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In Canada, the world’s top exporter of high-protein durum, varietal development over

its nearly six-decade history has been driven by a quest for yield improvement without

compromise on grain protein content and other quality aspects. Pelissier, a landrace

selection from Algeria that was introduced into North America more than a century

ago and the variety Strongfield that was released in 2004 are notable. Pelissier, known

to elaborate more roots and considered as drought tolerant, has been cultivated

commercially and thus deemed adapted. Strongfield has Pelissier in its pedigree, and it

remains a high-acreage variety. Strongfield was found to elaborate only about half of the

root biomass of Pelissier at maturity in greenhouse trials under well-watered conditions.

Extended drought stress caused a significant reduction in the root biomass of both lines.

However, Pelissier under drought maintained at least as much root biomass as that of

Strongfield under well-watered conditions. In comparison to Pelissier, it had a superior

photosynthesis rate (27.16µmol CO2 m−2 s−1), capacity for carboxylation (Vcmax:

132.83µmol CO2 m−2 s−1) and electron transport/ribulose-1,5–bisphosphate (RuBP)

regeneration (Jmax: 265.40µmol CO2 m−2 s−1); the corresponding values for Pelissier

were 19.62µmol CO2 m−2 s−1, 91.87µmol CO2 m−2 s−1, and 163.83µmol CO2

m−2 s−1, respectively, under well-watered conditions. Under short-term/mild drought

conditions, the carbon assimilation rate remained stable in Pelissier while it declined in

Strongfield to the Pelissier level. However, Strongfield succumbed to extended drought

sooner than Pelissier. Photosynthesis in Strongfield but not Pelissier was found to

be sensitive to high temperature stress. These results provide encouraging prospects

for further exploitation of beneficial physiological traits from Pelissier in constructing

climate-resilient, agronomically favorable wheat ideotypes.
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INTRODUCTION

The rate of yield increase in wheat is ∼0.9% and it is insufficient
to double the food production that is required to feed a
burgeoning global population (Reynolds et al., 2012; Ray et al.,
2013). Yield reduction due to environmental stresses such
as drought and heat worsens the problem (Daryanto et al.,
2016). Climate change models project increased warming and
alterations in precipitation extremes (Maloney et al., 2014).
Rising temperature will cause greater loss in wheat productivity
in regions that are already low-yielding (Asseng et al., 2017). The
estimated average loss is 6.0 ± 2.9% per degree Celsius (Zhao
et al., 2017). In Canada, numerous years of widespread moisture
deficit have been reported (Marchildon et al., 2008, 2009) and “an
impending water crisis” in western Canada, where much of the
country’s wheat is produced, has also been predicted (Schindler
and Donahue, 2006). Factors such as these will greatly impact
yield and food security (Curtis and Halford, 2014; Yusa et al.,
2015).

Durum wheat, which originated in the Eastern Mediterranean
region and is cultivated in rainfed regions of the world that
are prone to drought and heat stress, is considered to be
less sensitive to abiotic stress than bread wheat (Monneveux
et al., 2012). However, a recent study indicates that durum
performs poorly under stressful conditions when compared
with bread wheat (Marti and Slafer, 2014), indicating that
addition of drought tolerance traits to durum is important.
Global consumption of durum flour products such as pasta
and couscous has risen and over 14 million tons of pasta were
produced in 2014 (http://www.internationalpasta.org/resources/
World%20Pasta%20Industry%20Survey/IPOstatreport2014low.
pdf). Canada contributes approximately 40% of world durum
export (http://atlas.media.mit.edu/en/profile/sitc/0411/), and
nearly all of it is cultivated in the semi-arid regions of the prairies.
The history of durum cultivation and breeding in Canada is
relatively recent, and ongoing varietal development is under
stringent requirement for maintenance of grain quality, yield
and agronomy. Initially, varieties from other countries such as
the USA, Russia, Algeria and South Africa were grown (Knott,
1995; Dexter, 2008; McCallum and Depauw, 2008; Clarke et al.,
2010). Pelissier, a century-old Algerian selection from a landrace
(Clark et al., 1922) that offered much superior gluten strength,
was brought in via the northern plains of the US to supply grain
for pasta production (Dexter, 2008). Pelissier, however, had a
high lipoxygenase content that broke down the yellow pigment
(Knott, 1995) and it was supplanted by other varieties yielding
yellow flour, a feature that was preferred in pasta. Durum
accumulates cadmium in the grains (Zook et al., 1970; Hart et al.,
1998), raising concerns as the export markets became sensitive
to potential toxic effects of cadmium in their food (EFSA,
2009). Strongfield was registered in 2004 (Clarke et al., 2005)
as the first Canadian durum cultivar with a low grain cadmium
content while retaining the high protein trait, better flour color
and excellent agronomic characteristics (Dexter, 2008). Within
2 years, it became the largest commercial durum variety in
Western Canada (Canadian Wheat Board statistics via Canadian
Grain Commission) and retained this position through 2015,

and in 2016 the combined acreage of Strongfield with another
closely related variety was at 46% of the 4.32 million acres
(http://www.grainscanada.gc.ca/statistics-statistiques/variety-
variete/varieties-en.htm). Many current varieties also include
Strongfield in their pedigree, thus highlighting the importance of
this variety.

In terms of developing drought tolerant wheat for Canadian
agriculture, there were early efforts, starting with the work of
Aamodt and coworkers in the 1930s (Aamodt, 1935; Aamodt
and Johnston, 1936). Pelissier had been included in these
comparisons and was identified as one elaborating more roots
than drought sensitive lines. Hurd (1964) confirmed the robust
root system of Pelissier and used it as a parent to introgress
the trait in varietal development (Hurd et al., 1972, 1973). Field
studies demonstrated that under drought stress Pelissier had the
lowest reduction in yield and the lowest drought susceptibility
index among the genotypes assessed (Gebeyehou and Knott,
1983). Pelissier is known to retain leaf water content which is
also a contributing factor to its drought tolerance (Dedio, 1975;
Clarke and McCaig, 1982). Hurd (1974) pointed out that to
breed for drought resistance breeders should select, in addition to
extensive roots systems especially at lower soil depth, sustainable
photosynthesis under stress.

Sustained photosynthesis is central to plant growth,
development and productivity. Water stress can diminish
photosynthesis in a number of ways: for example, reduction
in the leaf area; stomatal closure; ultrastructural changes
to chloroplasts; lower leaf water content; poor electron
transport and photosynthetic reactions (Dubey, 2005). High
photosynthetic efficiency is important for yield and research
is underway to achieve this in wheat (Parry et al., 2011) and
the prospects are optimistic (Long et al., 2006; Driever et al.,
2014). Enhanced photosynthetic efficiency could also prove
to be of greater importance under stress conditions (Araus
et al., 2002; Reynolds et al., 2016). For example, Reynolds et al.
(2000) and Gutiérrez-Rodríguez et al. (2000) demonstrated a
positive correlation between yield and higher photosynthetic
rate in warm environmental conditions. Cultivars that are able to
maintain photosynthetic capacity under stress conditions are an
important addition to breeding programs.

