae includes many familiar vegerable crops {c.g.
broccoli, cauliflower, Chinese cabbage, and various mustards), Also
included in the Brasscaceae are the reference plant, Arebidapsis
thaliana, and the oilseed crops, particularly Brassdca napus
(Al-Shehbaz, 1984). Brassica species provide ¢ 12% of the edible
oil worldwide, particularly from the canola varieties (Paterson ef al,
2001; Hall eraf, 2002). Standing for Canada (Can) il {ola), the
word “canola’ refers o ypes of rapeseed varicties originally
developed in Canada for edible oil, animal feed, and biodicscl,
with low glucosinolate and erucie acid content (hupd/fwww,
canolacouncilorgl). Canola quality oil is derived from three
species: 8. napus, Brassica vapa, and Brassica juncea. Among the
canola species, B sapus, an amphidiploid species (AC genome,
#=191, is derived from a recent (presumably < 10000 yr ago)
hybridization of &, rapa (A genome, n= 10) and Brassica sleracea
(C genome, n= 9} (Palmer er al, 1983; Wan et al, 2009; Schmidt
& Bancroft, 2011; Wang eral, 201 1a).

Bragica napus possesses favorable agronomic properties; for
example, cultivation under different seasons (annuals and hienni-
als) and rotation with cereals is possible. B napus produces high-
quality oil {Ahmadi, 2010) and is currencly the chird largest source
of global wvegerable oil supplics, afier soybean and  palm
(bttp:f:"fzr:eatztj.Fax}.nrg}. Dharing the past decade, annual produc-
tion of B napus increased from 37 million tons in 2003 w©
73 million tons in 2014 (hop:/{faoscac3 fao.org). B napus noconly
provides vegetable oil with superior nuritional value, its primary
Dnrnmr_'n:ial use, but a]m ITU:R[ F[JT anima| E.‘t“i BTI(I & Source [Jr
bindicsel with excellent flow properties in cold weather as a result of
its low sarurarion,

This review summarizes current knowledge regarding droughe
responses of canola, with the major focus on B, napus, This twpic is
of interest from both basic and applied science viewpoints, because
for most crops drought is che major abiotic stress causing severe
reduction in productivity (Jensen er al, 199%6b; Angadi er al, 2004;
Willenhorg e al, 2004; Sinaki et al., 2007), In this article we first
review the physiological effects of drought on canola and then
deseribe current knowledge in three areas relevant o modern
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strategies to improve droughe tolerancer resules from eranslarional
strategies based on discoveries made in the close relative,
A. thaliana; large-scale datasets arising from direct -omics analyses
in canola itself; and information on canola from contemporary
genetic approaches such as genome-wide association studics
{GWAS) and analysis of natural variacion (Fig. 1). Given the tools
and information available, particularly in conjunction with the
recent publication ofa B, napusgenome sequence (Chalhoub e al,
2014), we contend that canola is poised 1o become a crop model
system in its own right.

Il. Physiological complexity of responses to drought
stress in canola crops

Investigations of physiological responses to drought in B sapues
(Fig. 2) have been conducted under both field and gmwt]‘l chamber
conditions (Jensen er al,, 1996a,b; Qaderi ez al, 2006 Shafiq eral,
2014), Well-known processes influenced by droughu stress include
photasynthesis, stomatal conductance, tanspiration, protein syn-
thesis, and metabolite accumulation, all of which dircctly or
indirectly affect seed yield and qualicy (Jensen eral, 1996a;
Hashem et al, 1998: Sangrarash e 2, 2009).

Brassica napus is sensitive to water deficit during all stages of
gmwth. FmITl yrmina:inn w HL‘td set. 0\\'5“2 w Eb‘.‘ fﬂ[_'l: (hﬂt
abscisic acid (ABA) biosynthesis is induced by droughu stress, ABA
application is often used as a proxy for a drought signal. In B, sapues
seeds, CXOZENOUS application of ABA prevented entrance of the
embryo into the growth phase (Schopfer & Plachy, 1984). ABA-
mediated embryo dormancy was reported o result ac least in parc
from a reversible inhibition of changes in cell wall biophysical

Yield genetic and
biological

variation
in canola crops...

Improved drought response phenotypes

Fig. 1 Discoveries in Arabidopsis thaliana, Brassica -amics tools, and natural
wariation in Brassica species provide complementany and synergistic research
approaches. When combined, these tools can identify the genetic basis for
stress response traits that may yield advances in efforts to improve canala
drought tolerance by transgenic and breeding strategies. QTL, quantitative
trait loci; GWAS, genome-wide association studies,
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Fig. 2 Physiological and morphological trail responses to waber deficit stress
in canola crops decussed in this review, organized by organ type. LEA, late
embryogenesis abundant; WUE, water-use efficiency.

propertics, for example, cell wall cxtensibility cocfficient and
minimum rgor lcq\lir¢d far cell expansion (Schopﬁ;r & Plachy,
1985). Prolonged germination time and dramarically decreased
germination rave in B napus were also observed upon treatment
with pulyr_'(bylr_'m: g|_\’r_'u| (IPECG) (\ﬂ"i]h:nhnrg ot al., 2004}, which
simulates the osmotic stress companent of drought. Drought stress
after seed germination also influences seedling growth: seedling
heighe, fresh weight, and survival rae were negadvely affected by
PEG-simulated drought stress applicd to 14 8, napus varicties afier
seed germination (Yang e al, 2007). Therefore, drought scress
during seed germination and initial growth not only impacts seed
germination timeand rate, bue also has adverse effects on vegetative
growlh_. and can uldmarcly resule in yield loss in A napui
(Willenborg ef al., 2004; Li et al., 200%; Yang e al, 2007),

At the vegetative stage, numerous biochemical changes have
been ohserved when B napus is exposed w dmugh:. inr_']uding
effects on both macromolecules and small molecules {metabolices).
As in many other species, increased expression levels of lae
embryogenesis abundane (LEA) proteins have been observed in
B, napus leaves under ABA, salt, cold, and osmotic stresses (Dalal
et al., 2009). Rapid accumulation of amine acids has been observed
in B sapas during drought stress until rewatering (Good &
Zaplachinski, 1994). Proline, which is involved in osmoric
regulation (Ma er i, 2003) and possibly in nitrogen-use efficiency
(Alberc ee al, 201 2) under drought stress, accounts for the majoricy
of amino acid accumuladon (Good & Zaplachinski, 1994; Ma
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et al, 2003; Din e al, 2011). Previous studies revealed that proline
content was increased significantly by droughe stress in the B. mapus
varieties Okapi, RGS, Rainbow, and Dunkeld, suggesting pro-
duc(i:}n l'lf L'(]I'D'pa(ihl&' S‘)lut[_’:’i as a TI'IL'C]'[RI'J.[HITL l'lf dmught SIICss
wlerance in this specics, as is also commonplace in other specics
{Omidi, 2010; Ullah et al., 2012}, Besides proline, carbohydrate
dynamics are also regulated by drought stress. For example,
droughe seress elevated  concentrations of trehalose, glucose,
frucrose, and sucrose and decreased raffinose in A mapasvar, Titan
(Miiller er al., 2012).

Lipid peroxidation and andoxidant enzyme aceivicies are also
affecred by droughe stress. PEG simulation of drought rearments
increased the content of malondialdchyde (MDA), a product of
lipid peroxidation, and enzyme activities of superoxide dismurase,
peroxidases, and caralase, in roots and shoots of several B napis
cultivars (Abedi & Pakniyar, 2010; Chai erad, 2011; Wang et al,
20011b; Mireace eral, 2013). Liu erad (2011) found that
aminelevulinic acid (ALA) enhances the drought stress tolerance
of B, napus seedlings, quantified as shoot biomass and chlorophyll
(Chl) content, lhmugh cn}mncing the activities of spwiﬁc antio-
idant enzymes and inducing the expression of specific antioxidant
ENZYME ZENES,

l)mugh: stress also causes complex whole-plane physiological
and morphological responses. When warer deficic occurs, the
phytohormone ABA is synthesized and transporred ro leaf dissue,
consequently activating guard cell responses that promete stomatal
closure and inhibit stomatal opening to preserve plant hydrarion.
Accumulation of ABA in leaves has been confirmed in droughr—
stressed B, napus seedlings (Qaderi er all, 2006). Stomaral closure
induced by exogenous application of ABA has been reported in
isolared epidermal pecls of 8 napus (Zhu eral, 2010}, Lower
stomaial conductance was observed in droughted B mapus planis
than in well-watered plans, leading to leaf temperamres 1-2°C
higher under drought (Hashem eral, 1998). Drought stress
decreases net OO, assimilacion, pbmm_\'n(betic rare, Chl coneent,
and cranspiration in most erreserial plants, including B, mapus
(Hashem ez al, 1998; Din er ald, 2011; Qaderi eral, 2012; Shafig
etal, 2014). These responses are associared with the reduced
stomatal conductance upon dn}ught SITCss, which facilitates water
conservation (Shaw e al, 2005).

Water deficic results in decreased root and shoot biomass
(Hashem eral, 1998; Qaderi etal, 2012; Ashraf eral, 2013
Shafiq ez al, 2014). Alchough che plants arc smaller overall, water
deficit can increase the relative portion of the biomass allocated 1o
roots, a strategy that is considered to be adaprive. In B napas a
greater reduction in shoot mass is seen with droughe ac the
vegetative stage than at the flowering stage (Ashraf er al, 2013) and
shorened shoot height can be accompanied by increased root
length in drought-stressed plants {Qaderi et al, 2012; Ashraf et .al,
20130 l)mughl: seress also reduces leaf number and area, leaf area
ratio: (leaf area: planc dry weight (DW) (em® g7'1), and transpi-
ration, and increases warer-use efficiency (WUE), and specific leaf
weight (leall DW : leal area (gm 2]} and leal weight ratio {leal
DW : plane DW) in B saprs seedl ings (Hashem eraf, 1998;
Qaderi er al, 2012). These growth parameters can be employed w
assess the severity of drought scress.
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Flowering is a critical stage influencing the yield of B mapus.
Effects arising from drought stress imposed during vegerartive
growth, such as reduced net photosynthesis and stomatal conduc-
rance lt.‘ﬁLllI:il'Ig in increased leaf temperature, were also observed in
B. napus undergoing drought stress at flowering. Droughe stress
treatments imposed ar Howering reduced seed weight, total seed
yield, seed number per pod, and pod number per plane, and
resulted in higher yield loss than droughe stress applied at the
vegerative stage (Champolivier & Merrien, 1996; Hashem eral,
1998; Din es al, 2011).

Yield in oilseed crops is positvely correlated with ol warer
availability (Nuetall er all, 1992). It has been reported thar afeer the
first 6-8 inches {152-203 mm) of warter, canola grain yield can
increase by 150-280kgha™' per each additional inch of warer
(Nielsen, 1997; 5i & Walton, 2004). In Europe, for example, vields
of winter canola are double those of spring varictics, and this is
aecributed in part ro the fact that wineer canola expericnees minimal
water deficit stress (Wan e all, 2009). Droughe stress imposed ar
the reproductive stage has a more severe impact on vield than
drought stress imposed during vegetative growth, as a result of
reduced pod number, seed number, and sced weight (Sinaki er al,
2007; Ahmadi & Bahrani, 2009). In one experiment, plants
urldr_'rg:)ing druugl‘lt SLress duling reproduction had ¢ 20-40%
reduction in seed yield compared with nonstressed planes (Ahmadi
& Bahrani, 2009).

A key agronomic issue For oilseed crops such as canola is notonly
the effect of drought on yield but the effect of droughe on seed
quality. Several studies have investigated changes in the biochem-
ical composition of canola seeds produced under drought condi-
tions. Droughe seress ac any developmental stage decreases seed oil
content {Bouchereau er al, 1996; Champolivier & Merrien, 1996)
and aliers seed oil composition (Enjalbere eral, 2013). In
particular, a decrease in farry acids such as linolenic acid was
observed in B juncea under limited water availability (rainfed)
conditions (Enjalbere eral, 2013). An increase in total glucosino-
late concentration was obscrved in B mapues sceds from planes
undergoing drought stress during vegerative and Howering stages;
however, application of water stress afer Howering caused lieele o
no r_'hangr_' .ll'J (b‘.‘ mﬂl g]ur_'usimﬂanc conoen (m(i:}n [Jr Ht‘td!i
(Boucherean & al, 1996 Champo]iuicr & Merrien, 1996; Jensen
et al., 1996b). Water shortages during either vegetative or flowering
stages resulted in signiﬁcsm inereases in seed protein concentration
(Bouchereau e all, 1996; Champalivier & Merrien, 1996; Jensen
et al, 1996b) and inhibited accumulation of phenelic compounds
in seeds (Bouchereau ef aill, 1996). Therefore, warer shortage atany
seage has potential effects on seed quality and yield in B mapus.

