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Abstract
We examined three different-ploidy wheat species to elucidate the development of aboveground architecture and its
domesticated mechanism under environment-controlled field conditions. Architecture parameters including leaf, stem,
spike and canopy morphology were measured together with biomass allocation, leaf net photosynthetic rate and
instantaneous water use efficiency (WUEi). Canopy biomass density was decreased from diploid to tetraploid wheat, but
increased to maximum in hexaploid wheat. Population yield in hexaploid wheat was higher than in diploid wheat, but the
population fitness and individual competition ability was higher in diploid wheats. Plant architecture was modified from a
compact type in diploid wheats to an incompact type in tetraploid wheats, and then to a more compact type of hexaploid
wheats. Biomass accumulation, population yield, harvest index and the seed to leaf ratio increased from diploid to
tetraploid and hexaploid, associated with heavier specific internode weight and greater canopy biomass density in
hexaploid and tetraploid than in diploid wheat. Leaf photosynthetic rate and WUEi were decreased from diploid to
tetraploid and increased from tetraploid to hexaploid due to more compact leaf type in hexaploid and diploid than in
tetraploid. Grain yield formation and WUEi were closely associated with spatial stance of leaves and stems. We conclude that
the ideotype of dryland wheats could be based on spatial reconstruction of leaf type and further exertion of leaf
photosynthetic rate.
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resource allocation to reproductive growth, leading to an increased
harvest index [6,11–13]. Large root systems are generally
associated with strong individual competition for water and
nutrients, which in turn reduces crop population yield. On the
other hand, leaves as major photosynthetic organs play a critical
role in affecting assimilation production and source-sink relation.
Since improving crop population yield is the goal in breeding and
selection of cultivars, increasing leaf area is logically more
important for production of photosynthetic assimilates and hence
grain yield [14–19]. However, large leaves could lead to low light
transmittance through the canopy affecting canopy photosynthesis
and population yield [20–22].
Biomass accumulation is closely linked with the size of crop
organs and their morphological construction [23–26]. It plays an
important role in plant adaptation to adverse environments [27–
29]. Previous studies on biomass accumulation in crop plants were

Introduction
In arid and semi-arid regions, plants have evolved with large
root systems for competing and adapting to water-limited
environments as a result of natural selection [1–5]. Strong
individual competitiveness for a crop species is closely related to
more resources allocation into its vegetative organs, which
improves the acquisition of resources such as water and nutrients,
but reduces grain yield [6–8]. In the evolution of crop plants,
natural selection promotes individual dominance, while breeding
and selection require community superiority [6,9–10]. Modern
wheat crop cultivars have evolved with less individual competitiveness but high reproductive allocation and population yield
through strenuous plant breeding effort.
High-yielding modern hexaploid wheats have a small root
system with weak competition ability of individual plant and more
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Table 1. List of diploid, tetraploid and hexaploid wheats and their characteristics grown at Yuzhong Experimental Station of
Lanzhou University, China in 2009 and 2010.

Ploidy

Genotypes

Chromosome type

Genotype properties

Diploid

MO1

AA

T.monococcum L.

MO4

AA

T.monococcum L.

Tetraploid

DM22

AABB

T.dicoccum Schuebl.

DM31

AABB

T.dicoccum Schuebl.

Hexaploid

Monkhead

AABBDD

Old cultivar

Longchun8275

AABBDD

Modern cultivar

doi:10.1371/journal.pone.0095825.t001

process of dryland wheats. The results would provide new
understandings on dryland wheats adaptation and their breeding
strategies.

mainly focused on the comparison of aboveground and underground biomass between wild and modern crops [28,30–32].
Particularly, it was reported that the pattern of biomass
accumulation in hexaploid wheat has been modified to have
more photosynthetic assimilate investment and partitioning in the
aboveground biomass, leading to smaller root-shoot ratios [28,33].
Relevant studies on the relationship between the pattern of
biomass accumulation and the morphological change in photosynthetic organs during the domestication of wheats were critical.
Since Donald proposed the definition of crop ideotype in 1968,
great efforts have been made to explore ideotype of dryland wheat
and its evolvement strategy; however little progress was achieved
[6,8–10,14,56].
Our previous studies indicated that dryland wheats evolved
towards the trend of increasing drought tolerance, greater water
use efficiency and population grain yield. In those studies, we used
6 wheat varieties representing the domestication route from
diploid to tetraploid and further hexaploid wheat cultivars [28].
Among these cultivars, MO1 and MO4 are diploid (Triticum
monococcum L.) species (einkorn wheat) with AA genome. The
cultivation of einkorn wheat can be traced back to the Bronze Age.
DM22 and DM31 (emmer) belong to tetraploid wheats (Triticum
dicoccum Schuebl L.) with AABB genome, which originated from
diploid species. Two hexaploid wheat (Triticum aestivum L.),
cultivars L8275 and Monkhead (AABBDD) originated from
tetraploid genome cross with wild diploid species (Aegilops
tauschii) [34–39]. The A genome of Triticum monococcum L.
and the A and B genomes of Triticum dicoccum Schuebl L. are
evolutionally homologous with those of Triticum aestivum L. [40].
Domestication of einkorn and emmer wheat was involved the
transition from hunting and gathering to cultivation of wild plants
about 10,000 years ago. During the long-term domestication of
dryland wheats, hard and bread wheats were selected and
remained, in which tetraploid T. durum became the widely
cultivated wheat crop today, and bread wheat gradually became
the world’s leading crop [38–39].
The aims of this study were to determine the changes in the
partitioning of biomass between plant parts, the architecture of
leaves and stems and of leaf photosynthesis and transpiration rates
as a result of natural and artificial selection in different ploid
wheats. Quantitative analyses including analysis of variance
(ANOVA), biplot analysis by using ‘tester standard deviation’
scaling and ‘GGE’ model were made to assess the plant type
evolvement and its ecological implication in breeding strategic
innovation. We hypothesized that biomass partitioning pattern
was a critical factor to drive adaptive changes in leaf/canopy
architecture, which accordingly resulted in the changes in leaf
photosynthetic rate and yield formation during the domestication
PLOS ONE | www.plosone.org