Strongfield is a typical representative of modern durum
cultivars of premium quality grain and it is considered
well adapted to the prairies (Bueckert and Clarke, 2013).
However, there has been no information on the physiological
and genetic underpinnings in Strongfield that contribute
to its performance nor additional physiological traits that
would be beneficial for productivity under drought and
heat stress. The publically available whole genome sequence
assembly of Strongfield (https://wheat-urgi.versailles.inra.fr/Seq-
Repository/Assemblies) can be utilized effectively by genomics-
based approaches only if the phenotypic attributes are also
characterized. The objective of this study is to compare the
root traits and photosynthesis efficiency of Strongfield with
Pelissier toward a goal of deploying genomics technologies to
derive superior combinations of stress tolerance traits. Pelissier
is particularly well suited for such a comparison: It is a drought
tolerant variety that has indeed been cultivated to a significant
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extent till the late 1980s in Canada and it is a distant parent with
multiple occurrences in the pedigree of Strongfield (McCallum
and Depauw, 2008).

MATERIALS AND METHODS

Varieties
Strongfield and Pelissier seeds were kindly provided
by Agriculture and Agri-Food Canada, Swift Current,
Saskatchewan, Canada.

Plant Growth–Greenhouse
We had compared development of the root system of these
two varieties in many ways. We used field soil or soil-less
growth mix in standard 15 cm pots and plastic tubes, and
custom-made acrylic slabs of various dimensions and eventually
chose to use Sunshine Mix #8 (Sun Gro Horticulture, AB,
Canada) in PVC tubes (120 × 7.5 cm; root tubes) and acrylic
slabs (2.5 × 20 × 40 cm; referred to as root boxes or slabs)
in order to have a better control over applying a suitable
drought regimen and to better analyze root biomass. The
slab faces were covered to prevent light exposure to the
roots. This soil-less media will be referred to as “soil” and it
was supplemented with 2 grams of Osmocote 14-14-14 slow
release fertilizer in slabs and 4 grams in tubes. Plants were
grown in a greenhouse at 25/22◦C (day/night) and 16 h/8 h
(light/dark) with natural lighting supplemented when levels
reached <300µmol m−2 s−1. When plants reached booting
(Zadoks stage 45) half of the plants were subjected to drought
stress (target of 25% holding capacity). Control (well-watered)
plants were maintained at a target of 95% holding capacity. All
plants were weighed and watered twice per week to the target
levels of water holding capacity with the exceptions noted in
Results.

Plant Growth–Field
Seeds were sown in single row plots in three locations:
Agriculture and Agri-Food Canada fields in Saskatoon,
Saskatchewan (N 52◦9′, W 106◦ 34′; Site 1, 2016), AgQuest
Saskatoon (52◦ 7′ 41′′, W 106◦ 50′ 52′′; Site 2, 2016) and AgQuest
Saskatoon (N 52◦ 7′ 20.1′′, W 106◦ 50′ 13.7′′; Site 3, 2017).
Fourteen rows of each line were planted and weeded as required
throughout the growing season. Growing degree days (GDD)
from seedling emergence date as the start point was derived
from ((Tmax+Tmin)/2)−Tbase where Tmax and Tmin represent
the maximum and minimum temperature reached each day and
Tbase as 10

◦C.

Photosynthesis Measurements
Carbon assimilation was measured using an LI-6800
photosynthesis system (LI-COR Inc., Lincoln, NB). The chamber
was set to 400 ppm CO2 and a light intensity of 1,000µmol m−2

s−1. Single point measurements were performed on a minimum
of 4 plants per treatment per line in the greenhouse and on
all 14 replicates of each line in the field at two time points.
In early experiments, to determine the response to drought,

the measurements were made 14–21 days after drought onset
(Zadoks stage 64–69). Well-watered plants were assessed at
matching stages on each day of measurements. In the time-
course experiments, plants were maintained at 95% holding
capacity until booting (Zadoks stage 45) at which point plants
slated for drought stress were left to reach the new target of 25%
holding capacity; watering was continued in the well-watered
slabs to maintain holding capacity at 95%. On Day 0, all
plants were weighed and watered to ensure calibration at the
appropriate initial holding capacity. Control measurements (Day
0) were performed on plants at their target holding capacity,
2–4 h post watering. Measurements were on alternate days with
watering being withheld until the endpoint was reached. The
endpoint was determined by assessment of plant health and
water status.

The effect of heat in the greenhouse was assessed by setting the
block temperature on the LI-6800 to 25◦C (control) or 38◦ (heat
stress) and equilibrating leaves for 20min at this temperature.
This resulted in flag leaf temperatures of 25 and 35◦C respectively
as the leaves stabilized below the set block temperature for heat
stress. Measurements were made on 4 plants per variety for each
water status. These were repeated on two independent days for
confirmation; the results from the first replication are shown.

Light curves were conducted under control (25◦C) and
heat stressed (32 and 35◦C; leaf temperature) conditions in
well-watered plants to determine the effect on maximum
photosynthetic assimilation (Amax); each time point was held for
90 to 180 s to achieve stability, CO2 was set to 400 ppm and light
intensities were increased incrementally from 0 to 2,500µmol
m−2 s−1. Curves from 4 plants of each variety were analyzed
using the R script provided byHeberling (2013). CO2 curves were
conducted under control (25◦C well-watered) conditions with
light intensity of 1,500µmol m−2 s−1; each step was held for
90 to 240 s for stability. Vcmax and Jmax values were determined
from 3 plants of each variety using the R package Plantecophys
(Duursma, 2015).

Field Heat Stress Conditions
Site 1: No-stress photosynthesis measurements refer to data
on July 15th, 2016 (111.6mm total precipitation, 411 GDD)
when the average maximum temperature was 23.5◦C over the
preceding 7 days; photosynthesis under stress was assayed on
July 26th, 2016 (121.4mm total precipitation, 512 GDD) after
the preceding 7 days had an average maximum temperature
of 27.3◦C. Fourteen plots per variety were measured on each
date. Site 2: Measurements were performed on July 29th,
2016 (115.7mm total precipitation and 491 GDD). The mean
maximum temperature 7 days prior to measurements was
26.9◦C. Site 3: Measurements were performed on July 14th,
2017 (42.6mm total precipitation and 390 GDD). The average
maximum temperature 7 days prior to these measurements was
26.8◦C. Measurements were repeated on July 31st, 2017 (60mm
total precipitation and 567 GDD) with an average maximum
temperature of 29.0◦C the 7 days prior to data collection. Note,
the comparison was for a given location and not across because
of differences in GDD and temperature.
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Root Biomass
Three weeks following the onset of drought (following the
collection of all physiological data) the roots were scanned to
visualize architecture then were harvested to determine total
root biomass. The roots were washed with water and rinsed
thoroughly to remove growing media. They were dried for 24 h
at 65◦C then weighed using a Mettler AE163 balance.