Ill. Translational biology: iterating between
A. thaliana and B. napus

1. Brassica genomics and ABA signaling

While 2 high-density genetic linkage map of B. sapurwas generared
in 2011 (Wang eral, 2011a), the first complete B napus genome,
that of the B napus European winer ov ‘Darmor- bz, was not
reported until 2014, RNA-Seq and expressed sequence tag (EST)
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data in combination with ab fwitio gene prediction from the
genome sequence led to the identification of ¢ 101000 gene
models, with over 90% confirmed by marching w the B rzpaand/
or B. sleracea predicted proveomes (Chalhoub e af, 2014). Almost
half (48%) of the genes were estimated 1o undergo alernarive
splicing, mainly from intron retention, OF the assembled genome,
34.8% is composed of transposons, with their positions largely
corresponding to those in the progenitor B rapa and B, olevacea
genomes.

This early Darmor-#zh genome both provides an invaluable
resource o B wapwes researchers and illustrates some of the
problems inherent in the assembly of allopolyploid genomes.
The palyploid complexity and repeat elements made it difficulr o
assemble the complete genome. Misassembly can result in specific
problems for the downstream design and interpretation of
L'xpr_'rimcnts :ir_'r_'](ing o usce E]'IE Z.\:!i[_'mh](.‘d gtn(lrnc o answer
specific biological questions. For cxample, incorrect ordering of
genes will introduce errors when inferring the genes involved ina
process from an experiment in which quantitative trait loci (Q7TLs)
are identified using |inknge d[s:qulibr}um hetwesn genetic mark-
ers, In the furure, |nng\:‘r sequencing read |cngr|'ls will enable reads
spanning more repeat regions (Clarke e al,, 2009; Eid er af,, 2009),
leading to more complete and higher qualicy genomes.

JTI CONrast oo TJ'I‘.' nascent stage ‘}FI:"IL' B. J'I'(Ijﬂﬂj gt'n(]rnc Bﬁﬁtmhl}'
and annotation, the reference plant A, thaliana provides a fully
sequenced and extensively annotated genome. A, thaliana has been
used extensively for basic discovery research in plant sciences,
especially for gene function characterization. A, thaliana is a
genetically, evolutionarily, and physiologically close relative of
B, napus (Noh 8 Amasino, 1999 Byzova er al, 2004; Rana et al,
2004; Parkin eral, 2005). The ancestral lincages diverged o 16
19 million yrago. The two specics can be crossed and the nucleortide
sequence conservation is in the range of 80-90% in exons and 70%
in incrons (Dixeline & Forsherg, 1999 the Arabidopsis Genome
Initiative, 2000; Love ¢ al, 2005). Therefore, knuwlr_'d.gt- gained
from the mode plant specics A. phaliana provides valuable
guidance to berer understand the drought responses of is close
relative B. napus (Zhang eral, 2004) and w apply cranslacional
hi(:lugy approaches for development of transgenic . sapus with
improved drought tolerance. Results from such experiments
demonstrate that canola product development based on informa-
don transfer between A, thaliana and B napus has agronomic
relevance.

Abscisic acid biosynthesis can be wiggered by drought stress and
accumulated ABA is transported from roots to shoots and then
stomara through xylem sap. Research using the model plant
A. thaliana has provided cricical insights intw the core ABA
signaling pathway. ‘PYR/PYL/RCAR' family ABA receprors have
been identified {Ma et all, 2009; Park eral, 2009). These receprors
interact with type 20 protein phosphatases (PP205), and conse-
quenty inhibic PP2Cs" function of blocking activity of down-
stream sucrose nonfermenting (SNF)-related kinase 2 (SnRK2)
proteins, particularly QST (Li efal, 20005 Museilli e al, 2002).
Afer activation, OST1 phophorylation of NADPH oxidase, K
and anion channels, and transcription factors are central processes

in ABA signal cransduction (Geiger et al, 2009; Sato et al, 2009;
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Sirichandra et al, 2009, 2010). The PYR/PYL/RCAR receprors,
PP2Cs, and SnRK2 form a key complex referred to as an *ABA
signalosome’, Other importane components in ABA signal crans-
duction that have been extensively studied in guard cells include
reactive oxygen specics (ROS) and nimic oxide production,
phosphatidic acid signaling, heterotrimeric G protin-coupled
signaling, and cytosolic Cat (|Ca:‘:‘.y,l and pH increases (for
reviews on these topics, see Hubbard et al, 20010 and Umezawa
eral, 2010).

Because the B. napus genome project used syneenic analysis to
map . napus genes w the B rape and B aderacen progenitors and
back wo A thaliana (Chalhoub eral, 2014), we were able w
invcsrig;\[c known ABA signaling parhw.’\}r genes in A, RS Using
the ABA signaling pathway in A, shalfanaas defined by Hauser er al
(Hauser eraf, 2011), we succeeded in hAnding corresponding
orthologs of cach A thaliana ABA signa]ing pathway gene in
B. napus. The distribution of the number of 8. mapusorthologs per
A. thaliana gene indicates thar the ABA pathway in B napus
wypically retains genes from both the B rapa and Bl aderacea
progenitors. As shown in Fig, 3, most Arabidopsis ABA signaling
genes are represented in the B waprsgenome as ene copy from each
of the two progenitors, although for a few of these ABA signaling
g‘.‘l’ltﬁ i Nﬂpﬂfl'lz_‘i owo or (h ree cupics r"}l'l'l cach [Jf ﬂ'll: znccsl:rzl
genomes, There does not seem o be strong evidence for selective
deletion of copies of a particular gene from one ancestor as a result
of the presence of one or maore copies [rom the other ancestor,

The lack of sclective gene deletion from one or the other
progenitor genomes in the ABA signalosome of Fig,. 3 is perhaps
expected given the recent speciation event for B. napus, compared
with the estimated timescale for loss or mucation of gene copies
(Lynch & Conery, 2000; Moore & Purugganan, 2003). Previous
work in other specics (Adams et al, 2003; Chen, 2007) has found

Number af A, thaliona genes

E_ involved in ABA signaling
; X '
=3 . z
2 3- - 9

2 - 4
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=
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£ o 1 1 3 4 . bl
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Orthologs from £, rupa progenitor

Fig. 3 Orthologs of Arabidopsis thaliana abscisic acid (ABA) signaling genes
appear in multiple copies in the Brassica napus genome as a result of
retention of both the Brassica rapa and Brassica oleracea progenitor
genomes. A, thallana ABA signaling genes were summarized by Hauser et al,
{2011} based on the literature. The size of each circle denotes the number of
Arabwdopss genes with the corresponding number of orthologs in 8. napus,
with one ortholog from each progenitor the most comman, but two and
three orthologs also ohserved.
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evidence of rapid epigenetic changes, expression level differentia-
don, and gene silencing in polyploid plant genomes, as opposed w
gene deletion. Future tanseripromic and epigenetic studies on
B. napus should shed more light on differentiated gene expression
profiles and potential silencing of genes from the A and C genomes,
potentially revealing crosstalk berween the B, rapa and B, olevaces
drought response mechanisms present in 8. wapus. Understanding
the extent of this differentiation may also suggese where polyploidy
provides the potendial for new and intermediate phenotypes via
dosage regulation of the muldiple copies present for most genes.

The above genomic analysis implicates the existence of a
conserved "ABA signalosome’ in Brasiica, This conclusion is also
supported by carlier studics in which specific genes were studied.
Transcription factors are important downsoream argers of the ABA
signaling pathway. Warter stress and external ABA application up-
rtgu|a(|: the expression of the BaldBI5 transcription factor in
B, aleracea (Zhou eral, 2013). BolABI5 is phosphorylared by
BolOST1, an ortholog of AdOST1 in B eleracea (Wang et al,
2013). BolABIL, a B wlericea ortholog of the Arabidopsis PP2C-
type phosphatase, ABI1, interacts with the protein kinase BalOST1
(Wang ef al, 2013; Yuan eral, 2013) and dephosphorylates the
wanscription factor BolABIS (Yuan e al, 2013). Other ranscrip-
tion factors have also been found ro participate in ABA responses in
Brasstea species. For example, in Arafidopsis, AMYC2 acrs as a
wranscription factor involved in ABA signaling (Abe e al, 1997)
and the & sapus ortholog, BaMYC2, shows increased accumula-
tion in response to drought in droughe-tolerane canola lines
(Aliakbari & Razi, 2013). Ying eral (2014) idenrified 2 NAC
domain tanscription factor (BrNACHES5) from coryledons and
voung seedlings that was induced by abiotic stress and ABA
wrearment. 8, naprs plants overexpressing BeNACEET also showed
hypersensicivity to cxogenous ABA application (Ying er af, 2014),
including enhanced stomaral closing and up-regulation of ABA-
responsive genes. These phenotypes were comparable w those
ohserved in rice overexpressing the NAC transcription facror
O5SNACT (Hu eral, 2006). Saha et al. (2015) recendy reporeed
that eight MADS-box transcription factors, with known function
in foral organ development, were up-regulated by droughe
treatment in B, rapa sr:r:r_“ings (Saha et al, 2015).

Signaling elements in the ABA pathway upsream of gene
reguladion have been particularly well studied in guard cells, ™
elevations are a central process in guard cell ABA signaling
(Hetherington et al, 1986; Li er al., 2006). In plants, calcineurin B-
like {CBL) proteins serve as one type of calcium sensor. One family
member in A. thaliana, CBL1, positively regulates saltand drought
responses but neg:ztivtl}r r\egulal:tea cold responses {(’:henng etal,
2007). Avariety of stresses, including sal, cold and droughe, as well
as ABA crearment induce the expression of another CBL family
member CBLYin young A. thalianaseedlings (Pandey er al, 2004).
In 8. mapus, a CBL-interacting protein kinase (CIPK), BaCIPKS,
was isolated; salt and osmoric stresses, phosphorus starvation, and
ABA significanty induced the expression of both B#CBLI and
BaCIPKG (Chen eral, 20012). The Arabidopsis heterotrimeric G
protein o subunit, GPAL, also has pivoral roles in muliple
5ignn|ing VNS, inchlding ABA-modulared stomaral movement
(Wang e al, 2001). The B napus G procein o subunic (BnGAT)
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gene was found to be serongly inducible by high concentrarions of
ABA and brassinosteroid (BR). BaGAT was also up-regulated by
salt and drought stress but down-regulated by heatand cold stresses,
indicating that G protein signaling in B. napus, as in Arabidopsis,
plays imporane roles in both hormone signaling and environmen-
tal stress responses (Gao et al, 2010), Studies such as these provide
important evidence for the “rranslatability” of knowledge obtained
in a model species such as A thaliana w i agronomically
imporcanc relatives. The studies described in the next section show
several successful examples of applications of such knowledge ro
Brassiva crops.

2. Transgenic manipulations in B. napus based on knowl-
edge derived from A. thaliana

Ol(ho|ngs nfgcn:s identified in dmught responses in Arabidopsis
arc targets for improving physiological responses to drought in
Brassica {Zhang ef al., 2004), Transgenic manipulation of such
genes s the most direct avenue for precise engineering of crops
using discaveries from Am&idqmﬁ.f (Table 1), In flm!’u'ﬂ'qp:i;, the
P-subunit of farnesyleransferase, ERAY, has been shown to regulae
ABA sensicivity and droughe wlerance. Arabidopsis plants with
inhibited ERA1L activity by either gene deletion or chemical
inhibitor application were hypersensinve to ABA-induced anion-
channel activation in guard cells and stomatal closure (Pei eral,
1998}, In addition, transpirational water loss is reduced in erval
mutAnes upon dmught rreatment {Cucler stal, 1996; Pei eral,
1998). Wang et al. (2005) evaluated cransgenic B, napus expressing
an antisense ERA [ construct driven by adroughe-inducible #0294
promoter. Reduced germination rate and inhibited seedling
development following exogenous ABA application were observed
in the [r;lnsg(;nic A it fris cnmpar«{ with nonrransgcnic plan;s.
However, the wransgenic plants also showed reduced stomartal
conductance and enhanced ABA sensitivity under water deficie,
rc5u|ting in increased seed yield under dmug]‘u: conditions in the
field as compared with the nontransgenic wild-type plants, with no
yield penaley, that is, no loss of yield under well-watered conditons
(Wang eral, 2005). Similarly, RNAi knockdown of the farnesyl-
transferase (FTA) s-subunit in B sapus under the shoot-specific
promoter AtHPRI resulted in higher seed yield under drought
conditions in the field than in the nontransgenic wild-type plants
(Wang eral, 2009). Similarly, ransgenic B waps lines with
constitutive expression of  Arabidapsis C-repeat/dehydration-
responsive elemenc binding factor (CBFI) showed enhanced
drought and freezing tolerance (Jagle e al, 2000; Zhang et al,
2004).