Materials and Methods
Plant Material and Growth Conditions
Six genotypes (two diploids, T. monococcum L., MO1 and
MO4; two tetraploids, T. dicoccum Schuebl, DM22 and DM31;
two commercial hexaploid wheats) were chosen in this study
(Table 1). These genotypes were used to represent Triticum species
with three ploidy levels and genome sizes. These wheat genotypes
to some extent can reflect a relatively certain route of dryland
wheat domestication (Table 1). Tetraploid hard wheat and
hexaploid bread wheat represent the final steps in Triticum
domestication, whereas DM22 and DM31 are non-free-threshing
wheat genotypes which belong to older genotypes than hexaploid
L8275 and Monkhead [38–39]. The seeds of six genotypes were
procured from Chinese Crop Germplasm Resources Database
(administered by the Institute of Crop Germplasm Resources,
Chinese Academy of Agricultural Sciences, Beijing, China).
The field experiment was conducted for two years (from 21
March to 26 July 2009, and 23 March–27 July 2010) at Yuzhong
Experimental Station of Lanzhou University in Yuzhong County
of Gansu Province (35u56934.470N, 104u08949.350E), China. This
site is representative of the semi-arid climate in northwestern
China, with long-term average of 330 mm annual rainfall,
1,700 mm evaporation, 14.5uC mean temperature, and 58%
relative humidity during the growing season (March–July). The
experimental field had a Heima sandy loam soil (Calcic
Kastanozems, FAO Taxonomy), with 26.6% field water capacity
and 5.8% permanent wilting point [41].
In each year, the experimental field was applied with
120 kg ha21 of N as urea, 60 kg ha21 of P as amended
superphosphate and 48 kg ha21 of K potash before planting.
The chosen genotypes of diploid, tetraploid and hexaploid wheats
were sown in a randomized complete block design with three
replications. Each plot was 2.0 m long and comprised 6 rows with
row spacing of 0.2 m. Before seeding, the seeds were vernalized at
4u for one week. The plots were sown by hand at a seed rate of 250
seeds m22 at the end of March each year. Weeds were controlled
by hoeing according to local practices.

Measurements
At flowering stage, plant growth parameters (leaf angle, leaf
area, tiller number, root biomass, stem biomass, spike biomass)
were monitored. At physiological maturity, seed yield per plant
and population yield were determined.
2
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of the spike, excluding the awns), leaf location (from ground to leaf
orientation) and number of tillers per plant. The plants were
carefully harvested by hand and separated each leaf, each
internode and spike. Node width and internode length were
measured by vernier caliper and ruler, kernels per spike were also
determined. The individual plant components were bagged and
oven–dried at 80uC for 48 h and recorded for dry weight. Spikes
were then threshed and grains were re-dried at 40uC for 24 h to
record the dry weight. Population yield was measured from the
four central rows of each plot, including the thirty plants
(experiment samples) per plot. All dry matter data were reported
at 0 water basis.
Roots (0–160 cm) were collected by a root drill, soaked in a pail
and thoroughly cleaned. These root samples were also been ovendried at 80uC for dry weight.
All these above traits were determined in 2009’s experiment,
while tiller number, root biomass, stem biomass, spike biomass,
yield per plant and population yield were measured in both years.
Some relative indexes were calculated according to the
following equations [21]:

Leaf Traits
At flowering stage, thirty representative plants from the central
four rows in each plot were selected and labeled for characterizing
leaf architecture. Spatial angles of the top three leaves (i.e. the flag
leaf, penultimate leaf and the 3rd leaf from the top), including the
basal angle (the upper (adaxial) angle between a leaf and a stem),
splaying angle (the angle between the line connecting leaf blade tip
and the stem) and cambering angle (the angle between the leaf
blade tip and the upper stem of leaf position) (Fig. 1), were
determined from 8:00 to 11:00 am with a protractor and repeated
five times. Leaf length, leaf width, leaf photosynthetic rate and
transpiration rate of the same leaves were determined concurrently. Leaf area was calculated according to the formula: leaf
area = length6width60.83 (Xiong et al., 2006). Leaf photosynthetic rate and transpiration rate were measured using a portable
LI-COR Li-6400/XT gas exchange system (LI-COR, Lincoln,
NE, USA), between 9:00 and 11:00 am when the day was clear
and sunny. The photosynthetic photon flux density (PAR) during
the measurements was maintained at 1500 mmol m-2 s-1 using a
LI-COR LI-6400-02B red-blue light source. Water use efficiency
(WUEi) was calculated as WUEi = Photosynthesis rate/Transpiration rate.
All the leaf traits were measured in 2009, and the leaf
architecture traits (leaf basal angle, leaf splaying angle, leaf
cambering angle, leaf length and leaf width) were also repeated in
2010.

1) Leaf length-width Ratio = leaf length/leaf width
2) Flag leaf length-width Ratio (FLWR) = flag leaf length/flag
leaf width
3) Internode specific gravity (SGN) = internode weight/(internode length6internode diameter2)
4) Internode weight-diameter ratio (RWD) = internode length/
internode dry weight
5) Leaf specific weight (SLW) = leaf dry weight/leaf area
6) Leaf sheath length-internode length ration = leaf sheath
length/internode length
7) Internode length – plant height ratio = internode length/plant
height
8) Grain-leaf ratio = grains per spike/leaf area
9) Spike-leaf ratio = dry matter of ear/leaf area
10) Plant height-ear Ratio (HER) = Plant height/ear length
11) Harvest index (HI) = Grain yield/total biomass (shoot mass +
root mass)

Stem Traits, Plant Dry Weight, Yield and Yield
Components
At physiological maturity, the predetermined 30 plants of each
plot were used to characterize the color of the uppermost
internode [26], plant height (from the ground surface to the top

Statistical Analyses
Analysis of variance (ANOVA) was performed for all variables;
these traits were compared by least significant difference (LSD) at
the 0.05 level of probability. ANOVA residuals were used for the
calculation of the 5% LSD; this was done under the assumption of
homogeneity of variances (Levene test). Principal component
analysis (PCA) of the main characteristics (plant height (PH),
height-ear ratio (HER), leaf area (LA), flag leaf length-width ratio
(FLWR), second leaf length-width ratio (SLWR), total leaf area
(LE), photosynthetic rate of flag leaf (PR), tiller number (TN),
length of fifth internode (FNL), first node width (ND), position of
flag leaf (LL), ear length (EL), were performed and illustrated using
GGE biplot. Then different plant traits (PC1) and different diploid
wheat (PC2) were acted as the first principal component and the
second principal component. The GGE Biplot allowed us to
examine the relationship between different diploid wheat and
different plant traits by direction of different vector and the angle
between vectors.