Data Analysis
One and two-way ANOVA and t-tests were performed using
GraphPad Prism software version 6 (La Jolla, CA). CO2 and
light curve data was analyzed using the R package Plantecophys
(Duursma, 2015) or the R script made available by Heberling
(2013).

RESULTS

Strongfield Lacks the Robust Root Trait of
Its Ancestor Pelissier
We assessed the root phenotype in plants in their grain-
filling stages or in fully senesced harvest-ready plants. While
the absolute values for the root biomass expressed on a per
plant basis varied between trials done at different seasons or
between root tubes and root boxes, the contrast between the two
lines was consistent within a given trial in all of these various
iterations: Strongfield produced significantly less root biomass

than Pelissier, regardless of the environmental conditions or the
growth container used (P. Ashe et al., unpublished results). A
representative experiment to illustrate the difference between the
two lines in root boxes is shown (Figures 1, 2). The dry weight of
Strongfield root at 0.67 g per plant was about half of the Pelissier
root under watered and drought conditions over 3 weeks. The
differences were significant in two-way ANOVA [main effect of
variety F(1, 11) = 52.36, p < 0.0001]. Under these milder drought
conditions over 3 weeks, the impact of drought on root biomass
within a given line was less obvious. Both lines lost significant
root biomass upon prolonged drought to maturity. However,
such droughted Pelissier was still able to maintain a root biomass
greater than or equal to the root biomass value of well-watered
Strongfield since it had nearly twice as much root biomass to
start with prior to drought onset. These results establish that the
robust root biomass trait of Pelissier had not been selected for in
Strongfield during the course of breeding.

Strongfield Shows Superior Carbon
Dioxide Assimilation in Unstressed
Conditions, but Pelissier Retains
Photosynthetic Capacity under Extended
Drought
As shown in Figure 3, measurements of photosynthesis
on the flag leaf of Strongfield and Pelissier demonstrated

FIGURE 1 | Root distribution of Strongfield and Pelissier under well-watered and drought stress conditions in root boxes as described in Methods. The original has

been digitally enhanced for brightness and contrast. Retrieved and washed roots of Strongfield and Pelissier are shown in the inset.
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significantly higher levels of carboxylation efficiency (Vcmax)
and electron transport rate (ETR)/enzymatic reactions involved
in regenerating ribulose-1,5–bisphosphate (RuBP) for the
Calvin-Benson cycle to operate. Strongfield had a Vcmax of
132.83µmol CO2 m

−2 s−1 and a Jmax of 265.40µmol CO2 m
−2

s−1. These values were significantly greater than the Vcmax of
Pelissier at 91.87µmol CO2 m

−2 s−1 (unpaired t-test, t = 8.780,
df = 4, p = 0.0009) and Jmax at 163.83µmol CO2 m−2 s−1

(unpaired t-test, t = 6.551, df = 4, p = 0.0028). Generally,
both Vcmax and Jmax scale together indicating coordination
of the underlying processes. The Jmax/Vcmax ratios were not
significantly different (2.00± 0.12 and 1.79± 0.15 in Strongfield
and Pelissier, respectively). The CO2 assimilation rates were
higher in Strongfield under the well-watered conditions of
a greenhouse or field environment without overt moisture
stress (Figure 4). Two-way ANOVA showed a significant effect

FIGURE 2 | Root biomass per plant in Strongfield and Pelissier plants at grain

filling stage on dry weight basis. Roots from 4 plants of each line in each

condition were harvested in grain filling period from root boxes 3 weeks after

the water holding capacity reached 25% (drought); the well-watered controls

were maintained at 95% capacity.

of variety [F(1, 18) = 31.28; p < 0.0001] but no significant
effect of environment. Under water stress conditions, however,
Strongfield showed a significant reduction in CO2 assimilation
rate whereas notably, Pelissier remained stable over 3 weeks
of drought (Figure 5). Two-way ANOVA shows a significant
interaction between treatment and variety [F(1, 9) = 12.80;
p < 0.01]. Under these drought stress conditions imposed in a
greenhouse, the assimilation rates in Strongfield and Pelissier
were similar.

To discern further differences between the two varieties, each
was subjected to moisture deficit from two starting points. The
plants had been maintained at 95% capacity by regular watering
until the initiation of booting (Zadoks stage 45). From this
baseline, watering was either continued to maintain 95% (well-
watered) or discontinued. The latter reached approximately 25%
holding capacity after 5 days at which point re-watering was done
to ensure all plants were at 25%. From this Day-0, watering was
withheld for 7 days in all cases. Pelissier withdrew water at a

FIGURE 4 | Carbon assimilation rate in Strongfield and Pelissier plants. The

flag leaf of well watered plants in greenhouse and plants without any obvious

symptoms of moisture stress in the field was assayed. A minimum of 4 plants

per line per environment were assessed.

FIGURE 3 | Vcmax and Jmax of Strongfield and Pelissier as determined from CO2 curves of 3 well-watered plants per variety.
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FIGURE 5 | Carbon assimilation rate in Strongfield and Pelissier subjected to

drought stress. Drought was imposed on plants grown in root tubes in a

greenhouse.

faster rate than Strongfield and nearly depleted it by Day 7 even
though both lines did not vary in their average tiller number of
3 (Table 1). In contrast, nearly half of the initial water supply
remained in the Strongfield boxes at Day 7. At Day 5, for instance,
69 to 80% of the initial “soil water” content had been taken
up from droughted and well-watered starting points of Pelissier
while only 35 to 39% had been withdrawn by Strongfield. The
evaporative loss was negligible because of the small surface-to-
volume ratio of the root boxes. The CO2 assimilation rate in
Strongfield declined significantly at Day 5 when the “soil water”
was at nearly 60% from a starting point of 95% (Figure 6A). In
contrast, the photosynthesis rate in Pelissier was stable till Day 5
even when the soil water had declined to 18%; this line showed
a significant reduction in its CO2 assimilation only when the soil
water content declined to <4% (Figure 6C), indicating stability
of its photosynthesis in drought conditions. Similar insensitivity
of Pelissier to extended drought was evident when soil water
declined from an initial value of 25 to 8% (Figure 6D) that
contrasted with the sensitivity of Strongfield that became evident
at 16% (Figure 6B). Note that at Day 7, Pelissier plants had
almost no soil water left when the decline in photosynthesis rate
became evident.