Several key enzymes in phospholipid metabolism are importane
components of ABA signaling pathways. For example, phospha-
tidic acid, a lipid-derived messenger produced by phospholipase
Dal (PLD1), promotes stomatal closure in A thafiana (Jacob
et al, 1999; Zhang et al, 2009). Reduced water loss and an increase
in biomass accumulation and vield under seress conditions such as
drought and salinity were observed in transgenic B napus plans
with expression of Arabidopsis PLOM driven by a guard eell-
specific promoter (Lu et al, 2013). Another key enzyme, phos-
phatidylinositol-specific phospholipase C (PrdIns-PLC2), has
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demonstraced  involvement in ABA signal cransduction in
Arabidopiis (Staxén eral, 1999 Huno eral, 2003). Transgenic
B. napus lines with constitutive overexpression of BnPradlns-PLC2
driven by the constitutive CaM V355 promoter exhibited carly
fowering and sharter maturation periods, accompanied by reduced
wranspirational rate and partially closed stomata, and enhanced
drought tolerance (Georges er al, 2009).

Paly {(ADP-ribase) polymerase (PARP) participates in 2 number
of cellular pracesses, including programmed cell death. Transgenic
B. napuswith reduced PARP activity showed reduced cell death and
improved tolerance to various abiotc stresses, such as high light,
droughe, and high emperature (de Block eral, 2005). Glycine-
betaine (beaine) affords esmaoprotection and proteces organclles
against stress conditions in pétve. Choline supplementation w
wansgenic B napus with constitutive expression of a bacrerial
choline oxidase gene resuleed in enhanced betaine accumularion.
Moderate drought tolerance, assessed by measurements of relacive
shoot growth and net phowosyn theric rate, was observed in choline-
supplemented transgenic B napus (Huang et al, 2000),

These smdies together suggest char inidal clucidation of
individual genes’ rales in response to drought seress in 2 model
plant species can provide fundamental knowledge o improve
drnughl: resistance in canola crops (Wan er af, 2009). Commercial
crop varieties arising from such Arabidapsiebased sracegies would
provide the definitive confirmartion of their usefulness. As described
in the next section, there are also a few examples wherein
information on drought signaling and response first obrained in
B. napus has been applied to improve drought tolerance of other
species,

3. Transgenic manipulations in A. thaliana and other plant
species based on knowledge derived from canola crops

Drought tolerance phenotypes observed in other plant species upon
transgenic expression of Brassica genes alsa provide insigl‘lt
regarding the drought resistance function of those genes (Table 1).
For example, transgenic Arabidopsis plants with overexpression of
an active (phosphomimic) form of 8 napus CBL-interacting
protein kinase (BeCIPRE) showed enhanced rolerance of higb—
salinity and low-phosphate conditions (Chen ez al, 2012). These
abservations suggest that BnCIPKG plays a role in responses to high
salinity and phosphorus deficiency; the observation of ABA
insensitivity of the Arabidopsis cipk6 mutant also suggests a role
in ABA and drought signaling (Chen efal, 2012), Transgenic
Araledopsis plants overexpressing B wapus LEA gene BalEA4-1
under control of a constiturive CaM V338 or stress-inducible
k294 promoter both exhibited better recovery after 15d of
drought stress as compared with wild-type plants (Dalal e al,
2009). Transgenic 8. campestris overexpressing the B, napus group
3 LEA gene BulEA driven by the CaMV355 promoter also
cxhibited enhanced drought tolerance, based on the survival rate
alter 2 wh ol water deprivation, as well as improved salt tolerance as
assessed from seed perminadon and growth perlormance (Park
etal, 2005). An ethylene-responsive factor (ERF) gene from
B. vapa, BriERF4, was found to be induced by treatment with
ethylene or methyl jasmonate, but not responsive to ABA or salt
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treztment in B rapa. Mevertheless, overexpression of BrERFS in
Arabidopsis led w delayed yellowing under salt stress as compared
with the wild-type, and greater shoot weight and a higher survival
rate under dmu.ghl: stress (Seo eral, 20010). Addidonally,
A thaliana plants with constitutive overcxpression of BrlAS, a
B. napus ortholog of the A thaliana wanscriptional regulator
LTATERAL SUPPRESSOR (LAS), showed reduced warer loss rates
and enhanced droughe tolerance as well as better recovery after
dehydration (Yang eral. 2011).

Transgenic expression of canola genes in non-Brassicaceons
species can also improve drought wolerance. Transgenic obacco
constitutively overexpressing the B napus plasma membrane
aquaporin BePlPI exhibired reduced wilting after 10 d of warer
deprivation (Yu eral, 2005). A gene encoding a phosphoinositide
phosphatase from B. rapa, Br8ACH, was observed w be induced by
different stress conditions, for example, cold, desiceation, sale,
submergence, ABA, and heavy meals. Overexpression of BrSACH
in tobacco increased germination rate, seedling biomass, and
seedling height under cold, debydration, and salt stresses (Han
eral, 2013). All these results indicare the potential of generic
engineering at the transcriptional level for improvement of drought
olerance in crop species,

Diﬂ_'[_'( de]IECEUIDU by lll'JlTDdl.l{.'l'lUTl DF a pmrcin-coding
I:ranq;‘l:m: (8_‘| milll'll]' di!il:lmd l:&llil:l'] Il!i not I:l'IE DI'J]Y SI:l'E.tl:g:f' I:ﬂl
genetic engineering of crops. Manipulation of gene expression
wowards desirable traits can also be achieved through small RNA-
mediared gene sllr:ru:ing and cpigl:m:l:i: modulation, for example,
DNA mcrhyhtion and histone madifications, Plant microRMNAs
participare in a wide variety of developmental and stress (both
biotic and abiotic) responses. Repression of gene expression using
microRNAs has a great porential in crop improvement {please refer
o Sunkar ez al, 2012 and Kamthan ef al, 2015 for reviews on this
topic). Small RN As, especially microRNAs, have been idenrified in
canola crops through sequence-based predicions and deep
sr:L]u.cncing (Buhez eral, 2008; Zhao eral, 2012; Shen eral,
2015). Some of the known canola microRNAs are development-
relaved and stress-responsive (Panc e al, 2009; Korbes er all, 2012;
Zhou eral, 2012; Huang eral, 2013; Shamloo-Dashpagerdi
et al, 2015). However, at present there are n:lati\rl:l}r few canola
microRMNAs in the registry database (hoeps/fwww.mirbase.org).
B owapus, for example, has 90 precursors and 92 mawre
microRNAs, compared with Arabidopsis (325 precursors and
427 mature) or other crops (e.g. rice with 592 precursors and 713
mature), This suggests that the microRNA profile of canola crops is
far from fully investigared. MicroRMAs particularly responsive to
dmught stress have been studied in several species, in:luc[ing rice
(Jeong & Green, 2013), Arabidopsis (Liu eral, 2008), and
Medicago truncatula (Wang ef al, 201 1d). The only study in canola
o date identified five drought-induced microRNAs and one
dmught- N:pn:ssnc[ micrnRNA. Wil:h SiI (ransr_'r'lpticm {EI'.'(DTS and a
kinasc as predicted targees (Shamloo-Dashepagerdi e al, 2015),
These predicred targets are involved in ABA biosynthesis, BR and
auxin signaling, and wanscription (Shamloo-Dashepagerdi s al,
2015). Results from this seudy, mgr:t]'u:l with conserved dmught—
responsive microRNAs discovered in other specics, form an inidal
inventory of microRMNA candidares that could potendally be
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manipulated to improve drought wlerance in canola. However,
issues wichin current microRNA screening include lack of funcrional
validation, and lack of spatal and emporal monitoring of the
microRNA-induced change (Sunkar etal, 2012). Therefore, inves-
tigations on tissuc-specific (or even single cell type-specific) droughe-
responsive microRMNAs along a time-course of drought trearment,
rogether with informarion on expression levels of the corresponding
rarget genes, are essential data for the goal of improved droughe
wlerance in canola via microRNA-based stratcgies.

Epigenetic fearures, for eample, DNA methyladon and hisone
modifications, are associated with developmental wransitions,
responses to abiotic and biote stresses, as well as numerous
quantirative and qualitative traits in crops (e.g. biomass and yield;
Hauben er i, 2009; Verkest e al, 2015). Alchough there is limited
knowledge on the epigenome of canola as related w desirable
agro nomic waits (Lukens eral, 2000; Gaera eral, 2007), a
pioncering study showed that cnergy-use cfficiency (EUE) is
epigenetically controlled in B napaus (Hauben et al, 2009; Verkest
stal, 2015). EUE was defined as the ratio of total NAD(P)H
{representing the energy content) vs respiration rate (Hauben eral,
20097, In gcncrnl, lines with highcl EUE  showed gIob;ﬂ
hypomethylation in genomic DNA, as well as disdner histone
Tncthylati.on ﬂﬂd aDl:l:y'at'lnn P&([E[]’lﬁ, 3]1.d ‘ht‘ﬂ: were Rﬁﬂlciitﬁd
with 5% yield increase (Hauben eral, 2009). Furthermore,
epilines (lines selected from isogenic lines, i.e. lines and varieties
with identical genedie backgrounds, lor traits that are epigenetically
controlled) selected rowards droughe tolerance were generated by
exposure of hypocoryl explants w 5% PEG {drought stress), and
selection for low respiration was repeated over chree generations.
EUE was determined in the progeny of the last generation and the
wwo epilines with highest EUE showed enhanced drought
twlerance, and changes in both the transcriprome and the
epigenome, particularly enrichment for regions with histone 3
Iysine-4 trimethylation (H3K4me3) (Verkest ez al, 2015). These
app] ications suggese signi ficant pﬂnenli:] for incorporating epige-
netic variation inte crop breeding for enhanced stress tolerance,

IV. Systems biology of Brassica under drought stress

Diverse physiological processes and pene categories indicate the
complexity of drought responses in B, napis, as is also roe in other
species. Systems biology provides a robust ool for comprehensive
understanding of drought phenotypes at differenc levels of
biological organization. Given the rapid expansion of genomic
databases and the development of -omics wools that can be applied
w nonmodel species, -omic-based research on plane seress
wlerance can increasingly be performed directly in the species of
interest. Different fields of systems biology, for cxample, tran-
scriptomics, proteomics, and metabolomics, allow simulaneous
IMCASUTCMmenes t]F(l‘lousarlds lZ])r hi.o'(]gjcal rnt]]u:u'cs. '\\'I'IILEI'I g‘.‘l’ll‘:]’-
ate massive datasces toward construction of a comprehensive
systems picture (Hsiao & Kuo, 2006; Le Novére, 2007), Large-
scale approaches have been successhully employed o understand
‘hc dl(]ugh[ SLress responscs nf ﬁfﬂjﬂ‘m SPEEiES. and SIJL'I'I
transcriptomic, proteomic, and metabolomic analyses are summa-

rized here (see Table 2 for summary).
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Table2 A summary of =omics studies on canola crops under water-deficient conditions

Study Spedies/tissue Experimental condition Platform Responsive biological processes

Transeriplomics

Lietal (2005) Brassica mapus/seed PEG- or ABA analog Microarray  Late seed development, carbohydrate metabolism,
FEI42%- inhibited cellwall locsening, ROS scavenging, lipoalysis
germinabion

Feietal (2007) B. napusisesd Hatural desiceation hicroarray Signal transductions, protein synthess
during seed ripening stage

Lee et al. (2008) B. rapa‘whole plant Drought Gair-dried) Qligo Transcription factors

microarray

Niu et al. {2009) B mapusisesd HNatural desiceation cDMA chip Fatty acd biosynthesis, auxin and jasmonale
during seed ripening stage signaling

Chen efal. (20000 B. napus/seedingroot  Drought (mannitol simulation)  Macroarray  Metabolism, transcription, signal transduction,

harmane and abiolic stress responses, growth
and development

Bhardwaj et al. (2015) B. juncearseedling Drought (mannitod simulation)  RMA-Seq *Stress/defense responses, metabolism,
phosphorylation, signal ransduction,
transcription and translation, cell growth,
cell structure, membrane transport,
circadian rhythm, catalytic activity

Shamloc-Dashtpagerdi B. napus/leaf Drought (mannitol simulation)  Expressed Tramscription factors, kinases, phosphatase,
etal. (2015) SELUENCE microRMNAS
tag
Prateomics
Zhu etal, (2010} B napus! guard cells ABA, iTRAC Photosynthesis, stress/defense respanses,

metabolism, protein synthesis, energy production,
protein folding/transpart and degradation,

membrane lransport
Mohammadi et al, (2012) B napusiroot Drought Qimigation control} 2D-PAGE Metabolism, energy, disease/defense, transport
Meyer etal. (2012) B. napusiseed Natural desiccation during Phosphosites  Phospharylation
seed-ripening stage mapping

Zhu etal, (2014) B. napus/ guard cells ABA ICAT and Thiol-based redox modification

saturation

DIGE
Lua ef al. (2015a) B. napus/leaf Short-term drought iTRAC *lon transport, vesicle trafficking,

(drying on filter paper) signal perception/transduction,
transcription/translation, metabalism,
photosynthesis

Kohetal. (2015} B. napusileaf Long-term drought ITRAC Energy production, photosynthesis,

(stop watering) protein synthesis, stress/defense response,
metabolism, signaling, protein folding
and degradation

20-PACE, two-dimensional palyacrylamide gel electrophoresis; ABA, abseisic acid; DIGE, two-dimensional difference gel electrophoresis; ICAT, isolope coded
affinity tag; ITRAQ, sobaric tags for relative and absolute quantitation; PEG, polyethylene glycol; ROS, reactive oxygen species, *, indicates that drought-
respansive biological processes were identified by statistically significant enrichment-based on gene ontology (GO) analysis (e.g. agriGO)in the study. Inother

studies, biological processes were identified by representation of drought-responsive proteins/genes involved in those processes.