Figure 1. Diagrammatic representation of the basal angle (the
angle between the base of a leaf and the upper stem of the
leaf), opening angle (the angle between the tip of the leaf
blade and the stem) and cambering angle (the angle between
the tip of the leaf blade and the upper stem of the leaf
position).
doi:10.1371/journal.pone.0095825.g001
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extension of the 5th internode. In contrast, from tetraploid to
hexaploid, plant height remained unchanged with slightly longer
first 4 internodes and shorter 5th internode (Table 4). Importantly,
the diameter of stem increased significantly from diploid to
tetraploid, but did not change from tetraploid to hexaploid
(Table 4). Internode weight-diameter ratio (RWD) also increased
significantly from diploid to tetraploid and then to hexaploid,
except for the 4th and the 5th internodes, which remained
unchanged from tetraploid to hexaploid (Table 4). In addition,
internode specific gravity (SGN) did not change among all six
wheat genotypes (Table 4). It can be found that supporting organ
(stem) tended to become thicker and higher while reproductive
organs became well-structured. In the mean time, tillering ability
was significantly weakened with the development of chromosome
ploidy.

Results
Leaf Architecture Domestication among Different Ploidy
Wheats
Analysis of variance (ANOVA) was performed to reveal leaf
type traits of flag leaf, penultimate leaf and the 3rd leaf (three major
functional leaves) from diploid to tetraploid, tetraploid to
hexaploid and diploid to hexaploid wheats (Table 2). It was found
that all the parameters including leaf spatial angles and relevant
morphological traits generally significantly increased from diploid
to tetraploid wheats, but there were no significant changes from
tetraploid to hexaploid wheats (Table 2). Specifically, the changes
in leaf type varied from morphological parameters and wheat
genotypes. Specific leaf weight (SLW) remained unchanged among
three ploid wheats (Table 2). The basal, opening and cambering
angles of leaf (refer to three functional leaves) were wholly
significantly increased from diploid to tetraploid wheats (p,0.05),
suggesting that spatial stance of leaves tended to become more
incompact during this transition. Leaf length, leaf width, leaf area,
leaf weight and leaf sheath length also increased, however leaf
length-width ratio was reduced significantly from diploid to
tetraploid wheats (Table 2).
On the other hand, the basal and cambering angles of leaf were
significantly decreased from tetraploid to hexaploid wheats. In
addition, there were no significant changes in leaf width and leaf
area for all three functional leaves. Moreover, no significant
changes were observed in leaf opening angle, leaf length, leaf
length-width ratio and leaf sheath length in the penultimate and
the 3rd leaves, except that significant decrease was observed in flag
leaf. This showed that flag leaf may play more sensitive role in the
evolvement of leaf type than other leaves, and spatial stance of
leaves tended to become more compact in hexaploid wheats in
comparison with that of diploid wheats (Table 2).

Canopy Architecture Domestication among Ploidy
Wheats
A few critical parameters of canopy architecture were
compared. The spatial position of the flag leaf, penultimate and
the 3rd leaves shifted upward from diploid to tetraploid and
hexaploid (Table 5). The ratio of spike length to plant height had
the same trend (Table 5). The ratio of leaf sheath length to
internode length increased fFrom diploid to tetraploid but was
decreased from tetraploid to hexaploid in the upper four leaves,
except for the flag leaf sheath. We also compared the variation in
the ratio of internode length to plant height in the upper five
internodes. Our data showed that hexaploid wheats had more
advantages in this ratio. Greater ratio resulted from the elongation
of upper three internodes but not from the lower 4th and 5th
internodes (Table 5).

Biomass Distribution and Source-Sink Relation among
Different Ploidy Wheats

Leaf Physiological Domestication among Ploidy Wheats
Leaf net photosynthesis rates of flag leaf, penultimate leaf and
the 3rd leaf were decreased significantly from diploid to tetraploid,
but were increased significantly from tetraploid to hexaploid
(Table 3). In addition, transpiration rates of these major functional
leaves increased significantly from diploid to tetraploid, but were
decreased from tetraploid to hexaploid. No significant differences
in transpiration rate were observed between diploid and hexaploid
wheats (Table 3). Furthermore, the instantaneous WUEi followed
a similar trend as did in leaf net photosynthesis rate, i.e. the WUEi
increased from diploid to tetraploid but was decreased from
tetraploid to hexaploid. It was noted that WUEi had a significant
reduction from diploid to hexaploid wheats (Table 3). The results
indicated that leaf photosynthetic rate might have an internal
coupling relationship with leaf transpiration rate during the
domestication of dryland wheats from diploid to tetraploid and
hexaploid.

Biomass distribution pattern plays a critical role in affecting
plant type and source-sink relation. The data showed that leaf
weight, stem weight, internode weight, leaf sheath weight and total
biomass all increased from diploid to tetraploid, but remained
unchanged from tetraploid to hexaploid (Table 6). Spike biomass
and aboveground biomass increased significantly from diploid to
tetraploid and then to hexaploid (Table 6). Root biomass was
decreased significantly along with the increase in chromosome
ploidy from diploid to tetraploid and hexaploid (Table 6).
Furthermore, a few critical ratios of biomass distribution were
calculated and compared. It suggested that grain-to-leaf ratio
remained unchanged from diploid to tetraploid, but increased
significantly from tetraploid to hexaploid (Table 6). Spike-leaf ratio
was decreased significantly from diploid to tetraploid, but
increased from tetraploid to hexaploid. More importantly, harvest
index increased steadily along with the increase in chromosome
ploidy, from diploid to tetraploid and hexaploid (Table 6).

Stem, Spike and Tiller Architecture Domestication among
Different Ploidy Wheats

Yield Formation in Different Ploidy Wheats

To compare morphological differences in supporting organ
(stem) and reproductive organ (spike) among six wheat genotypes,
a group of critical parameters including stem internode, plant
height, tiller number and spike were measured and analyzed
(Table 4). Along with the increase in ploidy of the chromosome
numbers from diploid to tetraploid and hexaploid, number of
tillers per plant was decreased while spike length increased
(Table 4). Awn length also increased from diploid to tetraploid, but
it was decreased from tetraploid to hexaploid (Table 4). Reduction
in plant height from diploid to tetraploid was caused mainly by the
PLOS ONE | www.plosone.org

Crop yield formation is widely recognized as a result of biomass
distribution and system development. We compared the differences in grain weight per spike, grain number per spike, 1000grain weight, spike number per plant, grain yield per plant and
population yield. The results indicated that both grain weight per
spike and grain number per spike increased significantly (p,0.05)
from diploid to tetraploid to hexaploid (Table 7). Yet, the 1000grain weight increased from diploid to tetraploid, but it did not
change from tetraploid to hexaploid (Table 7). Particularly, both
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5
10.561.5
9.160.7