Carbon Dioxide Assimilation under Heat
Stress in Field Conditions Is Superior in
Pelissier
Under the environmental conditions in rented commercial
farms without irrigation, drought stress was inconsistent and
crops were at times exposed to periods of intense heat with
or without accompanying drought. Taking advantage of such
occurrences, as detailed in Methods, we assayed field-grown
plants for photosynthesis under “no-stress” and stress conditions.
Figure 7 shows the results of Site 1 where the measured leaf
temperature was 25.1◦C for the “no-stress” condition and 27.2◦C

TABLE 1 | Water content remaining in root boxes after withholding water.

Day 1 Day 3 Day 5 Day 7

Strongfield – 95% 87.65 ± 3.95 74.80 ± 12.53 58.70 ± 15.39 38.55 ± 9.69

Strongfield – 25% 19.68 ± 12.65 17.40 ± 14.65 16.25 ± 9.17 13.13 ± 13.70

Pelissier – 95% 74.60 ± 6.70 41.60 ± 7.16 18.37 ± 1.94 3.78 ± 4.13

Pelissier – 25% 20.57 ± 4.84 8.67 ± 4.15 7.77 ± 3.80 1.03 ± 1.79

The starting water content in the root boxes was 95% holding capacity for well-watered,

and 25% for droughted plants. These water contents were maintained by weighing the

boxes and watering the plants as needed. For this particular set of experiments, watering

was withheld for 7 days in all cases and the water loss noted in the table, expressed as

percent holding capacity (Mean ± SD), is reported in the text after normalization to the

two initial water contents.

for the stress condition. Two-way ANOVA showed a significant
interaction between treatment and variety [F(1, 51) = 46.73;
p < 0.0001] and inspection of this interaction indicated that
Strongfield was sensitive to stress while Pelissier was stable
for photosynthesis. It should be noted that while the CO2

assimilation rate in Pelissier was insensitive to heat stress and
significantly higher than Strongfield under heat stress, the pre-
heat stress rate was lower when compared with Strongfield.
At Site 2, following a 7-day period of high temperature, CO2

assimilation rate when the leaf temperature was 27.2◦C showed
similar photosynthetic rate in Strongfield (17.84µmol CO2

m−2 s−1 ± 1.43) and Pelissier (mean carbon assimilation =

18.79µmol CO2 m−2 s−1 ± 0.88). The trials at Site 3 in 2017
where the average leaf temperature under stress conditions was
29.7◦C compared to 26.0◦C under no-stress conditions also
confirmed that photosynthesis in Pelissier was tolerant to heat
stress (no-stress: 23.6µmol CO2 m−2 s−1 ± 1.42; under stress
= 25.2µmol CO2 m−2 s−1 ± 2.74) while it was sensitive
in Strongfield (no-stress = 28.7µmol CO2 m−2 s−1 ± 2.42;
under stress = 21.8µmol CO2 m−2 s−1 ± 2.49). Additional
experiments outlined below also supported this conclusion.

Greenhouse-grown plants were assessed for photosynthesis at
two different flag leaf temperatures by altering the temperature
in the measuring chamber of LI-COR. Photosynthesis was
measured following a 20min incubation period to stabilize the
leaf temperature (Figure 8). Here, both well-watered plants (95%
holding capacity) and droughted plants (25% holding capacity)
were investigated. Strongfield showed a significant reduction
in carbon assimilation following heat stress under both well-
watered and drought stress conditions; heat stress depressed
the assimilation rate more severely than drought alone did,
and imposing drought and heat stress did not further reduce
the assimilation rate. Pelissier remained stable irrespective of
the drought and temperature status in these experiments. Two-
way ANOVA of the data in Figure 8 showed a main effect of
both variety [F(3, 19) = 9.031; p = 0.0006] and temperature
[F(1, 19) = 24.04; p < 0.0001] and a significant interaction
[F(3, 19) = 11.71; p = 0.0001]. Fast light curves were performed
to determine maximum photosynthetic assimilation (Amax)
in well-watered plants. Strongfield had a significantly higher
Amax than Pelissier at 25◦C, which decreased at 32 and 35◦C
(Figure 9). Two-way ANOVA showed a main effect of both
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FIGURE 6 | Reduction in photosynthetic CO2 assimilation upon gradual moisture loss from initially water replete and droughted conditions. (A,C) Initial water holding

capacity at 95%; (B,D) Initial water holding capacity 25%; “Control” refers to measurements taken within 2–4 h of watering on Day 0. Day 1 through 7, no watering.

Water availability data is summarized in Table 1 and depicted here for ease of visualization of changes in photosynthesis with reductions in available water. Water

holding capacity shown on right y-axis (• symbol). One-way ANOVA followed by Dunnett’s multiple comparisons test was performed for each variety under each water

status treatment (*p < 0.05, **p < 0.01, ***p < 0.001).

variety [F(1, 16) = 16.37 p = 0.0009] and temperature [F(2, 16) =
4.719; p = 0.0245] and a significant interaction [F(2, 16) = 11.02;
p = 0.0010]. The maximum capacity for photosynthesis under
ambient CO2 levels in the atmosphere was greater in Strongfield
than in Pelissier. However, Pelissier remained stable; at 35◦C both
lines had comparable Amax.

DISCUSSION

Our study reveals that Strongfield, a variety that has the most
cumulative acreage in Canadian durum cultivation history,
produces much less root biomass relative to its ancestor Pelissier
and it succumbs to drought more readily than Pelissier. The
yield data in Clarke et al. (2005) show that Strongfield suffered
substantial reduction in 2001 and 2002 relative to 2000 in
the western and southwestern prairies. This region experienced
severe drought in 2001 and 2002 (Bonsal and Regier, 2007;
Wheaton et al., 2008). This suggests that improving drought
tolerance in modern cultivars will be beneficial. This situation
is not unlike independent breeding programs elsewhere, for
example in China, where the predecessors of modern cultivars are

more drought tolerant (Sun et al., 2014). Terminal drought exacts
a toll on wheat grain yield (Farooq et al., 2014). While breeders
generally do not consider selection for root traits because of the
practical difficulties, Rich et al. (2016) have recently found that
many wheat varieties selected for yield in rainfed dry regions
where the crop relies on water stored in deep soil at grain filling
period indeed show deep rooting traits. Root biomass in subsoil
(below 20 cm) correlates positively with grain yield in wheat
under drought stress (Fang et al., 2017). Even small amounts
of water absorbed from subsoil at depths of 135 to 185 cm
contribute to grain yield such that 10mm of water extracted
translates to 0.62 t ha−1 (Kirkegaard et al., 2007). It is known
that drought resistant and susceptible varieties differ in water
flow rate and hydraulic conductivity (Emam and Bijanzadeh,
2012). As Vadez (2014) points out, hydraulics underpinned by
structural, physiological and biochemical aspects should also
be considered for improving drought tolerance. While these
aspects remain to be studied, our work confirms the robust
root phenotype of Pelissier (Hurd, 1964) as an opportunity to
introgress the trait into modern cultivars. In spite of the presence
of Pelissier in the genealogy of Strongfield, the root trait of
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FIGURE 7 | Carbon assimilation rate in Strongfield and Pelissier under field

conditions of stress and no-stress.