1. Transcriptomics platforms developed for A, thalianaalso to be utilized in rescarch on

B napus.
Before the availability of the genome of B sapus (Chalbhoub e al, The availability of the B. rapa genome made microarray analysis
2014}, genomes of other fully sequenced Brasicaceas species  on this species possible. A B rapa olige microarray, KBGP-24K,
provided key genomic references for studies in B mapus. The was constructed using sequence informacion from ¢ 24 000

complete genome sequence of one ancestor, B rapa (var. Chiifu-  unigenes (about half of the prowin-coding genome). Thisarray was
401), obtained using next-generation sequencing technologiesand  used w analyze gene expression changes after 3-wh-old B rapa
de move assembly of sequence scaffolds, was made available in 2011 plants were removed from soil and allowed o air dry in a growth
(The Brasica rapa Genome Sequencing Project Consortium,  chamber (Lee eral, 2008), Around 3% of the genes on the
2011). The genome of the other ancestor, B. sleracea, was released microarray (738) were identified as responsive genes thar were
in early 2014 (Lin eral, 2014; sequences available ar hup:/!  differendy expressed fivefold or more at least once during the 48 h
bmssi:sdh.orprbladlf}. Additionally, the nudeotide sequence con- tme-course of dmught wreatment (Lee eral, 2008). This work
scrvation berween A, shaliana and B, napus allows some genomic  established a wscful ool to analyze Brassica transcripts and
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highlighted 1 role of transeriprion factors during droughe stress.
Another study, on a B. rapa DH line, T12-19, used tag sequencing
with a Solexa Mumina array and analyzed leaf samples under
dehydration crearment for 0, 1, 2and 3 d(Yu ez al, 2012). Intoal,
1092 genes were found to be significancly altered in response to
water deficit, Among these, 37 were wranscription factors, 28 were
genes involved in signal cransduction, and 61 were water- and
osmosensing-responsive genes. The resules suggested high com-
plexity of changes ar the transcriprional level under droughr scress
(Yu et al, 2012). Taken wgether, such information from one of the
B, maprs ancestors provides a crucial reference toward understand-
'l:n.g d.rc:lug]'lt |:n|r:mnoc Ill'.l B. Rﬂph’l\.

The arcempr to identify genome-wide drought-responsive genes
in 8. napus iself began a decade ago. Using macroarray analysis, a
less expensive and less comprehensive microarray variant, a survey
Dr gt:m:s induﬂ:d h}’ drnu.g]'tt SIICSSCS Was pcrforml:d in B ﬂﬁpw
(Chen eral, 2010). In toral, 288 clones were identified as purative
drought-inducible genes, while 189 were candidares for droughe-
suppressed genes. These drought-responsive genes belonged 1o
gene families participating in metabalism, transcription, sign:\l
transduction, hormone (ABA, in particular) and abiotic scress
responses, as well as other processes related w growth and
development (Chen eral, 2010). This work, al:hough limired
D’Vﬁ'i ﬂg w t]'lE mtthodsa\ﬁilab]c an (I'I‘.‘ I:IlITlI:| pr\:]\rid.cd an .lnil:.lR] g‘.‘TlC
list coward understanding droughe response in 8. mapus at the
tanscriptional level. A recent, commercially available B napus
300K microareay dcsigru:d from B0 G906 unigem:s dustered from
543448 ESTs and 780 ¢DNA provides an opporunity to
substandally enhance our knowledge of suess responses in this
imporeane economic crop (Roh e al, 2012), but has not yer been
used in analyses of B, napus ranscripromic responses to droughe.

As mentioned carlicr, sequence similarity berween B, mapus and
A. thaliana has allowed the use of Arabidapsic microarrays o profile
gene expression in Hrasica, with the cavear thar paralogs may cross-
hybridize and confound relative expression analyses. For example,
Arabidapsis AR1ZK cDNA microarrays have been used to profile
B. napus seed transcripromes. In a comparison of transcriprional
responses of imbibed vs germination-inhibited sceds of B, mapus,
40 genes, mxinl}' associated with late seed Lievl:lupml:nt, WETE up-
regulated in desiccated nongerminating seeds as compared with
imbibed seeds (Li e al, 2005). On the other hand, 36 genes were
down-regulared; these transcripts encoded proteins involved in
carbohydrate metabolism, cell wall-loosening processes, ROS
scavenging. and lipolysis (Li efal, 2005). Specifically, the
wranscription factor ABA INSENSITIVE 5 was consistently up-
regulated in desiceated seeds and the gibberellic acid (GA)-induced
transcription factor PICKLE was down-regulated. These resules
implicated ABA and GA signaling in the regulacion of seed
desiceation (Li et al, 2005), and application of GAs (300 mg1™")
was ﬁ]uﬂd o E]'L]'lﬁl'll:: hﬂr}l EEI:d sl‘:rm IlI'Jﬂl:lln]'l ﬂnd ﬁl‘:l‘:dling I:Dll:la noe
1] dmugh'{ stress in B mapas (Li et @k, 20010), Another audy using
the Anbidopscs AR1ZK cDNA microarrays discovered differen-
tially expressed genes across the full-size embryo, desiccation, and
marure StE.gl‘:S (]rgﬂ!d dl!\fEIﬂPlTlETll: iﬂ mwo 3 ﬂﬂyw cultivars {ﬁlc
Excel and DH12075). Genes associated with signal transductions
and protein synthesis were responsive during the desiccation stage
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(Fei etal, 2007). In another study, a cDNA chip was generared
with over 8000 EST clones from B. mapus embryos ac differenc
stages of seed development (Niu er all, 2009). Using this chip, faty
acid biosynthesis genes were found o be highly expressed in
B napus sceds primarily at 21d after Howering, when sced
desiccation starts. Additionally, several auxin- and jasmonare-
related genes showed parterns similar to those of the farry acid
synthesis genes. Analysis of A thaligna auxin and jasmonare
signaling mucants revealed changes in the fatty acid components of
marure seeds, indicating a link between hormone signaling, fauy
acid metabolism, and desiceation (Niu et al, 2009), Although
desiceation is a normal component of seed development, desicea-
tion tolerance of seeds and drought talerance of whole plants may
share some common mechanisms, because both ypes of stresses
cause cellular dehydration (Nedeva 8¢ Nikolova, 1997).

I{NA-S&T[, &TI.DI:"ICT Wlldcl_" 'LlEEL‘ rm:ﬂ'lnd ﬁ]r gl:nnmr:-w'ldc
quantification of gene cxpression, has also been applied ro idenify
drought-responsive genes in canola, A recent study investigared
drought-responsive genes in B, juncea seedlings and ebserved that
132 cranseriprion factors (40 induced and 92 repressed) and 452
kinases (42 induced and 410 repressed) were regulated by drought
(Bhardwaj e al, 2015). A similar observation was reported in an
analysis of ESTs of B napus under drought treatment (Shamloo-
Dashepagerdi eeal, 2013). This study found thae 17 oranscription
facrors, eight protein kinases, and one protein phospharase were
drought-regulated, including homologs of Arabidopsis protein
phosphatase 20 ABIT and the ABA biosynthesis gene ABATL

Although discovery of drought/desiccation-responsive genes at
whole-plant and whole-organ levels provides an overall picture,
studies on single cell types can provide insights into unique or cell-
specific funcrions. In A, thaltena, several guard cdl cranseripromic
studics have been carried out. An carly microarray study covering
around one-third of the genome discovered 69 ABA-inducible
genes and 64 ABA-repressed genes specifically in Arabidapsis guard
[.'E]] PFD(UP[RSTS. 'llranscripls mlsl:r:d mw dmugl‘lt (DIEF&I’]C‘.‘ El'ld
potassium channels were among these ABA-responsive genes
{Leonhardt ev al, 2004). Later, studies analyzing global wanscrip-
tnrnic esponscs shcm'r:d. a |argc num hcr nf ABA-EEBULEI‘.‘d g\cm:s
{Yarlg st al, 2008; Wang etal, 201 1¢; Baver erad, 2013) . An
analysis was conducted using enriched preparations of Anebidopsis
guard cells and revealed 696 ABA-induced and 477 repressed genes
in this cell type (Wang et al, 201 1c). This study also uncovered ¢
300 genes showing ABA regulation unique o guard cells.
Collectively, these manscripromics studies facilicace understanding
of the molecular mechanisms of Brassoaceons species in response to
droughe seresses.

2. Proteomics

While rranscriprome analyses constitue @ facile approach for
candidate gene identification, transcript abundance only indicatesa
putative functionality of the encoded protein and often does not
reflect changes in protein abundance (Boggess e al, 2013). As the
ﬁna] dlll'ﬂct ml{{ﬂmﬂlﬂcu]ll ])mduct DF g]nb:ﬂ gﬂﬂe ﬂ(pr:ﬁsiol‘l.
analysis of the proteome is required for a thorough understanding
of the cellular processes associated with drought. Farly protenmic
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analyses were limited both by the wet bench technologies available
and by incomplere databases. Proteomics has since developed intoa
sophisticated research approach (Chen & Harmon, 2006). In
general, comparative protcomics approaches include gel-based
methods, for eample, owo-dimensional (213 difference gel
electrophoresis and more recent gel-free methods, for example,
isobaric rags for relative and absolute quantiration (ITRAQY).
Isorope muleiplex labeling strategies such as ITRAC) have become
popular because they overcome the limitatons of gel-based
proteomics methods, for example, poor resolution of membrane
proteins and of very acidic or basic proteins (Chen & Harmon,
2006). Gel-based and gel-free proteomics methods complement
cach other and their combined use can enhance proteome coverage
and identify proeins with abundance changes.

Drought-induced changes in prowin patcerns of B, napus var.
nft'{ﬂ“m TOOS Were l'lb?if_'r\fl‘:d more I:l'll!]'l wo d(.‘(.'a.d[.'h' l!g[]. Wl'li(.']'l
might represent the carlicst proccomics analysis of droughe-seressed
B, napus dssue, In the @p roos, 13 2D prowein spos with low
molecular weight were induced by drought, Twelve of these spots
were also present in the shart tuberized roots, a 5p¢ciﬁc dmught—
induced root rype. After 3 d of rehydracion, the disappearance of
these spots suggested their potental roles in drought rolerance
(Vartanian eral, 1987). However, the identities of these spots
remained unknown. Ina more recent study, 21 polyacrylamide gel
electrophoresis was employed ro investigate the initial response of
B, siapisroots o drought seress (Mohammadi e al, 2012), Protein
expression profiles of drought-sensitive (RGS-003) and droughe-
tolerant lines (SLM-003), and their F, hybrid, were analyzed. In the
sensitive line, proteins related o metabolism, energy, disease/
defense, and transport were decreased under drought stress, In the
tolerant line, however, proteins involved in metabolism, disease/
defense, and transport were increased, while encrgy-related
proteins were decreased. The identified proteins with abundance
changes in these lines suggese thar Verype H™-ATPase, plasma
membrane-associated cation-binding protein, heat shock protein
90, and clongation factor EF-2 have a rolc in the drought tolerance
of B, napus. Addidonally, decreased levels of heat shock protein 70
and wbulin beta-2 in the droughe-sensidve and hybrid Fy lines
might be involved in the reduced gmw\‘h of these lines in dmugh(
conditions {Mohammadi efad, 2012). In a recentc protecmics
analysis using iTRAQ), proteins responsive to short-term drought
SIress sn.ds.altsrn_'ss were idﬂnt]‘ﬁt“i imn ll.'a\’L‘S me ls-d-uld B. HRPJJI
scedlings. Within the protcome profile of 5583 protcins, 205
proteins showed expression level changes in response to 4 h of PEG-
simulared drought treacment, with 45 commeon to salt-responsive
proteins and 160 specific to the drought stress (Luo eral, 2015a).
Functional classification of the drought-responsive proteins sug-
gested thac ion cranspore, vesicle wrafficking, and signal perceprion/
transduction (e.g. G-prorein related signaling and phosphorylation
events) play a role in cardy drought response in 8. mapus seedlings.
Additionally, notble drought-associated changes in proscins
invelved in transeription, translation, metabolism, and photosyn-
thesis were observed, suggesting drought-regulation of these
processes (Luo eral, 2015a). In another study, the proteome
response of B napus leaves was studied wsing iTRAQ over a
prolonged dme-course of drought (Koh e al., 2015). Respectively,

0 2016 The Authars
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136, 244, 286, and 213 proteins were significantly aleered on the
37", 10", and 14™ days of drought. Drought-induced proteins
in B napus leaves were involved in energy production, protein
:’i}"l’n]'ll:!iiﬁ. :!I'I.d SCross Jl'ld ‘IL'{I:I'JK.' responscs, \'\']'I.K.'rl:l.ih' dmught-
repressed proteins were associated with merabolism, signaling,
protein folding and degradadion (Koh e l, 2015).