Penultimate

Top 3rd

3.060.1

Top 3rd
14.361.8

3.060.3

Penultimate

Flag leaf

3.160.3

Top 3rd

Flag

22.261.8
26.561.2

Penultimate

8.660.8
17.662.7

Top 3rd

Flag

12.660.8

Penultimate

0.660.02
9.560.4

0.860.01

Penultimate

Top 3rd

Flag

0.860.02

Flag

18.261.6
16.261.1

Penultimate

Top 3rd

24.362.1

Top 3rd
14.161.2

25.362.2

Penultimate

Flag

19.061.3

Flag

39.462.1
40.363.2

Penultimate

Top 3rd

13.561.3

16.861.3

22.460.9

2.860. 3

2.860.2

3.360.2

21.861.8

18.760.9

15.360.8

18.662.2

22.961.2

21.861.5

1.060.1

1.260.03

1.460.05

21.962

22.561.0

18.561.2

36.463.1

36.262.6

27.461.9

60.165.2

66.066.1

65.463.8

34.663.1

33.062.1

30.062.0

Tetraploid old wheat

13.461.6

16.061.7

19.261.1

2.960.4

3.060.2

3.560.5

23.162.1

18.560.7

13.760.5

18.261.5

23.461.6

23.261.8

1.060.1

1.260.04

1.3960.05

22.161.4

22.561.2

22.061.2

22.962.6

22.163.2

18.261.5

53.063.6

60.665.9

46.062.3

23.662.6

24.262.0

21.061.9

Hexaploid moden
wheat

0

+

0

+

0

2

+

+

0

0

0

0

0

2

0

0

0

2

2

2

0

0

+
+

0

+

0

0

+

+

0

0

+
+

2

+

2

+
2

2

+

+

0

0

+
+

2

+

2
2

2

+
+
+

Tetraploid to
Hexaploid

Diploid to Tetraploid

+

+

+

0

0

0

2

2

2

+

+

+

+

+

+

+

+

+

0

0

0

+

+

+

0

0

0

Diploid to Hexaploid

+ represents a significantly increase at P,0.05. 2 represents a significant decrease at P,0.01. 0 represents no change. The data of Leaf Basal angle and Opening angle Cambering angle and leaf area were similar in 2009–2010 and
average data are presented in the table.
Note: The table involved large data, here we showed the final results for clarity and conciseness.
doi:10.1371/journal.pone.0095825.t002

Sheath length (cm)

Specific leaf weight (g/cm2)

Length-width ratio

Area (cm2)

Width (cm)

Length (cm)

Cambering angle (u)

3061.8

22.761.6

Top 3rd

Flag

25.161.3

Opening angle (u)

22.161.6

Flag

Penultimate

Basal angle (u)

Diploid old wheat

Leaf type

Leaf characteristics

Table 2. Changes in the characteristics of leaf type traits from diploid to tetraploid, tetraploid to hexaploid and diploid to hexaploid wheats.
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grain yield per plant and population grain yield also increased
from diploid to tetraploid and hexaploid (Table 7).

2

2

2

+

+

+

2

2

2

0

0

2

2
+

2

2
+
2

+

2
+
2

+

2
+
2

0

Diploid to
hexaploid
Tetraploid to
hexaploid

To comprehensively evaluate quantitative relationship between
yield formation and canopy structure, we made a biplot analysis
using ‘tester standard deviation’ scaling and ‘GGE’ model as
illustrated in Figure 2. It showed that phenotypic traits of
aboveground parts had different contribution to yield formation
in the process of dryland wheat domestication. Diploid wheats had
more advantages in length-width ratio of flag leaf (FLWR), tiller
number (TN), length-width ratio of second leaf (SLWR) and
photosynthetic rate of flag leaf (PR). With the doubling of
chromosome number, tetraploid wheats had the highest flag leaf
angle (LA) and the greatest length of fifth internode (FNL).
However for other critical yield-related traits, hexaploid wheats
had a superiority in individual yield (YD), population yield (PMY),
total leaf area (LE), first internode diameter (ND), height-spike
ratio (HER), plant height (PH), spike length (EL) and the position
of flag leaf (LL) (Figure 2).

Our experimental data illustrated that natural selection and
early domestication has modified wheat plant architecture from
compact stance of diploid wheats to incompact stance of tetraploid
wheats. Artificial domestication has resulted in more compact
plant architecture in modern hexaploid wheats. The increase in
architecture incompactness from diploid to tetraploid was mainly
associated with substantial changes in leaf basal angle, leaf opening
angle and leaf cambering angle. It was observed that leaf angles
described above all increased from diploid to tetraploid wheats.
Leaf basal angles and leaf cambering angle were decreased from
tetraploid to hexaploid wheats, suggesting that canopy architecture
was shifted from incompact stance to compact stance. Besides, leaf
opening angle increased from diploid to hexaploid wheats. The
wider leaf opening angle in the tetraploid and hexaploid wheat was
likely a consequence of substantial increase in leaf area,
presumably because more space was required to accommodate
larger leaves in the canopy [42]. On the other hand, the increases
in leaf length and leaf width led to overall expansion of leaf area in
top leaves particularly in the penultimate and the third top leaves
in the canopy.
Differences in light and space competition between aboveground organs were not measured in this study. It was assumed
that the changes in leaf morphology had lowered the intensity of
competition among aboveground organs, and accordingly enhanced population photosynthetic efficiency and optimized spatial
distribution of the leaves of individual plants. This can be seen
through high-yielding hexaploid wheat where a moderate leaf
angle, leaf area index, and greater light transmittance were
beneficial to the lower parts of plant canopy to receive more
radiation, and finally enhanced assimilate synthesis [43–44].
During the domestication from diploid to tetraploid wheats, the
dominant horizontal distribution of canopy structure was replaced
by vertical distribution, and it was the difference in canopy
structure to enable current commercial cultivars to be distinguished from their wild relatives [9,45–46].
The increase in leaf area from diploid to tetraploid and further
to hexaploid wheat was presumably reliable on the availability of
carbon and nitrogen resources [47–48]. However, leaf net
photosynthetic rate was decreased from diploid to tetraploid
wheat, but increased from tetraploid to hexaploid. This phenom-

+ represents a significant increase at P,0.01. 2 represents a significant decrease at P,0.01. 0 represents no change.
Note: The table involved large data, here we showed the final results for clarity and conciseness.
doi:10.1371/journal.pone.0095825.t003