FIGURE 8 | Photosynthesis is Strongfield and Pelissier at two leaf

temperatures and watering conditions.

Pelissier had not been selected for. As with any individually
superior traits, circumventing associated linkage drag, if present,
will be essential. In European wheat, linkage drag has indeed
played a role in the exclusion of higher root biomass (Voss-Fels
et al., 2017).

It is a formidable task to double food crop output in the next
three decades. At the current rate of wheat yield increase, there
would be a 30% shortage by 2050 (Ray et al., 2013). Kromdijk and
Long (2016) dub the situation as “one crop breeding cycle from
possible starvation” in view of the time required for developing
varieties to balance this deficit. Much of the present yield gain
in wheat is attributed to enhanced harvest index that has very
little room, if any, for improvement because further reduction in
aerial biomass will be counterproductive. Physiological processes
present challenges as traits for selection in crop breeding. Best

FIGURE 9 | Maximum photosynthetic capacity in Strongfield and Pelissier.

Amax was determined from light curves on flag leaf under well-watered

conditions.

physiological trait lines are known to yield more than their
best parent (Reynolds and Langridge, 2016). Combining better
photosynthetic capacity with a suitable root system for optimal
water extraction should improve productivity under abiotic
stress. The photosynthesis parameters reported here indicate that
uptake, carboxylation and ETR (and/or RuBP regeneration) are
superior in Strongfield under well-watered conditions. However,
CO2 assimilation is sensitive to drought albeit not lower than
the level seen in Pelissier under short term drought. This
suggests that the greater capacity of Strongfield (Amax) for
photosynthesis and the higher rate of photosynthesis likely
contribute to its overall productivity, making it a widely adapted
variety (Bueckert and Clarke, 2013). Pelissier, however, tolerates
severe and extended drought to which Strongfield succumbs,
indicating that Pelissier harbors useful traits that have not been
introgressed into Strongfield. The drought stress stability of
photosynthesis is an intriguing aspect to investigate in further
studies. Also interesting is the heat-insensitive photosynthetic
CO2 assimilation in Pelissier in contrast to the significant
reduction in Strongfield. It might be beneficial if stress stability
is combined with the higher photosynthesis rate of Strongfield.
Rubisco requires a functional activase (Rca) and there are two
Rca isoforms (Salvucci et al., 1987). Whereas, Rubisco activation
by Rca is sensitive to heat, a recent study shows that inhibition of
Rca, rather than the quantity of it, in heat-stressed wheat impacts
photosynthesis (Perdomo et al., 2017). This aspect remains to be
explored.

As Mahon (1983) points out, four basic criteria must
be satisfied for a physiological trait to be incorporated in
breeding: (1) genetic variability; (2) knowledge of genetic
control; (3) agronomic benefit; and (4) measurability in
large-scale trials. Encouragingly, advancements in exploiting
photosynthetic rate are being achieved that build on genetic
variability and understanding the genetic controls (Evans,
2013; Lin et al., 2015; Prins et al., 2016; Carmo-Silva et al.,
2017). The genetic and biochemical bases of the root and
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stress-stable photosynthesis characteristics need to be unraveled
to render modern varieties drought/heat stress tolerant.
Any arising physiological adjustments and their impact on
yield should also be investigated. Breeders endeavor to avoid
undesirable carry-over traits that impact varietal development.
This restraint in genetic crosses is particularly evident in
the recent history of wheat breeding in Canada. The short
growing season and stringent agronomic and grain quality
parameters for varietal registration limit the options for
sourcing genetic diversity. Pelissier as a variety that has been
commercially grown in Canada is especially suitable as a donor
of greater root biomass and stress stability of photosynthesis
to improve upon the beneficial attributes of Strongfield and
other similar modern durum varieties. A biparental population
of Strongfield and Pelissier from Agriculture and Agri-Food
Canada is being mapped (M. Kulkarni et al., unpublished
results), further aided by the availability of a wheat whole
genome sequence (http://www.wheatgenome.org/News/Latest-
news/RefSeq-v1.0-URGI) and an assembly of Strongfield
(https://urgi.versailles.inra.fr/download/iwgsc/TGAC_WGS_
assemblies_of_other_wheat_species) and transcriptomics
of roots and flag leaf that is underway in our laboratory.
The mechanistic basis of the stress stability in Pelissier and
that of the higher efficiency of photosynthesis in Strongfield
under non-stress conditions, when elucidated, will assist in
constructing suitable ideotypes for evaluation of beneficial

combinations of physiological traits and for deployment in
varieties.

AUTHOR CONTRIBUTIONS

HS, LA, MK, and PA: Performed experiments. PA and GS: Wrote
the MS that was read and approved by all authors.

ACKNOWLEDGMENTS

We are grateful to the scientists and staff at the Swift
Current Research and Development Centre (SCRDC) of
Agriculture and Agri-Food Canada (AAFC) for providing
Pelissier and Strongfield seeds; and to the Saskatoon Research and
Development Centre for space in the experimental field. We are
grateful for assistance from: the staff of AgQuest, Inc. with rented
plots; Lanette Ehman in setting up the plots at the AAFC field
in Saskatoon; the NRC Plant Growth Facility staff (Ivor Smith,
Kara Irmen, Kelsey Kjargaard, Tim Squires, Steven Kessler, Theo
Maatman) and John Hyde with the setup in the greenhouse.
We thank the Canadian Grain Commission for providing the
acreage statistics. This work was supported by the Canadian
Wheat Alliance. We dedicate this paper to the memory of John
D. Mahon, Prairie Regional Laboratory (PRL) and subsequently
the Plant Biotechnology Institute (PBI) of the National Research
Council of Canada (NRC).

REFERENCES

Aamodt, O. S. (1935). A machine for testing the resistance of plants to injury by

atmospheric drought. Can. J. Res. 12, 788–795. doi: 10.1139/cjr35-065

Aamodt, O. S., and Johnston,W. H. (1936). Studies on drought resistance in spring

wheat. Can. J. Res. 14c, 122–152. doi: 10.1139/cjr36c-011

Araus, J. L., Slafer, G. A., Reynolds, M. P., and Royo, C. (2002). Plant breeding

and drought in C3 cereals: what should we breed for? Ann. Bot. 89, 925–940.

doi: 10.1093/aob/mcf049

Asseng, S., Cammarano, D., Basso, B., Chung, U., Alderman, P. D., Sonder, K., et al.