Proteomic studies have been conducred not only in B. mapus
using drought-stressed whole planes or organs bue also in cell ypes
with specialized roles in drought response, Guard cell protoplasts
with high puricy can be prepared on a large scale from B. napus
leaves (Zhu et ad, 20090 A weal of 451 nonredundant proteins
were identificd and quantified from untreated and ABA-treated
B, napus guard cell protoplasts in a comparative proreomics study
using iITRACQY (Zhu eral, 2010). ABA up-regulated 66 proteins in
B, napus guard cells, the majoriey of which were involved in
photosynthesis, stress/defense responses, and metabolism. Proteins
involved in photosynthesis and stress/defense responses were also
observed o be drought-inducible in B mapus leaves (Koh eral,
2015). ABA suppressed 38 proteins in B aapae guard cells,
particularly in the cavegorics of metabolism, protein synthesis,
energy production, protein folding/transporcand degradation, and
membrane manspore (Zhu eral, 2010). The identified ABA-
responsive proteins in B napus guard cell protoplasts not only
provide molecular details relared wo known physiological events in
the ABA signaling pathway, for example, ROS5 homeostasis and
cytoskeleton reorganization, but also reveal novel components in
ABA Hignzl transduction. For example, it is noteworthy thae the
ﬂrabida;ms homo|og af an ABA-induced protein, Ber vl '.1||clg<'.n
family protein, was later identified to be the ABA recepror PYL2
(Melcher et ai., 2009).

Proteomics approaches have been developed to identfy noconly
those protcing that change in abundance bur also proteins with
changes in poswranslational modifications (PTMs), such as
phosphorylation, oxidation, and glycosyladion (Mann 8 Jensen,
2003). Postrranslational medifications of proteins are another
important compenent of plant drought responses (Umezawa eral,,
2013). For example, the ABA signaling pathway is accivated by
initial dephosphorylation/phosphorylation evenes (Hubbard ez al,
2010). Enhanced ROS production in different cellular compart-
ments is one of the invariant responses w drough stress (Cruz de
Carvalho, 2008}, which could potentially change the cellular redox
status and result in protein oxidation/reduction (Martinez-Acedo
etal, 2002), Zhu and cn”c.;lgucs recently rcporrt‘d 65 redoy-
responsive proteins from B, mapus guard cells treared with ABA.
Particularly, the #n witrs activites of an SnRK2 and a 3-
isopropylmalate dehydrogenase were confirmed to be regulared
by oxidant and reductant treatment (Zhu er al, 2014), This study
revealed chiol-based redox modification of proteinsas an importanc
regulatory mechanism in guard cell ABA signaling pathways (Zhu
et al, 2014). Using iTRAQ methodology, Koh and colleagues
ohscrved dynamic changes of protein PTMs (oxidaton mosdy, and
phaosphorylation) in B, napus leaves during drought stress (Koh
st al, 2015).

In a study by Meyer eral. (2012), over 400 phosphopeprides
were identified within B. mapss sceds at the late maturation stage. A
large fracdon (26.0%) of the lae maturation unique
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phosphopeptides were from proteins annotated as LEA proteing,
which are known o play a role in dehydradon tolerance
{Hunderomark & Hincha, 2008). Anocher fraction (4.2%) was
mapped to other desiccation-relared proteins. Accordingly, this
work suppors a relationship berween drought stress and sced
desiccation and implicates a regulatory role of phosphorylation in
these physiological processes (Meyer eral, 2012).

The recent completion and publication of the B. sapus genome
sequence and anticipated progress in improved gene annotation
will also provide an up-to-date database for the predicted protcome,
which will allow more aceurate identification of proteins in large-
SL'B'.L' pl(nf_"}l’l’li.[_'!i dBEB.‘iL'L‘i gﬁl’.l‘.'l.'a(l:d me (I'IL\ Ei'FK.'L'.lL'S. (\.nmpur.a—
tional and experimentally derived pratcomes can then be mined
wward elucidating complex nerworks of protein—protein inerac-
tons, For example, protein interactions in B rpa have been
inferred using known A, thaliana interactions and interspecies
homology and syneeny (Yang eral. 2012). A number of other
methods are also available w infer interactions and regulatory
networks using interaction, protein domain, and expresion pattern
darta from related species (Liu eral, 2005; Noor er al, 2013). Such
methods, al ong with availability of an c'xpclnduc[ A, thaliana
protein—protein interaction network (Jones eral, 2014), hold
promise for inferring the protein interactome of 5. mapus.

3. Metabolomics

Metabolites are also key components and regulators of biolog-
ical processes. For example, stomatal closure is induced by
extracellular malate and fumarate ac millimolar concencrations
in tomato (Aradjo eeal, 2011). Meabolomics has emerged as a
high-throughput analytical method o identify pivotal metabo-
lites in biological processes. Ac present, information on global
profiling of metabolites in B mapus is lacking, as is also true for
most plamt species. Two  decades agp, however, evidence
suggt'sn.-d that accumulation of free amino acids, including
proling, alanine, and aspartate, is a direct effect of droughe scress
in B napus (Good & Zaplachinski, 1994). This might be the
carlicst identificanion of key metabolites in B naprs droughe
response, Under dmug}l: conditions, considerable changr_':i in
chloroplast lipid merabolism were also observed in B mapus
leaves, Drought stress evoked a decline in leal polar lipids,
mainly as a resule of a decrease in monogalaceosyldiacylglycerol
content (Benhassaine-Kesri erad, 2002). Furthermaore, phoro—
synthetic pigments were significantly reduced by drought stress,
including Chla, Chld, and carotencids in two B sapus varieties:
Rainbow, and Dunkeld (Ullah s al, 2012).

Phytohormones also participate in the regulation of droughs
stress response. Induction of endogenous ABA synthesis is a
universal response to drought in vascular planes, including B. napus
(Qaderi e all, 2006; Wan er al, 2009). In addition, the applicarion
of salicylic acid (10 pM) can amelioratc some of the adverse effecs
of drought stress in B, wapus, After salicylic acid crearment, the
relative water content, Chlzand &, leal carorenoids, soluble protein,
JI'HI ‘L‘(.'d l'lll conpents N."E[J\'l'ﬂ.'d in drnug]'lt—sl:n:!asr_'d p|311l:s(n \'R]UEH
comparable to those in well-watered planes (Ullah ex al, 2012).
Such observations reveal a role of plant hormone crossalk in
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droughe stress tolerance in B, mapus, as expected from observations
an ather species,

Improvements in analytical mass specerometry (MS) have been
crucial o the expansion of metabolomics. Nor only the
mass : charge ratio but alse fagmenmdon information can be
provided to aid in deciphering the surucmre of each metabolie
(Dettmer eral, 2007). The coupling of gas chromarography or
liguid chromatography with M5 allows one o profile (ie.
untargeted metabolomics) or sclectively monitor (i, targered
metabolomics) many hundreds of compounds within a single
injection (Pacd eral, 2012). The ionome, defined as the quantified
mineral nutrients and tace clements in an organism, can be
thought of as the inorganic component of the metabolome (Sale
etal, 2008). It is worthwhile performing high-throughpuc
metzbolomicsfionomics analysis in drought-stressed canola planis
o rc\'t.ﬂ m:t:lhn[nmcfinnnm: P[ﬂﬁl:ﬁ nf c:lnnla spccir_ﬁ and
associated merabolic and nutricnt networks in drought response
and tolerance.

Mathematical modeling that incorporates parameters from wet
laboratory measurements of metabolites and relared enzymatic
equations is an emerging approach o quantify and predice
complicated metabolic processes at the systems level in planes
(Libourel & Shachar-Hill, 2008). Among the mndcling
apprn:lchcs} flux balance analysis (FBA) 5 a constraint-hased
method aiming to determine the mass balance by optimizinga secof
flus values towards an objective function such as maximization of
growth (Grafshrend-Belau  eral, 2009). FBA of cellular
metabolism in B, napus has been used wo predict the pachways
involved in biomass accumulation under different physiological
conditions of light and nucrient availabiliey (Hay & Schwender,
2011; Pilalis erad, 201100 A study in rice used FBA to model
metabolic changes under drought and flooding (Lakshmanan eral,
2013) and the B sapas metabolic model could be adjusted
similarly o predict che pathways affected by drought in this species.

4. Phenomics

With advances in sequencing rechnologics, geromics approaches
I'|2.\1'.' g&.‘nr_‘r‘ab&:d rnz.uiw: amounes clrdata on gt:nt: .lin:qur:nc\:.'s l!l'ld
transcriptome profiles in a grear number of plant species, which
provide directions for crop improvement. However, genomics
alone cannot solve all the challenges in developing varieties with
desirable traits, as connections berween genotype and phenotype,
including physiological, morphological, and phenological craits,
cah be indirect and highly complex. Moreover, even with idencical
genetic hzr_'kgrnund. interaction with environmeneal factors results
in diversity in phenotypic traits due o gene—cnvironment inter-
actions and the inherent plasticity of plants. Additionally, the planc
phenome is isell multidimensional with numerous components,
including bur not limited to leaf morphology, root architecture,
growth parameters, biomass, photosynthetic rate, and other
physiclogical traits related o yield and biotic/abiotic stress
responses (Furbank & Teswer, 2011} Screening lor favorable
agronomic rraits mgr:(her with further understandi ng their under-
lying genetic basis may be the most promising and cfficient avenue
w determine gene or (JTL candidates for crop improvement.
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Phenotyping was manual, time-consuming, and destructive
before the emergence of phenomics. Phenomics aims to use
automated and reliable placforms for phenotyping in a high-
r]'lmughpu( manner an pl‘}'\"idﬁ (T‘Jﬂ.ﬂblt‘ ZI'Jd mpn}ducih]c dll:l
However, owing to the complexity of the phenome, phenomics is
currendy limited by the availabilicy of methods to measure certain
wraits. Therefore, advances in phenomics have not yer achieved the
capabilities available with genomies techniques. In cereals, infrared
thermography has been uiilized to quandfy responses in different
genotypes under drought scress (Munns e al, 2010), buc this has
yet to be applied co canola species. In canola species, an economic
ZI'HI ]'ligh- I".'SDIIJ I:i[)n SCANDNICT SYSICIT Was dl’."\".'l[?p{"d 54 E]'I.I.BI'.IEiFy roog
archirecrural traits in A rapa {Adu eral, 2014). Root phcnomics
was also reported in B sapus with phosphate limitation and the
associated genetic loci were identified (Shi eral, 2013). Similarly o
Shi erad (2013), phcnt]micﬁ in rraies thar are related w dmugh(
responseltolerance, for example, root clongation and biomass
accumulation, could be performed in canola, and (¥TLs could be
identified. Outcomes from such studies, together with genetic
underseanding, will facilicaee - marker-assisted  selection  for
enhanced droughe wlerance in canola.

The application of -omics and system biology approaches have
already provided, and will continue w provide, in-depeh knowl-
edge of B napus drought responses. Evidence for regulation of
wanscriprion, signaling  pathways, protein  synthesis, and
metabolism, together with other processes, indicate the complexity
of dmug}lt responses in B papus and, presumably, most plant
species. The acquired information provides potential targess for
effective genetic engineering strategies towards improved stress
wlerance.

V. Natural variation in drought tolerance forinforming
breeding

.‘\||:|'mug|'| B mapus is a gluba“_\' important oilseed crop, from a
breeding perspective it has received relatively linle amention with
regard o drought responses. Droughe responses as well as their

Taansley veview Review 1181

underlying penetic conerol represent a particularly complex
combination of differenc phenotypes. As a resul, breeding
strategies to dace have relied largely on direcr phenotypic selection
foryield. There is an extensive history of using eraditional mapping
pepulations w identify (YTLs for agronomic and nueridonal trais
in Brassica, Mamral variation in WUE among Brassice lines has also
been well documented (Richards, 1978; Good 8 Maclagan, 1993).
Haowever, despite this, improvements in drought tolerance have
been limited (Cowling, 2007).

Incorporating more physiological and phenomics daca in studies
of drought responses may prove useful for capitlizing on the
available natural variation for production of 8 maper cultivars wich
improved drought tolerance. Screens of targeted aspects of drought
response physiology can lead to selection of lines with alvered
sensitiviy o drought. For example, lines exhibiting natural
variation in leaf ABA sensitivity aF}-r:r_'l:ing stomatal warer loss
(Fig. 4a) may also have differences in regulation of ABA concen-
wrations, such as catabolite content, as seen in the field (Fig. 4b).
Plant eypes representing such stomatal dynamics vary in their
response to drought conditions (Fig. 4¢). Here, reduced ABA
sensitivity in guard cells is correlated with decreased leaf water
content under drought in the field.