1.760.4
2.260.2
Top 3rd

1.160.1

1.860.3

2.461.6
1.460.1

Penultimate

1.260.2

360.2

2.260.6

Flag
WUEi

5.160.3

2.360.1
2.260.1
Top 3rd

7.460.5
5.660.4
Penultimate

2.960.2

5.560. 4
6.160.7
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Leaf transpiration rate
(mmol m22 s21)

Flag

8.860.6

4.160.3

9.560.4

4.96o.2
Top 3rd

8.760.4
12.160.3
Penultimate

3.260.2

18.660.6
Flag
Leaf photosynthetic rate
(mmol m22 s21)

12.360.6

13.860.4

Discussion

Leaf type

Diploid old wheat

Tetraploid old wheat

Hexaploid moden
wheat

Diploid to
tetraploid

The Changes in Yield-related Traits in Different Ploidy
Wheats

Physiological characteristics

Table 3. Changes in leaf net photosynthetic rate, transpiration rate and the instantaneous water use efficiency (WUEi = leaf photosynthetic rate/transpiration rate) of the flag leaf,
penultimate and 3rd leaves in the canopy in the domestication from diploid to tetraploid, tetraploid to hexaploid and diploid to hexaploid of wheats.
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39.866.1
1.660.2
2.060.2
2.260.1
2.160.3
1.760.3
0.0360

5th

1st

2nd

3rd

4th

5th

Internode weight-diameter ratio 1st
(g/mm)

7
1.260.2
1.260.1

4th

5th

7.060.7

1.360.2

3rd

Awn length

2.260.1

2nd

4.560.2

4.860.5

1st

Length

0.0760.003

0.0660.002

5th

4

th

9.562.1

7.260.3

1.160.1

1.460.2

1.560.4

2.360.2

4.160.6

0.1360.003

0.160.01

0.0860.003

0.0860.003

0.0560.002

2.760.2

3.560.3

3.360.3

3.060.2

2.660.3

49.564.2

22.562.6

16.161.7

11.561.6

5.260.4

4.860.4

120.467.9

Tetraploid old wheat

6.760.9

9.060.7

1.060.1

1.260.3

1.460.2

2.060.2

4.260.3

0.1260.01

0.1060.006

0.1060.003

0.0960.005

0.0660.001

2.760.1

3.660.3

3.460.5

3.260.3

2.760.2

42.163.7

28.263.1

21.564.1

15.062.0

8.560.8

1.960.2

127.366.5

Hexaploid modern
wheat
0

0
+
2

+
+

0

0

0

0

0

0

+

+

+

0

0

0

0

0

2

+

+

+

+

0

0

0

0

0

+

+

+

+

+

+

+

+

+

+

+

0

0

0

0

2

+
2

Tetraploid to
hexaploid

Diploid to
tetraploid

0

+

0

0

0

0

0

+

+

+

+

+

+

+

+

+

+

0

+

+

+

+

2

+

Diploid to hexaploid

+ represents a significant increase at P,0.01. 2 represents a significant decrease at P,0.01. 0 represents no change. Results of tiller number were similar between 2009 and 2010, and average data are presented in the table.
Note: The table involved large data, here we showed the final results for clarity and conciseness.
doi:10.1371/journal.pone.0095825.t004

Spike (cm)

Internode specific gravity
(g*mm210)

Internode diameter (mm)

0.0460.003

22.562.5

4th

0.0560.002

15.161.3

3rd

3rd

11.461.8

2nd

5.160.4

2nd

Internode length (cm)

1st

105.164.5
8.661.0

Diploid old wheat

Tiller number

Internode type

Plant height (cm)

Stem characteristics

Table 4. Changes in plant height, tiller number, spike length, awn length and internode characteristics of nodes 1 to 5 in the domestication from diploid to tetraploid, tetraploid
to hexaploid and diploid to hexaploid of wheats.
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0.1160.001
0.1460.003
0.2160.01
0.3860.01

4th internode

5th internode

0.0460.004

1st internode

2nd internode

0.6960.02

Top 4th leaf

3rd internode

0.6060.01

0.4160.02

0.1960.005

0.1460.01

0.0960.003

0.0460.003

0.9760.04

0.8560.03

0.7660.04

0.4760.02

14.763.1

28.361.1

47.161.3

74.261.6

0.0660.003

Tetraploid old wheat

0.3360.03

0.2260.01

0.1760.007

0.1160.004

0.0760.006

0.860.04

0.6560.03

0.6060.03

0.4960.02

16.062.6

33.361.6

55.563.5

90.064.2

0.0760.002

Hexaploid modern wheat

+ represents a significant increase at P,0.01. 2 represents a significant decrease at P,0.01. 0 represents no change.
Note: The table involved large data, here we showed the final results for clarity and conciseness.
doi:10.1371/journal.pone.0095825.t005

Internode length - plant
height ratio

0.4760.01

12.663.8

Top 4th leaf

Penultimate leaf

25.061.8

Top 3rd leaf

Top 3rd leaf

41.263.2

Penultimate leaf

0.3760.01

67.062.2

Flag leaf

Location of leaf (cm)

Flag leaf

0.0460.001

Spike length - plant height ratio

Leaf sheath length-node
length ratio

Diploid old wheat

Canopy morphology

+

+

2

+

+

2

0

2

0

+

2

+

+

+

+

2

2

0

+

+

0

0

+

+

+

+

+

+

2

0

+

0

+

+

+

+

+

0

+

+

+

+

Tetraploid to hexaploid Diploid to hexaploid

Diploid to tetraploid

Table 5. Morphological changes in the canopy through the domestication from diploid to tetraploid, tetraploid to hexaploid and diploid to hexaploid of wheats.
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Table 6. Changes in the pattern of biomass distribution through the domestication from diploid to tetraploid, tetraploid to
hexaploid and diploid to hexaploid for wheats.