(2017). Hot spots of wheat yield decline with rising temperatures. Glob. Chang.

Biol. 23, 2464–2472. doi: 10.1111/gcb.13530

Bonsal, B., and Regier, M. (2007). Historical comparison of the 2001/2002

drought in the Canadian Prairies. Climate Res. 33, 229–242. doi: 10.3354/

cr033229

Bueckert, R. A., and Clarke, J. M. (2013). Review: annual crop adaptation to abiotic

stress on the Canadian prairies: six case studies. Can. J. Plant Sci. 93, 375–385.

doi: 10.4141/cjps2012-184

Carmo-Silva, E., Andralojc, P. J., Scales, J. C., Driever, S. M., Mead, A., Lawson,

T., et al. (2017). Phenotyping of field-grown wheat in the UK highlights

contribution of light response of photosynthesis and flag leaf longevity to grain

yield. J. Exp. Bot. 68, 3473–3486. doi: 10.1093/jxb/erx169

Clark, J. A., Martin, J. H., and Ball, C. R. (1922). Classification of American Wheat

Varieties.Washington, DC: Washington Government Printing Office.

Clarke, J. M., Clarke, F. R., and Pozniak, C. J. (2010). Forty-six years of genetic

improvement in Canadian durum wheat cultivars. Can. J. Plant Sci. 90,

791–801. doi: 10.4141/cjps10091

Clarke, J. M., and McCaig, T. N. (1982). Excised-leaf water retention capability as

an indicator of drought resistance of Triticum genotypes. Can. J. Plant Sci. 62,

571–578. doi: 10.4141/cjps82-086

Clarke, J. M., McCaig, T. N., Depauw, R. M., Knox, R. E., Clarke, F. R., Fernandez,

M. R., et al. (2005). Strongfield durum wheat. Can. J. Plant Sci. 85, 651–654.

doi: 10.4141/P04-119

Curtis, T., and Halford, N. G. (2014). Food security: the challenge of increasing

wheat yield and the importance of not compromising food safety. Ann. Appl.

Biol. 164, 354–372. doi: 10.1111/aab.12108

Daryanto, S., Wang, L., and Jacinthe, P.-A. (2016). Global synthesis of

drought effects on maize and wheat production. PLoS ONE 11:e0156362.

doi: 10.1371/journal.pone.0156362

Dedio, W. (1975). Water relations in wheat leaves as screening tests for drought

resistance. Can. J. Plant Sci. 55, 369–378. doi: 10.4141/cjps75-059

Dexter, J. E. (2008). “The history of durum wheat breeding in Canada and

summaries of recent research at the Canadian Grain Commission on

factors associated with durum wheat processing,” in Bosphorus 2008 ICC

(International Cereal Congress), (Istanbul).

Driever, S. M., Lawson, T., Andralojc, P. J., Raines, C. A., and Parry, M. A. J. (2014).

Natural variation in photosynthetic capacity, growth, and yield in 64 field-

grown wheat genotypes. J. Exp. Bot. 65, 4959–4973. doi: 10.1093/jxb/eru253

Dubey, R. S. (2005). “Photosynthesis in plants under stressful conditions,” in

Handbook of Photosynthesis 2nd Edn, ed M. Pessarakli (Boca Raton: CRC

Press), 709–729.

Duursma, R. A. (2015). Plantecophys–An R package for analysing and modelling

leaf gas exchange data. PLoS ONE 10:e0143346. doi: 10.1371/journal.

pone.0143346

EFSA (2009). Scientific opinion of the panel on contaminants in the food chain on

a request from the European Commission on cadmium in food. EFSA J. 980,

1–139. doi: 10.2903/j.efsa.2010.1570

Emam, Y., and Bijanzadeh, E. (2012). Water uptake and hydraulic conductivity of

seminal and adventitious roots of five wheat cultivars at early growth stage. J.

Agric. Sci. Technol. 14, 1605–1616. Available online at: http://jast.modares.ac.ir/

article_4925.html

Evans, J. R. (2013). Improving photosynthesis. Plant Physiol. 162, 1780–1793.

doi: 10.1104/pp.113.219006

Fang, Y., Du, Y., Wang, J., Wu, A., Qiao, S., Xu, B., et al. (2017). Moderate drought

stress affected root growth and grain yield in old, modern and newly released

cultivars of winter wheat. Front. Plant Sci. 8:672. doi: 10.3389/fpls.2017.00672

Frontiers in Chemistry | www.frontiersin.org 9 December 2017 | Volume 5 | Article 121

http://www.wheatgenome.org/News/Latest-news/RefSeq-v1.0-URGI
http://www.wheatgenome.org/News/Latest-news/RefSeq-v1.0-URGI
https://urgi.versailles.inra.fr/download/iwgsc/TGAC_WGS_assemblies_of_other_wheat_species
https://urgi.versailles.inra.fr/download/iwgsc/TGAC_WGS_assemblies_of_other_wheat_species
https://doi.org/10.1139/cjr35-065
https://doi.org/10.1139/cjr36c-011
https://doi.org/10.1093/aob/mcf049
https://doi.org/10.1111/gcb.13530
https://doi.org/10.3354/cr033229
https://doi.org/10.4141/cjps2012-184
https://doi.org/10.1093/jxb/erx169
https://doi.org/10.4141/cjps10091
https://doi.org/10.4141/cjps82-086
https://doi.org/10.4141/P04-119
https://doi.org/10.1111/aab.12108
https://doi.org/10.1371/journal.pone.0156362
https://doi.org/10.4141/cjps75-059
https://doi.org/10.1093/jxb/eru253
https://doi.org/10.1371/journal.pone.0143346
https://doi.org/10.2903/j.efsa.2010.1570
http://jast.modares.ac.ir/article_4925.html
http://jast.modares.ac.ir/article_4925.html
https://doi.org/10.1104/pp.113.219006
https://doi.org/10.3389/fpls.2017.00672
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Ashe et al. Stress Stability in Durum Wheat

Farooq, M., Hussain, M., and Siddique, K. H. M. (2014). Drought stress in

wheat during flowering and grain-filling periods. CRC. Crit. Rev. Plant Sci. 33,

331–349. doi: 10.1080/07352689.2014.875291

Gebeyehou, G., and Knott, D. R. (1983). Response of durum wheat cultivars

to water stress in the field and greenhouse. Can. J. Plant Sci. 63, 801–814.

doi: 10.4141/cjps83-103

Gutiérrez-Rodríguez, M., Reynolds, M. P., and Larqué-Saavedra, A. (2000).