In addition o physiological traits, morphalogical eraits respond
w drought stress (Fig, 2). For example, the role of oot system
architecture in warter uptake makes it another candidate for
selection, Root systems of canola crops are less dense than those of
maore .'Imugbt—mlerant species such as wheat, and they remove less
water from the soil (Cutforch eral, 2013), Positive correlations
between drought tolerance and increased size and depth of root
systems have been found in B mepns (Hawzig etal, 2015) and
several other crop species (Cortes & Sinclair, 1986; Whire &
Castillo, 1989; Price er al., 2001; Kirkegaard & Lilley, 2007; Lopes
& Reynolds, 20000, Semiautomared systems and sofrware have
been developed w characterize root archivecture, which can aid in
rapid phcnnt_vplng af l:zrgc collections as needed for blr_'eding
{(Farhidzadeh e af, 2012; Galkovskyi er al, 2012; Lober & Diraye,
2013 Bucksch er al, 2014; Rellin-Alvarez er al, 2015). However,

{a) (k) (&)
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Fig. 4 Matural wariation in abscisic acid (ABA)-related phenotypes in 8. napus plants grown under laboratory and field conditions. (a) ABA sensitivity of stomatal
aperture of chamber- grown plants. (b} ABA metabolism in field- grown plants. (2} Drought sensitivity of field-grown lines with different stomatal-regulation

types as shown in (a). Datain {z-c) are presented as means + standard errors,
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the adaptive value of large or deep root systems depends on soil and
climatic conditions, so breeding strategies need w be adjusted o
match the targeted production region (Araus et al, 2002; Cativelli
etal, 2008).

For dealing with droughe stress, thus far the most comman
straregy in crop breeding has been to breed for drought escape,
wherein plants have been selected for completing their life cycle
quickly, before encountering harsh droughe seress. Accordingly,
current breeding practices have selected for short flowering timesin
B. napus (Rahman, 2013). As B napus is most sensitive to drought
during the ransition from Aowering to pod development (Cham-
polivier & Merrien, 1996), this strategy is beneheial in situarions of
terminal drought. However, amid a changing climare and as
agriculral production moves into more marginal areas and
limited irrigation regimes, this strategy may prove insufficient. An
Zl(l:l]'lll:i\".' !il:ll.“f_'g_\' o drnug]‘tt cscape is d[_']'l_\".{ll](i‘}n avo i.dﬂl'll’.'[.'. r.]1ﬁ
ability to maingain internal water status upon drought stress by
reducing water loss and/or enhancing water uprake. In contrast to
the drought escape strategy, B mapus and B rapa accessions with
|ong¢r ﬂrywcring times can have increased WUE and |mrgcr root
systems for increased water uptake (Micchell-Olds, 1996; Franks,
2011; Flercher e al, 2015). Because of the apparent cradeoff thac
CXISEs b(.m\.'l'l dn)ugh( cECape Zl'ld d[_'l'l_\'d[l(i(]l'l avc]idanr_'r_'. blt“.“i-
-l]'lg F(]T dmugh( CsCaps Rl(]l'l[_' may hﬂ'\"l: n_'dur_'r_'d I:l'IL' p('lll'ntiﬂl f‘}l
drought wlerance among current varieties, This tradeoff has also
been observed in glasshouse studies on A thafiana accessions
collected worldwide (MceKay eral, 2003; Kenney eral, 2014),
suggesting a widespread phenomenon. Some studics, however,
have found thar the negative relationship berween flowering tme
and WUE is not invariant and there are genotvpes of A, thaliana
with both high WUE and shore Hﬂw:n'ng rme {(Walfe & Tonsor,
2014; Kooyers, 2015). Such genotypes with high WUE and short
Howering times may exist in Hrasior as well and could be suiable
candidates for simulaneously breeding both drought tolerance
serategies. Especially given the carlier mentioned rradeoff, the
specific aspects of drought lerance best suited for improvement
depend on the rarger environment, including local derails of
climatic and soil moisture condidons along wich irrigation
practices. As the g]nb:z] climate warms, the co-occurrence of heat
stress together with droughe will further complicare this efforg for
example, evaporative cooling by means of increased stomaral
conductance helps to alleviate hear stress, bur exacerbates drought
SEress,

As with many plant species, single nucleotide polymorphism
(SNP) discovery in Brassica based on next-generation sequencing
has improved the prospects for identifying narural varianes of
interest. Recent GWAS have identified 8. mapus variants associated
with desirable agronomic traits such as seed yield and harvest index
(seed biomass/vegetarive biomass) (Cai et al, 2014; Li ev al, 2014;
Lua eral, 2015h). These analyses have yer to be extended o
drought studies under field conditions. However, a recent report by
Yong eral (2015) used GWAS w identify a gene controlling
variation in salt tolerance in B wapes This study stands as a madel
for the pawer nmehing A. thaliana hinlug}r. Brassica -omics daca,
and natural variation toward crop improvement. Here the authors
measured salt tolerance in 85 diverse inbred genorypes of B. napus
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under saliniey stress. Then, using the version 4 B napus genome
pseudomalecules (Harper et al, 2012) as a guide, they identified a
setof 24 834 SNP markers in this population. A subsequent GWAS
for salt wlerance revealed several QTLs. Finally, they chose
candidate genes under those QTLs based on gene ontwology of
A. thaliana orthologs, and upon sequencing those genes in the
B, nagws genotypes, they identified polymorphisms in a TSNJ
(BMNA-binding protein Tudor-5M) ortholog as highly explanatory
of wariation in salt tolcrance of B. mapus. TSNT is therefore a
promising rtarger for cransgenic or waditional breeding for
improved salt wolerance in B sapus. These results demonstrate
the cfficacy of exploring natural variation, in concert with the usc of
-omics and A, thaliana wols wward improving abiotic stress
wlerance in Brasiica crops (Fig, 1).

Genetic diversity is necessary for successful breeding of desirable
wraits, A number of groups have measured genetic diversity in
B napws (Batley eral, 2003; Delourme esal, 2013) and the C
genome appears to have lower genetic diversity than the A genome
(W et ad, 2014). There also appears w have been a loss of overall
genetic diversity within at least some breeding pools, such as those
in Australia (Cowling, 2007) and Canada (Fu & Gugel, 2010).
Furthermore, the genetic diversity available for selective breeding
within £ mapus does not fully represent chat of its parental species
{Becker er al, 1995; Seyis eral, 2003). Therefore, in addition o the
diversity within & mapus the larger phenotypic diversity of other
Brasitea species could also be a source of favorable drought-related
phenotypes, such as increased osmotic adjustment (Gunasckera
et al, 2009). Accordingly, there have been atcempts o increase
genetic diversity by resynthesizing 8. mapus from B rapa and
B. vlevacea (Bennew etal, 2012; W eral, 2014). Addidonally,
there has been increased interest in introgressing loci controlling
phenotypic variation using hybrid bridges and the gencration of
new type #. wapus, wherein the entire A or C genome is replaced by
awild B. rapaor B. slevacea genome (Qian et al, 20006; Chen et al,
2011; Mei eral, 2011). Indeed, Mei ool (2015) demonserared
that the hybrid bridge approach successfully cransferred a pathogen
resistance QTL from wild B oferacea into B napws. This may be a
powerful approach if applied o introgressing drought tolerance
traits into canola crops by tapping into the vase diversity in dmugl‘n:
responses of different wild and cultivated Brassicaspecies (Richards
& Thurling, 1978ab; Kumar & Singh, 1998; Enjalbert etal,
2013). Therefore, it appears that, wgether, the diversity of the
B. napus gene pool and those of close relatives provide a promising
resource for furure selective breeding roward favorable drought
rolerance traits in canola crops. The challenge will be to select for
domestication traits and udapt:ztion w zgrrmomir_‘ management,
withour imposing the sorong bowdeneck thar occurred in the
original breeding of B napus. Emerging metheds in ficld-based
phenomics (Andrade-Sanchez et all, 2013) might allow breeding
programs to work with much larger populations, and minimize the
effect of drift and fixation of deleterious muracions.

V1. Conclusions/hurdles/perspectives

The availability of the B #apus genome has opened the door
computational as well as reverse genetic approaches that can inform
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serategies to improve droughe tolerance, such as analysis of
promoter motifs of drought-regulated penes, studies documenting
effects of copy number variation on drought wlerance, and warger
prediction for strtss-rl:guls.tr:d microRMNAs (Xie et al, 2007). Such
studies were not pessible with the limited genomic resources
previously available in chis species. The more complere picture of
gene models in B sapas also provides an opportunicy for cross-
species inference of droughe-regulated protein interaceomes (Yang
eral, 2012). Knowledge of the mechanisms of drought response
and resistance and cheir participating genes in other well-sudied
model species such as A, thaliama or crop species such as rice, maize,
whcal: E.I'I.d sc:l)«'bcan can h.‘ 'I.ISDd (<) Ill'.IFC]' para:"l:l rm:chaniﬁms il'l
canola craps, especially when orthologous gene models are present
in the canola species. Conversely, as the availabilicy and qualiy of
genome sequences and gene models of canola species imprave,
identification and subsequent manipulation of potential canola-
specific genes and stress rolerance mechanisms can be accelerared.

In parallel with the genomics breakthrough in canola crops,
linking phenome and genome has become urgent and indispens-
able to discover genes and traits contributing o canela droughe
tolerance. Genes related to drought tolerance in canola have been
discussed earlier. Favorable traits for enhanced droughe wlerance
include bur are not limited to: eraits to enhance the plane’s abilicy to
Dbtain Warer, ﬁ'l.l.ch as r(](]ting dl:pth, root ﬂ".'l'l Il(l:EI:I.]]":. warer
extraction capability, and ability w  withstand  delererious
(pathogenic) aspects, and capitlize on favorable aspects, of the
microbiome; traits for improved water conservation under druught
conditions, including osmoprotectant accumulation and opti-
mized concrol of guard cell density, drought/ ABA sensitivity and
stomatal response kinetics; and traies thacallow optimal plasticity in
Howering time in response to varying water availabiliy (Muller,
2009; Ashraf, 2010}

Progress in phenomics and genomics, together with outcomes
from other systems biology studies, as well as knowledge gained
me (]T]'IEI FPEEiES. \\'i]l dIIPETl urldcrs(snding (lftl'll: ml‘:l:hanism!
involved in drought response, adaptation, and wlerance, forming
the basis and direction for canola improvement through traditional
breeding or genetic engineering, Nowadays, genome manipulation
.lﬁ not limit::d o D\":l’l:xpfl:ﬁﬁiﬂg a Bl:ﬂ‘.‘ or rl:Prl:Esing ag{:m‘_‘ v"J'|l(]|.lg|'|
RMA interference rechnology (Table 1). Epigenetic modifications
and the CRISPR/Cas® system for targeted genome editing can also
be applied in genetic engineering of canola crops (Belhaj et al,
2015). Because B, papus is allopolyplaid, homeologs within
B. napus (homologs from B, rapa and B, elereces) can share high
sequence identity. CRISPR/Cas? genome editing has been
successfully applied o wrger owo loci simultaneously in the
Arabidopsis genome (Mao er af, 2013). Therefore, this system has
grear porendal for editing muldiple homeologs in the B. mapus
genome. Additonally, doubled haploid (IDH) lines as porential
canola \"ﬂli‘.“tiﬁ ha\'l: bl:‘.‘l'l d'_'\f:l(]pl:d w rEd'LlEE gt:m:tic Enmpll:.‘(il:y
and shoreen breeding dme for this crop (Kuéera eral, 2002). In
combination with the earier-mentioned genetic modification
seeategies, obaining DH lines (varieties) with enhanced droughe
mll:lal'll:l! can h(.' atﬂ:lﬂmtt'd.

It has been argued that, pardicularly for the phenomenon of
drought tolerance, the number of successful examples wherein
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eranslation of knowledge from laboratory studies (primarily on
A, thaliana) has resuleed in adoption of a new transgenic crop
cultivar, relative to the rotal number of srudies on drought tolerance
in, for example, A. thafiana, is disproportionately small (Passioura,
2007; Blum, 2014}, Reasons chat have been proffered for the low
success rate include the complex, polygenic nature of plant water
relations, imposition of unrealistic drought scenarios in A thaliana
growth chamber and glasshouse experiments, and the need w
identify transgenes chae will resulcin optimal plant performance in
nonstressed as well as stressed field conditions, that is, the need ©
avoid yield drag (Blum, 2014 and reference therein). While these
argurnl:r.lls ha.\"ﬁ VRI idit}', iE sl'lould ﬂLﬁD b: I'l(]tl:d d.'lat 'VI'I'IG.TI El'll: crop
o be manipulated is more closely related to A, thaliana, as is the
case for 8. mapns, the success rawe is likely o be proportionately
much higher. In addition, the value of the model plant A. thaliana
asa r:ﬁ:r:rl.cc gtnﬂmtcannnt hcnv:rsmrcd, QS'PCI',FCEtI}’ CIC‘JTIPIIFICd
by its use in che inidal annotation of the & Rapus genome
{Chalhoub et af, 2014).