Biomass distribution pattern
Leaf dry weight (g)

Leaf sheath dry
weight (g)

Internode dry
weight (g)

Diploid old
wheat

Tetraploid old
wheat

Hexaploid
modern wheat

Diploid to
tetraploid

Tetraploid to
hexaploid

Diploid to
hexaploid

Flag leaf

0.0360.001

0.0760002

0.0760.003

+

0

+

Penultimate Leaf

0.0460.002

0.0660.003

0.0660.003

+

0

+

Top 3rd leaf

0.0260.002

0.0460.002

0.0460.002

+

0

+

Top 4th leaf

0.0260.001

0.0360.002

0.360.002

+

0

+

Flag leaf

0.0660.004

0.1960.01

0.1860.02

+

0

+

Penultimate leaf

0.0560.003

0.1260.009

0.1260.01

+

0

+

Top 3rd leaf

0.0360.002

0.0760.006

0.0860.01

+

0

+

Top 4th leaf

0.0260.009

0.0460.002

0.0460.002

+

0

+

1st internode

0.0560.006

0.1260.01

0.1660.01

+

+

+

2nd internode

0.0960.005

0.2260.02

0.3060.03

+

+

+

3rd internode

0.1060.02

0.2760.02

0.3660.03

+

+

+

4th internode

0.1360.01

0.3460.02

0.3760.03

+

0

+

5th internode

0.1360.01

0.3460.02

0.3160.03

+

0

+

Total stem
biomass (g)

0.5260.04

1.360.2

1.560.3

+

0

+

Total leaf
biomass (g)

0.1160.02

0.2160.03

0.2360.04

+

0

+

Total leaf sheath
biomass (g)

0.1760.009

0.4260.03

0.4360.03

+

0

+

Total spike
biomass (g)

0.7160.02

1.1060.04

1.7260.03

+

+

+

Above-ground
biomass (g)

1.5160.01

3.0260.03

3.8860.04

+

+

+

Root biomass (g)

1.1560.06

0.8060.04

0.6360.04

2

2

2

Total biomass (g)

2.6560.08

3.8360.7

4.5260.62

+

0

+

Flag leaf

53.565.0

58.163.2

71.767.3

0

+

+
+

Grain-leaf ratio
(Grains/cm2)

Spike-leaf ratio
(g/cm2)

Penultimate leaf

40.463.5

44.865.9

62.265.6

0

+

Top 3rd leaf

56.964.5

55.664.1

76.964.2

0

+

+

Total leaf

15.864.2

15.262.2

22.562.5

0

+

+

Flag leaf

79.466.9

48.264.8

91.368.3

2

+

+
+

Penultimate leaf

60.564.9

50.364.3

79.463.9

2

+

Top 3rd leaf

85.466.4

63.766.5

98.565.1

2

+

+

Total leaf

23.761.8

17.361.6

28.862.4

2

+

+

0.2360.01

0.3060.02

0.4060.01

+

+

+

Harvest index

+ represents a significant increase at P,0.01. 2 represents a significant decrease at P,0.01. 0 represents no remarkable change. Results of root biomass, stem biomass,
and spike biomass were similar in 2009 and 2010, and average data are presented in the table.
Note: The table involved large data, here we showed the final results for clarity and conciseness.
doi:10.1371/journal.pone.0095825.t006

enon was caused by the difference in canopy stances among wheat
species. Canopy stances were shifted from compact type of diploid
wheats to incompact type of tetraploid wheats, and further to more
compact type of hexaploid wheats. It suggested that neither
natural selection and early domestication nor recent plant
breeding practice has increased the availability of carbon
assimilation through an increase in leaf net photosynthetic rate
to support the increase in leaf area.
During the domestication from tetraploid to hexaploid wheat,
the biomass of root system was decreased, presumably because of a
reduction in root number and root length at the level of individual
PLOS ONE | www.plosone.org

plants [49]. Tillering in wheat is closely related to the production
of nodal roots and hence affects the biomass size of root system
[49–50]. This study showed that there was a continuous reduction
in the number of tillers from diploid to tetraploid and further to
hexaploid wheat. It suggested that the reduction in root biomass
was due to a reduction in the number of roots, particularly the
nodal roots. It is hypothesized that the reduction in root biomass
has lessened the competition of individual plants for water and
made high yield and dense planting possible in the process of
domestication from diploid to tetraploid, further to hexaploid [50–
51]. The smaller root systems of tetraploid and hexaploid wheats
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Table 7. Changes in the grain yield and yield components through the dometication from diploid to tetraploid, tetraploid to
hexaploid and diploid to hexaploid for wheats.

Grain yield
components

Diploid old wheat

Tetraploid old
wheat

Hexaploid modern
wheat

Diploid to
tetraploid

Tetraploid to
hexaploid

Diploid to
hexaploid

Grain weight/spike (g)

0.1760.01

0.4560.03

0.9660.04

+

+

+

Grain number/spike

13.260.8

32.562.2

33.861.7

+

+

+

1000-grain weight (g)

3664.1

42.463.6

41.763.1

+

0

+

Spike number/plant

5.460.2

3.260.2

1.960.2

2

2

2

Grain yield/plant (g)

0.4760.04

0.9660.05

1.8360.08

+

+

+

Population yield (g/m2)

97.5610.2

235.6611.8

467.6612.3

+

+

+

+ represents a significant increase at P,0.01. 2 represents a significant decrease at P,0.01. 0 represents no change. Data of yield per plant and population yield were
similar in 2009 and 2010, and average data are presented in the table.
doi:10.1371/journal.pone.0095825.t007

have led to smaller root-shoot ratio. It was likely that this reduction
has also led to increased harvest index [6,11].
The change in biomass allocation between root and shoot rather
than the increase in net leaf photosynthetic rate was an important
resource flow in the process of dryland wheat domestication. This
resource flow directly influenced the final yield formation of wheat
crops [12,16,22,52]. To some extent, root system acted as a
provider of carbon assimilates to support the increase in leaf area
and stem thickness. Under soil water deficit conditions, wild wheat
generally had large root-shoot ratio, which was the result of
natural selection and early domestication. However, as a result of
recent artificial domestication, a lower root-shoot ratio was
required to ensure that more shoot biomass was available for
yield formation [6,53–54]. During the domestication of dryland
wheats, there was a significant increase in both total and
aboveground biomass as well in the distribution of stems, leaves
and sheaths. The increase in aboveground biomass was the
material basis of canopy construction as tetraploid and hexaploidy
wheats had wider leaves, larger individual plants. Consequently,
the domestication program brought about well-structured canopy
and optimized biomass allocation pattern, allowing more biomass
to be distributed into photosynthetic organs.
Compared with tetraploid and hexaploid wheats, diploid wheats
had larger root system and greater tiller number, which acted as
the assurance for strong individual competition ability [2,55].
Dryland wheat is grown with the aim of having a high population
yield, which requires weak individual competition ability since
strong competition between individual plants is always in
contradiction to the increase in population yield. It was suggested
by Donald (1968) that reducing growth redundancy was beneficial
to improve population yield in wheat crops [56]. Massive root
system is viewed as typical growth redundancy of crop. The two
diploid wheats used in this study had massive growth redundancy
as they had high root-shoot ratio and canopy width-height ratio,
small spikes and tightly encapsulated seeds. These are typical
phenotypic characteristics conferring low population yield in
wheat [57–58].
Existing studies showed that population yield of wheat crop was
closely associated with spike length, plant height, height-spike
ratio, first node diameter, position of flag leaf, length-width ratio of
penultimate and flag leaves [56,59–60]. Our experimental data
provided clear evidence that root biomass of modern wheat was
decreased significantly, yet aboveground parts became larger.
Individual plants became higher and larger with less tiller number
at the same time. Meanwhile, the plants got more compact spatial
stance with longer internode below the spike collar and larger
PLOS ONE | www.plosone.org