Photosynthesis of wheat in a warm, irrigated environment: II. Traits

associated with genetic gains in yield. Field Crops Res. 66, 51–62.

doi: 10.1016/S0378-4290(99)00078-7

Hart, J. J., Welch, R. M., Norvell, W. A., Sullivan, L. A., and Kochian, L. V.

(1998). Characterization of cadmium binding, uptake, and translocation in

intact seedlings of bread and durum wheat cultivars. Plant Physiol. 116:1413.

doi: 10.1104/pp.116.4.1413

Heberling, J. M. (2013). Leaf-Level Photosynthesis [Online]. Fridley Lab at

Syracuse. Available online at: https://sites.google.com/site/fridleylab/home/

protocols (Accessed November, 2017).

Hurd, E. A. (1964). Root study of three wheat varieties and their resistance

to drought and damage by soil cracking. Can. J. Plant Sci. 44, 240–248.

doi: 10.4141/cjps64-046

Hurd, E. A. (1974). Phenotype and drought tolerance in wheat. Agric. Meteorol. 14,

39–55. doi: 10.1016/0002-1571(74)90009-0

Hurd, E. A., Patterson, L. A., Townley-Smith, T. F., Mallough, D., and Owen,

C. H. (1972). Wascana, a new durum wheat. Can. J. Plant Sci. 52, 687–688.

doi: 10.4141/cjps72-112

Hurd, E. A., Townley-Smith, T. F., Mallough, D., and Patterson, L. A. (1973).

Wakooma durumwheat.Can. J. Plant Sci. 53, 261–262. doi: 10.4141/cjps73-049

Kirkegaard, J. A., Lilley, J. M., Howe, G. N., and Graham, J. M. (2007).

Impact of subsoil water use on wheat yield. Aust. J. Agric. Res. 58, 303–315.

doi: 10.1071/AR06285

Knott, D. R. (1995). “Durum Wheat,” in Harvest of Gold: The History of Crop

Breeding in Canada, eds A. E. Slinkard and D. R. Knott (Saskatoon: University

Extension Press; University of Saskatchewan), 67–81.

Kromdijk, J., and Long, S. P. (2016). One crop breeding cycle from starvation?

How engineering crop photosynthesis for rising CO2 and temperature could

be one important route to alleviation. Proc. R. Soc. B Biol. Sci. 283:20152578.

doi: 10.1098/rspb.2015.2578

Lin, M. T., Occhialini, A., Andralojc, P. J., Parry, M. A. J., and Hanson, M. R.

(2015). A faster Rubisco with potential to increase photosynthesis in crops.

Nature 513, 547–550. doi: 10.1038/nature13776

Long, S. P., Zhu, X.-G., Naidu, S. L., and Ort, D. R. (2006). Can improvement

in photosynthesis increase crop yields? Plant Cell Environ. 29, 315–330.

doi: 10.1111/j.1365-3040.2005.01493.x

Mahon, J. D. (1983). Limitations to the use of physiological variability in plant

breeding. Can. J. Plant Sci. 63, 11–21. doi: 10.4141/cjps83-002

Maloney, E. D., Camargo, S. J., Chang, E., Colle, B., Fu, R., Geil, K.

L., et al. (2014). North American Climate in CMIP5 experiments: part

III: assessment of twenty-first-century projections. J. Clim. 27, 2230–2270.

doi: 10.1175/JCLI-D-13-00273.1

Marchildon, G. P., Kulshreshtha, S.,Wheaton, E., and Sauchyn, D. (2008). Drought

and institutional adaptation in the Great Plains of Alberta and Saskatchewan,

1914-1939. Nat. Hazards 45, 391–411. doi: 10.1007/s11069-007-9175-5

Marchildon, G. P., Pittman, J., and Sauchyn, D. J. (2009). The dry belt and changing

aridity in the Palliser Triangle, 1895-2000. Prairie Forum 34, 31–44. Available

online at: https://www.academia.edu/8532453/The_Dry_Belt_and_Changing_

Aridity_in_the_Palliser_Triangle

Marti, J., and Slafer, G. A. (2014). Bread and durum wheat yields under a

wide range of environmental conditions. Field Crops Res. 156, 258–271.

doi: 10.1016/j.fcr.2013.10.008

McCallum, B. D., and Depauw, R. M. (2008). A review of wheat cultivars grown in

the Canadian prairies. Can. J. Plant Sci. 88, 649–677. doi: 10.4141/CJPS07159

Monneveux, P., Jing, R., and Misra, S. C. (2012). Phenotyping for drought

adaptation in wheat using physiological traits. Front. Physiol. 3:429.

doi: 10.3389/fphys.2012.00429

Parry, M. A. J., Reynolds, M., Salvucci, M. E., Raines, C., Andralojc, P. J., Zhu, X.-

G., et al. (2011). Raising yield potential of wheat. II. Increasing photosynthetic

capacity and efficiency. J. Exp. Bot. 62, 453–467. doi: 10.1093/jxb/erq304

Perdomo, J. A., Capó-Bauçà, S., Carmo-Silva, E., and Galmés, J. (2017). Rubisco

and rubisco activase play an important role in the biochemical limitations of

photosynthesis in rice, wheat, and maize under high temperature and water

deficit. Front. Plant Sci. 8:490. doi: 10.3389/fpls.2017.00490

Prins, A., Orr, D. J., Andralojc, P. J., Reynolds, M. P., Carmo-Silva, E., and Parry,

M. A. J. (2016). Rubisco catalytic properties of wild and domesticated relatives

provide scope for improving wheat photosynthesis. J. Exp. Bot. 67, 1827–1838.

doi: 10.1093/jxb/erv574

Ray, D. K., Mueller, N. D., West, P. C., and Foley, J. A. (2013). Yield trends Are

insufficient to double global crop production by 2050. PLoS ONE 8:e66428.

doi: 10.1371/journal.pone.0066428

Reynolds, M., Foulkes, J., Furbank, R., Griffiths, S., King, J., Murchie, E., et al.

(2012). Achieving yield gains in wheat. Plant Cell Environ. 35, 1799–1823.

doi: 10.1111/j.1365-3040.2012.02588.x

Reynolds, M., and Langridge, P. (2016). Physiological breeding. Curr. Opin. Plant

Biol. 31, 162–171. doi: 10.1016/j.pbi.2016.04.005

Reynolds, M. P., Delgado, B., Gutiérrez-Rodríguez, M. I., and Larqué-Saavedra,

A. (2000). Photosynthesis of wheat in a warm, irrigated environment

I: genetic diveristy and crop productivity. Field Crops Res. 66, 37–50.

doi: 10.1016/S0378-4290(99)00077-5

Reynolds, M. P., Quilligan, E., Aggarwal, P. K., Bansal, K. C., Cavalieri, A.