Nevertheless, drought adapeation is highly polygenic and new
large-scale approaches that can be conducted dirceely in the crop
spccics of interest, inchlding bath -omics anﬂl}rscs and |:1lgc—sca|c
genetic studies of natural variation and genome-wide associacion,
signsl a new ora i]'l dmught n:n:arch. Wlll:l'l grl:at pcm:ntis] ﬂ]r
implementation via targered molecular breeding. As illustrared in
this review, current development of -omics and genetic rools and
datasets for B sapa is allowing its development as a model crop
species in it own right. This knowledge is enabling direct
(intraspecies) approaches 1o improve drought tolerance in
B. napus, as will become increasingly necessary for all major crop
species i we are to successfully combar the vagaries of climate
I'.'I'Iﬂl']g;l: ﬂﬂd pm\'idl: ﬁ]ﬂd, I:Lll':l. am:[ Sl'll:h‘.“f fD[ over Tli]'l.l: h'l“ion
people by 2050.
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Targeted knockdown of Clade A protein phosphatases (PP2Cs)
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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 (habl-1 abil-2, and habl-1 abil-3) had an ABA-
hypersensitive phenotype in growth assays and stomatal closure. The mutants also
showed reduced water consumption, but demonstrated decreased biomass and vyield
under non-drought conditions. Similar results were found for PP2C triple loss of function
mutants (habl1-1 abil-2 abi2-2 and hab1-1 abil-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.
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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%, chrCO1 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%, chrCO5 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;
Ludwikow et al., 2013), has not been identified in B. napus (Chalhoub et al., 2014;
Babula-Skowronska 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 RNAIi 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 RNAIi 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 pGCI1-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 pg/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



82

Acknowledgements
We thank Xuan Yao and Kede Liu at Huazhong Agricultural University for
performing the Brassica transformations.

REFERENCES

Babula-Skowronska, D., Ludwikéw, A., CieSla, A., Olejnik, A., Cegielska-Taras, T.,
Bartkowiak-Broda, I. and Sadowski, J. (2015) ‘Involvement of genes encoding
ABI1 protein phosphatases in the response of Brassica napus L. to drought
stress’, Plant Molecular Biology, 88(4-5), pp. 445-457. doi: 10.1007/s11103-015-
0334-x.

Bezanilla, M., Perroud, P.-F., Pan, A., Klueh, P. and Quatrano, R. S. (2005) ‘An RNAi
system in Physcomitrella patens with an internal marker for silencing allows for
rapid identification of loss of function phenotypes.’, Plant biology (Stuttgart,
Germany), 7(3), pp. 251-7. doi: 10.1055/s-2005-837597.

Bhaskara, G. B., Nguyen, T. T. and Verslues, P. E. (2012) ‘Unique drought resistance
functions of the highly ABA-induced clade A protein phosphatase 2Cs.’, Plant
physiology, 160(1), pp. 379-95. doi: 10.1104/pp.112.202408.

Bork, P., Brown, N. P., Hegyi, H. and Schultz, J. (1996) ‘The protein phosphatase 2C
(PP2C) superfamily: Detection of bacterial homologues’, Protein Science, 5, pp.
1421-1425.

Brandt, B., Brodsky, D. E., Xue, S., Negi, J., Iba, K., Kangasjarvi, J., Ghassemian, M.,
Stephan, A. B., Hu, H. and Schroeder, J. I. (2012) ‘Reconstitution of abscisic acid
activation of SLAC1 anion channel by CPK6 and OST1 kinases and branched ABI1
PP2C phosphatase action.’, Proceedings of the National Academy of Sciences of
the United States of America, 109(26), pp. 10593-8. doi:
10.1073/pnas.1116590109.

Brandt, B., Munemasa, S., Wang, C., Nguyen, D., Yong, T., Yang, P. G., Poretsky, E.,
Belknap, T. F.,, Waadt, R., Aleman, F. and Schroeder, J. I. (2015) ‘Calcium
specificity signaling mechanisms in abscisic acid signal transduction in
Arabidopsis guard cells’, eLife, 4(JULY 2015), pp. 1-25. doi: 10.7554/eLife.03599.

Chalhoub, B., Denoeud, F., Liu, S., Parkin, I. A. P.,, Tang, H., Wang, X., Chiquet, J.,
Belcram, H., Tong, C., Samans, B., Correa, M., Da Silva, C., Just, J., Falentin, C.,
Koh, C. S., Le Clainche, I., Bernard, M., Bento, P., Noel, B., Labadie, K., Alberti, A.,
Charles, M., Arnaud, D., Guo, H., Daviaud, C., Alamery, S., Jabbari, K., Zhao, M.,
Edger, P. P., Chelaifa, H., Tack, D., Lassalle, G., Mestiri, I., Schnel, N., Le Paslier,



83

M.-C., Fan, G., Renault, V., Bayer, P. E., Golicz, A. A., Manoli, S., Lee, T.-H., Thi, V.
H. D., Chalabi, S., Hu, Q., Fan, C., Tollenaere, R., Lu, Y., Battail, C., Shen, J.,
Sidebottom, C. H. D., Wang, X., Canaguier, A., Chauveau, A., Berard, A., Deniot,
G., Guan, M,, Liu, Z., Sun, F., Lim, Y. P, Lyons, E., Town, C. D., Bancroft, I., Wang,
X., Meng, J., Ma, J., Pires, J. C., King, G. J., Brunel, D., Delourme, R., Renard, M.,
Aury, J.-M., Adams, K. L., Batley, J., Snowdon, R. J., Tost, J., Edwards, D., Zhou, Y.,
Hua, W., Sharpe, A. G., Paterson, A. H., Guan, C. and Wincker, P. (2014) ‘Early
allopolyploid evolution in the post-Neolithic Brassica napus oilseed genome’,
Science, 345(6199), pp. 950-953. doi: 10.1126/science.1253435.

Cheng, F., Liu, S., Wu, J., Fang, L., Sun, S,, Liu, B., Li, P., Hua, W. and Wang, X. (2011)
‘BRAD, the genetics and genomics database for Brassica plants.”, BMC Plant
Biology. BioMed Central Ltd, 11(1), pp. 136-142. doi: 10.1186/1471-2229-11-
136.

Cheng, F., Sun, R., Hou, X., Zheng, H., Zhang, F., Zhang, Y., Liu, B., Liang, J., Zhuang, M.,
Liu, Y., Liu, D., Wang, X,, Li, P., Liu, Y., Lin, K., Bucher, J., Zhang, N., Wang, Y.,
Wang, H., Deng, J., Liao, Y., Wei, K., Zhang, X., Fu, L., Hu, Y., Liu, J., Cai, C., Zhang,
S., Zhang, S., Li, F., Zhang, H., Zhang, J., Guo, N., Liu, Z., Liu, J., Sun, C., Ma, Y.,
Zhang, H., Cui, Y., Freeling, M. R., Borm, T., Bonnema, G., Wu, J. and Wang, X.
(2016) ‘Subgenome parallel selection is associated with morphotype
diversification and convergent crop domestication in Brassica rapa and Brassica
oleracea’, Nature Genetics, 48(10), pp. 1218-1224. doi: 10.1038/ng.3634.

Clough, S. J. and Bent, A. F. (1998) ‘Floral dip: A simplified method for Agrobacterium-
mediated transformation of Arabidopsis thaliana’, Plant Journal, 16(6), pp. 735—
743. doi: 10.1046/j.1365-313X.1998.00343.x.

Cutler, S. R., Rodriguez, P. L., Finkelstein, R. R. and Abrams, S. R. (2010) ‘Abscisic acid:
emergence of a core signaling network’, Annual Reviews of Plant Biology, 61, pp.
651-679.

Edwards, K., Johnstone, C. and Thompson, C. (1991) ‘A simple and rapid method for the
preparation of plant genomic DNA for PCR analysis.”, Nucleic acids research,
19(6), p. 1349.

Fujii, H., Chinnusamy, V., Rodrigues, A., Rubio, S., Antoni, R., Park, S.-Y., Cutler, S. R,,
Sheen, J., Rodriguez, P. L. and Zhu, J.-K. (2009) ‘In vitro reconstitution of an
abscisic acid signalling pathway.’, Nature. Nature Publishing Group, 462(7273),
pp. 660-4. doi: 10.1038/nature08599.

Fujii, H. and Zhu, J.-K. (2012) ‘Osmotic stress signaling via protein kinases.’, Cellular and
molecular life sciences: CMLS, 69(19), pp. 3165-73. doi: 10.1007/s00018-012-
1087-1.



84

Hubbard, K. E., Nishimura, N., Hitomi, K., Getzoff, E. D. and Schroeder, J. I. (2010) ‘Early
abscisic acid signal transduction mechanisms: newly discovered components and
newly emerging questions.”, Genes & development, 24(16), pp. 1695-708. doi:
10.1101/gad.1953910.

Ishitani, M., Xiong, L., Stevenson, B. and Zhu, J. K. (1997) ‘Genetic analysis of osmotic
and cold stress signal transduction in Arabidopsis: interactions and convergence
of abscisic acid-dependent and abscisic acid-independent pathways.’, The Plant
cell, 9(11), pp. 1935-49. doi: 10.1105/tpc.9.11.1935.

Joshi-Saha, A., Valon, C. and Leung, J. (2011) ‘A brand new START: abscisic acid
perception and transduction in the guard cell.’, Science signaling, 4(201), p. re4.
doi: 10.1126/scisignal.2002164.

Kearse, M., Moir, R., Wilson, A., Stones-Havas, S., Cheung, M., Sturrock, S., Buxton, S.,
Cooper, A., Markowitz, S., Duran, C., Thierer, T., Ashton, B., Meintjes, P. and
Drummond, A. (2012) ‘Geneious Basic: An integrated and extendable desktop
software platform for the organization and analysis of sequence data’,
Bioinformatics, 28(12), pp. 1647—-1649. doi: 10.1093/bioinformatics/bts199.

Kerk, D. (2002) ‘The Complement of Protein Phosphatase Catalytic Subunits Encoded in
the Genome of Arabidopsis’, Plant Physiology, 129(2), pp. 908-925. doi:
10.1104/pp.004002.

Kerschen, A., Napoli, C. A., Jorgensen, R. A. and Miller, A. E. (2004) ‘Effectiveness of
RNA interference in transgenic plants’, FEBS Letters, 566(1-3), pp. 223-228. doi:
10.1016/j.febslet.2004.04.043.

Klingler, J. P., Batelli, G. and Zhu, J.-K. (2010) ‘ABA receptors: the START of a new
paradigm in phytohormone signalling.’, Journal of experimental botany, 61(12),
pp. 3199-210. doi: 10.1093/jxb/erq151.

Ludwikow, A., Babula-Skowroniska, D., Szczepaniak, M., Belter, N., Dominiak, E. and
Sadowski, J. (2013) ‘Expression profiles and genomic organisation of group A
protein phosphatase 2C genes in Brassica oleracea’, Annals of Applied Biology,
163, pp. 124-134. doi: 10.1111/aab.12039.

Melcher, K., Ng, L.-M., Zhou, X. E., Soon, F.-F., Xu, Y., Suino-Powell, K. M., Park, S.-Y.,
Weiner, J. J., Fujii, H., Chinnusamy, V., Kovach, A,, Li, J., Wang, Y., Li, J., Peterson,
F.C., Jensen, D.R,, Yong, E.-L., Volkman, B. F., Cutler, S. R., Zhu, J.-K. and Xu, H. E.
(2009) ‘A gate-latch-lock mechanism for hormone signalling by abscisic acid
receptors.’, Nature. Nature Publishing Group, 462(7273), pp. 602-8. doi:
10.1038/nature08613.



85

Miyazono, K., Miyakawa, T., Sawano, Y., Kubota, K., Kang, H.-J., Asano, A., Miyauchi, Y.,
Takahashi, M., Zhi, Y., Fujita, Y., Yoshida, T., Kodaira, K.-S., Yamaguchi-Shinozaki,
K. and Tanokura, M. (2009) ‘Structural basis of abscisic acid signalling’, Nature.
Nature Publishing Group, 462(7273), pp. 609—614. doi: 10.1038/nature08583.

Munemasa, S., Hauser, F., Park, J.,, Waadt, R., Brandt, B. and Schroeder, J. |. (2015)
‘Mechanisms of abscisic acid-mediated control of stomatal aperture’, Current
Opinion in Plant Biology. doi: 10.1016/j.pbi.2015.10.010.