cross sectional area of all the internodes. The leaf position of top
three leaves was raised upward with enlarged leaf area, but the
leaves tended to become shorter and wider.
We therefore proposed a hypothesis that the change in biomass
allocation pattern brought about spatial stance pattern of leaf and
canopy and accordingly affected leaf photosynthetic rate during
the domestication process of dryland wheats. In our study, the
change in biomass allocation led to significant difference in
morphological characteristics of aboveground part, particularly in
leaf spatial architecture. Well-structured plant architecture was
beneficial to weaken the intensity of competition among various
organs of aboveground part as well as individual plants within a
population, and consequently improved population photosynthetic
rate. The increases in the internode diameter and stem weight
provided a powerful support for hexaploid wheat canopies to bear
their big spikes. In present study, leaf type characteristics appeared
to be critical experimental evidence supporting the hypothesis of
McIntyre et al. (1996) and Brooks et al. (2000) that for highyielding wheat, moderate leaf angle, greater leaf area index and
light transmittance were beneficial to the lower part of canopy to
get more light and profiting assimilate synthesis [43–44].
Interestingly, our data indicated that the length from the first to
the fourth internodes increased, yet the length of the internode
under spike was properly shortened. The change in internode
length was a self-structured modulation, which guaranteed the
increase in plant height without population lodging under dense
planting. In our present study, the fifth internode of tetraploid
wheat is the longest. It suggested that the change in plant type
from tetraploid to modern hexaploid be mainly featured by the
variation in canopy structure in the vertical direction. During the
process of dryland wheat domestication, individual competition
ability of wheat crop to snatch limited water resource in soil tended
to be decreased, while canopy structure was optimized to obtain
greater population yield.
In the process of dryland wheat domestication from tetraploid to
hexaploid, total biomass remained invariable although the biomass
of root system was decreased, the aboveground biomass increased.
In the meantime, spike biomass increased remarkably while
biomass of other organs remained unchanged. Since grain yield in
wheat is determined by both total biomass and biomass allocation
pattern, its plant type evolution is the result of selection that aims
for population yield [14,28]. Through breeding, root-to-shoot
ratio continued to decrease and thereby biomass allocation to
aboveground organs increased continuously, in which growth
redundancy tended to reduce and the competition among
individual plants was decreased [56,58–59,63–64].
10

September 2014 | Volume 9 | Issue 9 | e95825

Domestication of Dryland Wheat Regarding the Aboveground Architecture

Figure 2. The biplot generated by using ‘tester standard deviation’ scaling and ‘GGE’ model. The biplot is based on different diploid
wheat-centered (Centering = 2) and scaled data (Scaling = 1), using different diploid wheat -focused singular value partitioning (SVP = 2) method. YD,
yield; PH, plant height; HER, height-spike ratio; LA, flag leaf angle; FLWR, the length-width ratio of flag leaf; SLWR, the length-width ratio of second
leaf; LE, the total leaf area; PR, the photosynthetic rate of flag leaf; TN, tiller number; FNL, the length of fifth internode; ND, the first internode
diameter; LL, the position of flag leaf; EL, spike length.
doi:10.1371/journal.pone.0095825.g002

Finally, the alteration of biomass allocation caused a change in
the source-sink relationship. It was likely that from tetraploid to
hexaploid, the source of assimilate synthesis became stronger
because of greater leaf area and stronger sheath and stem. Hereby,
total grain-leaf ratio, grain-leaf ratio of top three leaves, total spike
leaf ratio and the spike-leaf ratio of top three leaves all increased,
in which more assimilates were distributed to the sink instead of
the source organs. Consequently, the domestication of source-sink
relationship of dryland wheat from wild to modern varieties has
undergone through two important phases. The first phase was to
enhance source dimension, and the second one was to strengthen
sink dimension. The two phases were evolutionarily mutually
related with the aim to ultimately realize coordinated development
of source and sink relationship [8,61–64].

transmittance to the lower part of canopy were beneficial in
increasing the availability of carbon assimilates. The domestication
from tetraploid to modern hexaploid wheat tended to continuously
decrease individual competition for underground water and the
optimization and adjustment of aboveground canopy structure to
realize a high population yield. Under dual pressures of natural
selection and artificial selection, root system size of dryland wheat
was gradually lessened, while aboveground architecture evolved
towards a well-structured canopy.

Acknowledgments
The seeds were provided by Chinese Crop Germplasm Resources
Database (administered by the Institute of Crop Germplasm Resources,
Chinese Academy of Agricultural Sciences, Beijing, China). We thank the
Institute of Agriculture of University of Western Australia and the ECORC
of Agriculture & Agri-Food Canada for their technical assistance in
experimental design, data analysis and ability building for the major coauthors.

Conclusions
It can be concluded that the domestication from diploid to
tetraploid wheat was a process in which plant canopy became
more well-structured by changing biomass allocation from
belowground to aboveground. More biomass was distributed into
photosynthetic organs because of increased leaf area and
enhanced photosynthetic capacity. The increase in leaf area
presumably changed the opening angle of top leaves in the canopy
because more space was required to accommodate larger leaves.
High leaf area index, a moderate leaf angle and improved light

Author Contributions
Conceived and designed the experiments: PFL ZGC BLM YCX JAP.
Performed the experiments: PFL ZGC HYK FM JYW YZ GCL AB XB
YCX. Analyzed the data: PFL YCX JAP BLM FML. Contributed
reagents/materials/analysis tools: PFL YCX BLM JAP FML. Wrote the
paper: PFL JAP BLM FML YCX.

References
3. Slafer GA, Kantolic AG, Appendino ML, Miralles DJ, Savin R (2009) Crop
development: genetic control, environmental modulation and relevance for
genetic improvement of crop yield. In: Sadras, V.O., Calderini, D.F. (Eds.),
Crop Physiology: Applications for Genetic Improvement and Agronomy,
vol. 19. Elsevier, The Netherlands, pp. 277–308.

1. Gaudet CL, Keddy PA (1988) A comparative approach to predicting
competitive ability from plant traits. Nature 334: 242–243.
2. Fuller DQ (2007) Contrasting patterns in crop domestication and domestication
rates: Recent archaeobotanical insights from the Old World. Ann Bot 100: 903–
924.