J., Chapman, S. C., et al. (2016). An integrated approach to maintaining

cereal productivity under climate change. Global Food Sec. 8, 9–18.

doi: 10.1016/j.gfs.2016.02.002

Rich, S. M., Wasson, A. P., Richards, R. A., Katore, T., Prashar, R., Chowdhary, R.,

et al. (2016). Wheats developed for high yield on stored soil moisture have deep

vigorous root systems. Funct. Plant Biol. 43, 173–188. doi: 10.1071/FP15182

Salvucci, M. E., Werneke, J. M., Ogren, W. L., and Portis, A. R. (1987). Purification

and species distribution of rubisco activase. Plant Physiol. 84, 930–936.

doi: 10.1104/pp.84.3.930

Schindler, D. W., and Donahue, W. F. (2006). An impending water crisis

in Canada’s western prairie provinces. Proc. Natl. Acad. Sci. U.S.A. 103,

7210–7216. doi: 10.1073/pnas.0601568103

Sun, Y., Wang, X., Wang, N., Chen, Y., and Zhang, S. (2014). Changes in the

yield and associated photosynthetic traits of dry-land winter wheat (Triticum

aestivum L.) from the 1940s to the 2010s in Shaanxi Province of China. Field

Crops Res. 167, 1–10. doi: 10.1016/j.fcr.2014.07.002

Vadez, V. (2014). Root hydraulics: the forgotten side of roots in drought

adaptation. Field Crops Res. 165, 15–24. doi: 10.1016/j.fcr.2014.

03.017

Voss-Fels, K. P., Qian, L., Parra-Londono, S., Uptmoor, R., Frisch, M.,

Keeble-Gagnère, G., et al. (2017). Linkage drag constrains the roots

of modern wheat. Plant Cell Environ. 40, 717–725. doi: 10.1111/pce.

12888

Wheaton, E., Kulshreshtha, S., Wittrock, V., and Koshida, G. (2008). Dry times:

hard lessons from the Canadian drought of 2001 and 2002. Can. Geogr. 52,

241–262. doi: 10.1111/j.1541-0064.2008.00211.x

Yusa, A., Berry, P., Cheng, J. J., Ogden, N., Bonsal, B., Stewart, R., et al. (2015).

Climate change, drought and human health in Canada. Int. J. Environ. Res.

Public Health 12, 8359–8412. doi: 10.3390/ijerph120708359

Zhao, C., Liu, B., Piao, S., Wang, X., Lobell, D. B., Huang, Y., et al.

(2017). Temperature increase reduces global yields of major crops in

four independent estimates. Proc. Natl. Acad. Sci. U.S.A. 114, 9326–9331.

doi: 10.1073/pnas.1701762114

Zook, E. G., Greene, F. E., and Morris, E. R. (1970). Nutrient composition of

selected wheats and wheat products. VI. Distribution of manganese, copper,

nickel, zinc, magnesium, lead, tin, cadmium, chromium, and selenium as

determined by atomic absorption spectroscopy and colorimetry. Cereal Chem.

47, 720–731.

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2017 Government of Canada. This is an open-access article distributed

under the terms of the Creative Commons Attribution License (CC BY). The

use, distribution or reproduction in other forums is permitted, provided the

original author(s) or licensor are credited and that the original publication in

this journal is cited, in accordance with accepted academic practice. No use,

distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Chemistry | www.frontiersin.org 10 December 2017 | Volume 5 | Article 121

https://doi.org/10.1080/07352689.2014.875291
https://doi.org/10.4141/cjps83-103
https://doi.org/10.1016/S0378-4290(99)00078-7
https://doi.org/10.1104/pp.116.4.1413
https://sites.google.com/site/fridleylab/home/protocols
https://sites.google.com/site/fridleylab/home/protocols
https://doi.org/10.4141/cjps64-046
https://doi.org/10.1016/0002-1571(74)90009-0
https://doi.org/10.4141/cjps72-112
https://doi.org/10.4141/cjps73-049
https://doi.org/10.1071/AR06285
https://doi.org/10.1098/rspb.2015.2578
https://doi.org/10.1038/nature13776
https://doi.org/10.1111/j.1365-3040.2005.01493.x
https://doi.org/10.4141/cjps83-002
https://doi.org/10.1175/JCLI-D-13-00273.1
https://doi.org/10.1007/s11069-007-9175-5
https://www.academia.edu/8532453/The_Dry_Belt_and_Changing_Aridity_in_the_Palliser_Triangle
https://www.academia.edu/8532453/The_Dry_Belt_and_Changing_Aridity_in_the_Palliser_Triangle
https://doi.org/10.1016/j.fcr.2013.10.008
https://doi.org/10.4141/CJPS07159
https://doi.org/10.3389/fphys.2012.00429
https://doi.org/10.1093/jxb/erq304
https://doi.org/10.3389/fpls.2017.00490
https://doi.org/10.1093/jxb/erv574
https://doi.org/10.1371/journal.pone.0066428
https://doi.org/10.1111/j.1365-3040.2012.02588.x
https://doi.org/10.1016/j.pbi.2016.04.005
https://doi.org/10.1016/S0378-4290(99)00077-5
https://doi.org/10.1016/j.gfs.2016.02.002
https://doi.org/10.1071/FP15182
https://doi.org/10.1104/pp.84.3.930
https://doi.org/10.1073/pnas.0601568103
https://doi.org/10.1016/j.fcr.2014.07.002
https://doi.org/10.1016/j.fcr.2014.03.017
https://doi.org/10.1111/pce.12888
https://doi.org/10.1111/j.1541-0064.2008.00211.x
https://doi.org/10.3390/ijerph120708359
https://doi.org/10.1073/pnas.1701762114
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

	Contrasting Root and Photosynthesis Traits in a Large-Acreage Canadian Durum Variety and Its Distant Parent of Algerian Origin for Assembling Drought/Heat Tolerance Attributes
	Introduction
	Materials and Methods
	Varieties
	Plant Growth–Greenhouse
	Plant Growth–Field
	Photosynthesis Measurements
	Field Heat Stress Conditions
	Root Biomass
	Data Analysis

	Results
	Strongfield Lacks the Robust Root Trait of Its Ancestor Pelissier
	Strongfield Shows Superior Carbon Dioxide Assimilation in Unstressed Conditions, but Pelissier Retains Photosynthetic Capacity under Extended Drought
	Carbon Dioxide Assimilation under Heat Stress in Field Conditions Is Superior in Pelissier

	Discussion
	Author Contributions
	Acknowledgments
	References