Park, S., Fung, P., Nishimura, N., Jensen, D. R., Fujii, H., Zhao, Y., Lumba, S., Santiago, J.,
Rodrigues, A., Chow, T. F., Alfred, S. E., Bonetta, D., Finkelstein, R., Provart, N. J.,
Desveaux, D., Rodriguez, P. L., Mccourt, P., Zhu, J., Schroeder, J. I., Volkman, B. F.
and Cutler, S. R. (2009) ‘Abscisic Acid Inhibits Type 2C Protein Phosphatases via
the PYR/PYL Family of START Proteins’, Science, 324(April), pp. 1068-1071.

Rodriguez, P. L. (1998) ‘Protein phosphatase 2C (PP2C) function in higher plants’, Plant
Molecular Biology, 38(6), pp. 919-927. doi: 10.1023/A:1006054607850.

Rubio, S., Rodrigues, A., Saez, A., Dizon, M. B, Galle, A., Kim, T.-H., Santiago, J., Flexas, J.,
Schroeder, J. I. and Rodriguez, P. L. (2009) ‘Triple loss of function of protein
phosphatases type 2C leads to partial constitutive response to endogenous
abscisic  acid.’,  Plant  physiology, @ 150(3), pp. 1345-55.  doi:
10.1104/pp.109.137174.

Saez, A., Robert, N., Maktabi, M. H., Schroeder, J. |., Serrano, R. and Rodriguez, P. L.
(2006) ‘Enhancement of abscisic acid sensitivity and reduction of water
consumption in Arabidopsis by combined inactivation of the Protein
Phosphatases Type 2C ABI1’, Plant Physiology, 141(August), pp. 1389-1399. doi:
10.1104/pp.106.081018.ulation.

Schweighofer, A., Hirt, H. and Meskiene, I. (2004) ‘Plant PP2C phosphatases: emerging
functions in stress signaling.’, Trends in plant science, 9(5), pp. 236—43. doi:
10.1016/j.tplants.2004.03.007.

Smedley, M. A. and Harwood, W. A. (2014) ‘Gateway-compatible plant transformation
vectors’, in Agrobacterium Protocols: Third Edition, pp. 1-368. doi: 10.1007/978-
1-4939-1695-5.

Umezawa, T., Sugiyama, N., Takahashi, F., Anderson, J. C., Ishihama, Y., Peck, S. C. and
Shinozaki, K. (2013) ‘Genetics and phosphoproteomics reveal a protein
phosphorylation network in the abscisic acid signaling pathway in Arabidopsis
thaliana’, Science Signaling, 6(270), p. rs8-rs8. doi: 10.1126/scisignal.2003509.



Wang,

Wang,

86

J., Lydiate, D. J., Parkin, I. a P., Falentin, C., Delourme, R., Carion, P. W. C. and

King, G. J. (2011) ‘Integration of linkage maps for the Amphidiploid Brassica
napus and comparative mapping with Arabidopsis and Brassica rapa.’, BMC
genomics. BioMed Central Ltd, 12(1), p. 101. doi: 10.1186/1471-2164-12-101.

X., Wang, H., Wang, J., Sun, R., Wu, J., Liu, S., Bai, Y., Mun, J.-H., Bancroft, 1.,
Cheng, F., Huang, S., Li, X., Hua, W., Wang, J., Wang, X., Freeling, M., Pires, J. C.,
Paterson, A. H., Chalhoub, B., Wang, B., Hayward, A., Sharpe, A. G., Park, B.-S.,
Weisshaar, B., Liu, B., Li, B,, Liu, B., Tong, C., Song, C., Duran, C., Peng, C., Geng,
C., Koh, C, Lin, C.,, Edwards, D., Mu, D., Shen, D., Soumpourou, E., Li, F., Fraser,
F., Conant, G., Lassalle, G., King, G. J., Bonnema, G., Tang, H., Wang, H., Belcram,
H., Zhou, H., Hirakawa, H., Abe, H., Guo, H., Wang, H., Jin, H., Parkin, I. a P,,
Batley, J., Kim, J.-S., Just, J., Li, J., Xu, J., Deng, J., Kim, J. a, Li, J., Yu, J., Meng, J.,
Wang, J., Min, J., Poulain, J., Hatakeyama, K., Wu, K., Wang, L., Fang, L., Trick, M.,
Links, M. G., Zhao, M., Jin, M., Ramchiary, N., Drou, N., Berkman, P. J., Cai, Q.,
Huang, Q., Li, R.,, Tabata, S., Cheng, S., Zhang, S., Zhang, S., Huang, S., Sato, S,,
Sun, S., Kwon, S.-J., Choi, S.-R., Lee, T.-H., Fan, W., Zhao, X., Tan, X, Xu, X., Wang,
Y, Qiy, Y, Yin, Y, Li, Y., Du, Y, Liao, Y., Lim, Y., Narusaka, Y., Wang, Y., Wang, Z.,
Li, Z., Wang, Z., Xiong, Z. and Zhang, Z. (2011) ‘The genome of the mesopolyploid
crop species Brassica rapa., Nature genetics, 43(10), pp. 1035-9. doi:
10.1038/ng.919.

Yang, Y., Costa, A., Leonhardt, N., Siegel, R. S. and Schroeder, J. I. (2008) ‘Isolation of a

strong Arabidopsis guard cell promoter and its potential as a research tool.,
Plant methods, 4, p. 6. doi: 10.1186/1746-4811-4-6.

Yao, X., Wang, Y., Yue, X,, Liu, M. and Liu, K. (2016) ‘Generation of tribenuron-methyl

Yin, P.,

herbicide-resistant OsCYP81A6-expressing rapeseed (Brassica napus L.) plants for
hybrid seed production using chemical-induced male sterility’, Plant Breeding,
135(3), pp. 349-354. doi: 10.1111/pbr.12361.

Fan, H., Hao, Q., Yuan, X., Wu, D., Pang, Y., Yan, C,, Li, W., Wang, J. and Yan, N.
(2009) ‘Structural insights into the mechanism of abscisic acid signaling by PYL
proteins.”, Nature structural & molecular biology, 16(12), pp. 1230-6. doi:
10.1038/nsmb.1730.



87

1I] 5[I B0 7o 80
Consensus ) "l-}-}!;[-}l%_i-ﬂ?aeslf o {-}Eli-w-}ls-':'{-}-f - - g EEc BTc TETEG ¢ Bc BTEEC: Be ¢ TTSETEENs Te
Sequence Logo ;7 AGA..-GAATGGAA Tocovas.Tles

ID 20 29 SE 55 85 75
RMAI target -;-;E-EI;—;.SE-— - G H NG ¢ Hc B o - - —G-;_;l‘z'_;_

BnABI chrAD1 TTGTHC: s Ts TGECTTCG BTCTS To a6
BnABI chrC01 iiueliy [elefediielive] shilidole] Lusluchielele] |

BnABI2 chrA10 TTGTHC: s B ToECTTOs BTCTs O o Bl

BnHAB1 chrAD7 CTCTsGosElCGs TTTCG BT TCER: - TH- - BTE: ETCTS
BnHAB1 chrC06 EECss T TH: CTHCG COG Cs TTET TG BT s Ts ETCES
BnPP2CA chrADS NG ENEC:EEECBEC IEGC I s 56 d E
BnPP2CAchrC05  HEGCERE: NG BEC TG C s W

80 100 10
Consensus S - T TG I B
Sequence Logo ©- T o .
P S S —
E 93 1DE 107 12 1:{2 128 138 148

RINAI targat

EnABI1 chrAd1
EnABI1 chrCO1
EnABI2 chrAt0
EnHAE1 chrAl7
EnHAE1 chrC06
EnFP2CA chrAlS
EnFP2CA chrCOs

180 190 "00 "10 23 240 250
Consensus -}G-EGI;E_;EI‘;GISG_E-EI}I;I}————G-‘;_EG-‘;-E ————— & HG s Hc BTG Tic B
Sequence Logo £2] A CACGGswG. TeTCA. 6. Glosell A TOsaGa0AcnG. . . o TOCAT. TG Tt —. ... £6G0AGAT -G Girn
TR Gl T e T — - e o —— R 0 — R

153 181 B 17 E WEE 194 2I]4 le1 21.9
RMAI target -;G-;GI;G_;G-;I;_;-;I;I;I; - - - - EETCENETCC N - - - - - [ed efed ) L ed e

EnABI1 chradi =le ==l -GG Hc BTT: B
EnABI1 chrCO1 =BG
EnABI2 chra10
EnHAE1 chrAl7
EnHAE1 chrC06
EnPP2CA chrAlS
EnFP2CA chrCis

260 270 280 260 300 30 320
Consensus 6T il 6 BT ¢ M BT e B NG e MEwE- - Ti- e B- ¢ & Bl ¢l Bl 16 & T MiTc BTG il B Tes TRmeT - - -
Sequence Log Qeclical.. T TUsAAAUTGARAS . siasin._x Tm Ji A = coalalie. AaxT i r,
235 240 288 27 280

RINAi targst

EnABI1 chradi
EnABI1 chrCO1
EnABI2 chra10
EnHAE1 chrAl7
EnHAE1 chrC06
EnFPP2CA chrAlS TTE:CCEG
BnPP2CA chrCOs -;E-;-;GI;GI;I;G-;EI;E-; - - E.E-}-EGE-E-;_-E-}G-;-;‘-;‘.— e
380 380 70 380 300 410 a0

Consensus - - - - GECESISISEET- - - - - - - - -~ PG CICEREIEGE - - - - - —— - — T — T~ - Il - — — TR~ T -
Sequence Logo - JAGTCS0. P i i T cianrri e T e s
e

G- GG G N ElC TG G mml;-;__”_

3112

RMAI target
BnABI1 chrall
BnABI1 chrCO1
BnABIZ chra10 = _
BnHAB1 chrAl7 ————-}-;-;GI;I;————-;-;G-;‘-EG-SI;-;-}-;-;‘;GEG_;-;I; TTCTTS
BnHAB1 chrC06 -;_-;-;‘I;—;‘-E-Sl?-;l;e‘l;i;_;-:ii;_;-}-s-;-;-
BnPP2CA chrAls - - - - - -------- - G 06 Bc 6 Ec M- TEG ¢ Bc U6 Tc Bl Bc OTEc Tc Tlc BT O BETTC THc T-
BnPP2CA chrCs ————GI;— ———————— BTG T B - Ec B Tl ¢ Be Oc Tc Blc B: OTEc Tc Tl BT: B BNTTC Tlc T

430 460 460 4?0 480 400 500 510
Consensus ) ————m‘l—-;Ismsm-;-ssr_r-ssmsmsm-s-s—_sm—slssl;
Sequence Log ke pien AcaC. 0T (G TC.AC 5C. 0TaGT. .Coxs] .OTar. . CCG e AT T 0T _CTAACTGO0G..G

323 35I] EGD EED EDD

RMAi target EB-;GE-E-%EG_;-}G-S-S-S-;IS_;—}-;IS-SISGl%
BnABI1 chrani -z OGO BT T T oG TCEECG PO TeE T T O TR TTTTCCCCRHC TCETRT CTT T THG CTREC T O & T
BnABI1 chrC01 -MCz O OO BT T o TCEHACG IO Tea TP OO T T TTTTICCCCHC TCETET CTT T THG CTHEC T TG & T

EnABI2 chra10 I 4
BnHAB1 chrAd7 G - BT [T SETET: e BET: TR ¢ BTCRNCR: 0T Ic ¢ ITc DTTNG: ¢ IITC ITENTCRCETTING 0cc ITTETENETC B G I
BnHAB1 chrC06 -}G‘-}I;-;-}Gm.;[-}GI;_-}I;GI;GI-}-;_;G_;G_;-;GI;-;G‘;

BnPP2CA chrA0s - CTCCTCE: T CeECG COe oG AT CCECCG OO TG TG TCOG TG TCHCG COoc Bc ARG AT CG TOG TC TC TAEC TG OG G HG
BEnPP2CAchrC0s - - - - EEDETEEC T S Bic 0Ec TEc - BTSN S IEc Ic oS Dlc IENS: 00 ¢ Be lc BiEc DEc DETSTENeT: 8 ¢ Be

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).
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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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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 CO, controlled stomatal movements (Hu et al.,
2010) were tested over an extended drought and recovery regimen. Col-0, carbonic
anhydrase double knockout mutants (calca4) and ostl-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 calca4 double carbonic

anhydrase knockout had a significantly lower temperature than the Col-0 control (Figure
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C3.A). Over the length of the treatment, the differences in average temperature
increased over most lines with the calca4 knockout maintaining a lower average
temperature as compared to the Col-0 control (C3.B). The calca4 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 %:-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 pmol m s* 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 % 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 pmol m? s?
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
Examinlr 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 O, 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 calca4 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.



102

0.4

o
w
1
—

Weight (g)
o
NS
1

o
[
1

0.4

o

w
1
—

0.03 9

0.02 4

Weight (g)

0.019

Weight (g)
o o
- N
1 1
|_¢
|_.
|_¢
—
| | |
|_¢

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.



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
guantitative 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 CO; uptake or
fixation. ldentification 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 CO,. 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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guantify 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.