PLOS ONE | www.plosone.org

11

September 2014 | Volume 9 | Issue 9 | e95825

Domestication of Dryland Wheat Regarding the Aboveground Architecture

4. Slafer GA (2003) Genetic basis of yield as viewed from a crop physiologist’s
perspective. Ann Appl Biol 142: 117–128.
5. Zhou Y, Zhu HZ, Cai SB, He ZH, Zhang XK, et al. (2007) Genetic
improvement of grain yield and associated traits in the southern China winter
wheat region: 1949 to 2000. Euphytica 157: 465–473.
6. Zhang DY, Sun GJ, Jiang XH (1999) Donald’s ideotype and growth redundancy
a game theoretical analysis. Field Crop Res 61: 179–187.
7. Zohary D, Hopf M (2000) Domestication of plants in the old world: the origin
and spread of cultivated plants in West Asia, Europe, and the Nile Valley.
Oxford University Press. 141 p.
8. Gelang JG, Selldén SY, Pleijel H (2001) Effects of ozone on biomass, nonstructural carbohydrates and nitrogen in spring wheat with artificially
manipulated source/sink ratio. Environ Exp Bot 46: 155–169.
9. Canevara MG, Romani M, Corbellini M, Perenzin M, Borghi B (1994)
Evolutionary trends in morphological, physiological, agronomical and qualitative traits of Triticum aestivum L. cultivars bred in Italy since 1900. Eur J Agron
3: 175–185.
10. Xiong YC, Li FM, Zhang T, Xia C (2007) Evolution mechanism of nonhydraulic root-to-shoot signal during the anti-drought genetic breeding of spring
wheat. Environ Exp Bot 59: 193–205.
11. Craine JM (2006) Competition for nutrients and optimal root allocation. Plant
Soil 285: 171–185.
12. Sandaña P, Pinochet D (2011) Ecophysiological determinants of biomass and
grain yield of wheat under P deficiency. Field Crop Res 120: 311–319.
13. Zhang SQ, Shan L, Deng XP (2002) Relation between growth of root system
and water use efficiency during the evolution process. Chin Sci Bull 47: 1327–
1331 (In Chinese with English abstract)
14. Koshkin EI, Tararina VV (1989) Yield and source/sink relations of spring wheat
cultivars. Field Crop Res 22: 297–306.
15. Slafer GA, Araus JL, Royo C, Moral LFG (2005) Promising ecophysiological
traits for genetic improvement of cereal yields in Mediterranean environments.
Ann Appl Biol 146: 61–70.
16. Jorgea CA, Fernando R, Rosa R, Perez I, Dorado M (1999) Effect of source to
sink ratio on partitioning of dry matter and 14C photo-assimilates in wheat
during grain filling. Ann Bot 83: 655–665.
17. Ma SC, Xu BC, Li FM, Liu WZ, Huang ZB (2008) Effects of root pruning on
competitive ability and water use efficiency in winter wheat. Field Crop Res 105:
56–63.
18. Ma SC, Li FM, Xu BC, Huang ZB (2009) Effects of root pruning on the growth
and water use efficiency of winter wheat. Plant Growth Regul 57: 233–241.
19. Ma SC, Li FM, Xu BC, Huang ZB (2010) Effect of lowering the root/shoot ratio
by pruning roots on water use efficiency and grain yield of winter wheat. Field
Crop Res 115: 158–164.
20. Shearman VJ, Sylvester-Bradley R, Scott RK, Foulkes MJ (2005) Physiological
processes associated with wheat yield progress in the UK. Crop Sci 45: 175–185.
21. Fu ZL (2001) Characteristics of yield components, pant type and canopy
structure of super-high-yielding wheat genotypes. China Agricultural Univ
Doctoral Thesis. (In Chinese with English abstract)
22. Richards RA (2000) Selectable traits to increase crop photosynthesis and yield of
grain crops. J Exp Bot 51: 447–458.
23. Gastal F, Lemaire G (2002) N uptake and distribution in crops: An agronomical
and ecophysiological perspective. J Exp Bot 53: 789–799.
24. Song Y, Birch C, Hanan J (2008) Analysis of maize canopy development under
water stress and incorporation into the ADEL-Maize model. Funct Plant Biol 35:
925–935.
25. Huang ZW, Zhao TJ, Gai JY (2009) Dynamic analysis of biomass accumulation
and partition in different yield level soybeans. Acta Agron Sin 35: 1483–1490.
(In Chinese with English abstract)
26. Copeland PJ, Crookston RK (1985) Visible indicators of physiological maturity
in barley. Crop Sci 25: 843–847.
27. Niklas KJ (2006) A phyletic perspective on the allometry of plant biomass and
functional organ-categories. New Phytol 171: 27–40.
28. Xiong YC, Li FM, Zhang T (2006) Performance of wheat crops with different
chromosome ploidy: root-sourced signals, drought tolerance, and yield
performance. Planta 224: 710–718.
29. Hurd EA (1974) Phenotype and drought tolerance in wheat. Agric Meteorol. 14,
39–45.
30. Chapin FS (1980) The mineral nutrition of wild plants. Annu Rev Ecol Syst 11:
233–260.
31. Weinig C (2000) Differing selection in alternative competitive environments:
Shade-avoidance responses and germination timing. Evolution 54: 124–136.
32. Cattivelli L, Rizza F, Badeck FW, Mazzucotelli E, Mastrangelo AM, et al. (2008)
Drought tolerance improvement in crop plants: An integrated view from
breeding to genomics. Field Crop Res 105: 1–14.
33. Hunt HW, Morgan T, Aread JJ (1998) Simulation growth and root-shoot
partitioning in prairie grasses under elevated atmospheric CO2 and water stress.
Ann Bot 81: 489–501.

PLOS ONE | www.plosone.org

34. Kihara H (1944) Lotus japonicus: Discovery of the DD-analyser, one of the
ancestors of Triticum vulgare. Agric Hortic 19: 889–890.
35. Harlan JR, Zohary D (1966) Distribution of wild wheats and barley. Science
153: 1074–1080.
36. Waines JG, Barnhart D (1992) Biosystematic research in Aegilops and Triticum.
Sweden. Hereditas Off Print 116: 207–212.
37. Dvorak J, Luo MC, Yang ZL, Zhang HB (1998) The structure of the Aegilops
tauschii genepool and the evolution of hexaploid wheat. Theor Appl Genet 97:
657–670.
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