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Phenotypic variability in bread wheat root
systems at the early vegetative stage
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Abstract

Background: Understanding root system morphology in bread wheat is critical for identifying root traits to breed
cultivars with improved resource uptake and better adaptation to adverse environments. Variability in root
morphological traits at early vegetative stages was examined among 184 bread wheat genotypes originating from
37 countries grown in a semi-hydroponic phenotyping system.

Results: At the onset of tillering (Z2.1, 35 days after transplanting), plants had up to 42 cm in shoot height and 158
cm long in root depth. Phenotypic variation existed for both shoot and root traits, with a maximal 4.3-fold
difference in total root length and 5-fold difference in root dry mass among the 184 genotypes. Of the 41
measured traits, 24 root traits and four shoot traits had larger coefficients of variation (CV ≥ 0.25). Strong positive
correlations were identified for some key root traits (i.e., root mass, root length, and these parameters at different
depths) and shoot traits (i.e., shoot mass and tiller number) (P ≤ 0.05). The selected 25 global traits (at whole-plant
level) contributed to one of the five principal components (eigenvalues> 1) capturing 83.0% of the total variability
across genotypes. Agglomerative hierarchical clustering analysis separated the 184 genotypes into four (at a
rescaled distance of 15) or seven (at a rescaled distance of 10) major groups based on the same set of root traits.
Strong relationships between performance traits (dry mass) with several functional traits such as specific root
length, root length intensity and root tissue density suggest their linkage to plant growth and fitness strategies.

Conclusions: Large phenotypic variability in root system morphology in wheat genotypes was observed at the
tillering stage using established semi-hydroponic phenotyping techniques. Phenotypic differences in and trait
correlations among some interesting root traits may be considered for breeding wheat cultivars with efficient water
acquisition and better adaptation to abiotic stress.
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Background
Bread wheat (Triticum aestivum) is a staple crop in
many countries, being one of the most economically and
socially important cereal crops for human food and ani-
mal feed. Efforts have been made to identify the con-
straints to crop growth and yield, with increasing
interest in breeding wheat cultivars with suitable root

systems that possess desirable root traits for efficient
utilization of resources [1–3]. Root systems play a crit-
ical role in the uptake of water and nutrients, and often
are the first plant organ that senses and responds to
various edaphic stresses, such as soil water deficit, salin-
ity, waterlogging and nutrient deficiencies.
Plant traits, either performance traits or functional

traits, are widely accepted as good proxies to represent
plant strategies in ecology and agriculture [4, 5]. Accord-
ing to Violle et al. (2007), performance traits contribute
directly to fitness due to their effects on growth,
reproduction and survival, while functional traits are
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those morpho-physio-phenological traits that have an
impact on performance traits and thus indirectly on fit-
ness [4]. The identification of root performance or func-
tional traits conferring efficiency in resource acquisition
and adaptation to edaphic stresses, particularly in drying
soil environments, has increased in research and breed-
ing programs. Drought stress, particularly end-of-season
(i.e. terminal) drought, is a major constraint to wheat
yield and stability in arid and semiarid regions of the
world [6–8]. Root system morphological traits, referred
to as root phenes, include root length, numbers, angles,
density at various depths, and root length in different
diameter classes [9]. Studies on root phenomics rely on
high-throughput phenotyping pipelines to measure root
properties of hundreds of genotypes of the same or dif-
ferent crop species [10]. However, wide-scale use of root
genetic information in breeding and selection programs
remains a challenge [11]. This is primarily due to the dif-
ficulty in phenotyping root traits efficiently and accur-
ately, and observing root traits in soil, especially under
field conditions [12, 13]. Several phenotyping methods
have been used to evaluate roots, including hydroponic
systems using growth pouches (or germination paper)
[12, 14, 15], aeroponic and agar-plate systems [16], soil-

filled rhizotron [3, 17–19], and deep column techniques
[20]. Current wheat root phenotyping studies are limited
to the very early seedling stage, with only a few pheno-
typing platforms are used for measuring whole root sys-
tems in wheat, such as the germination paper technique
[12, 21] and clear pots [22]. Soil-filled PVC tubes (col-
umns) and glass-walled rhizoboxes are commonly used
in root studies, but these techniques require extensive
labor input and large space when phenotyping large sets
of genotypes [20, 23, 24]. A semi-hydroponic phenotyp-
ing system [25] was developed to characterize root trait
variability from a core collection of narrow-leafed lupin
(Lupinus angustifolius L.) [26, 27]. This platform has
been used in root phenotyping studies in other crops,
such as chickpea (Cicer arietinum L.) [28], maize (Zea
mays L) [29], barley (Hordeum vulgare L.) and soybean
(Glycine max (L.) Merr.) (Chen et al. unpublished), but
has not been applied to wheat.
Some studies have evaluated phenology and morpho-

logical traits in large collections of wheat genetic re-
sources [30, 31]. Current worldwide wheat diversity is
divided according to European and Asian origins [32,
33]. Here we aimed to characterize the phenotypic vari-
ability in root morphology in bread wheat in the selected

Fig. 1 a Wheat plants grew in a semi-hydroponic system in a glasshouse, b a close shot of plants in the bin, and (c) example plants of four
wheat genotypes with contrasting shoot and root system morphology grown in the semi-hydroponic phenotyping platform in a temperature-
controlled glasshouse 35 days after transplanting. Genotypes (left to right): #56 (Chyamtang), #50 (Kulung), #91 (Compton, USA), and #85
(Horoshiri-Komugi). Bar = 10 cm
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184 accessions from various resources and determine se-
lection criteria for wheat genotypes with root traits for
efficient acquisition of soil resources and adaptation to
edaphic stresses. This study aimed to characterize
phenotypic variability in root system traits in a set of
wheat germplasms at the early growth stage (tillering)
and determine the relationship among shoot and root
traits and between plant performance and functional
traits in relation to plant strategies in resource acquisi-
tion. A semi-hydroponic phenotyping system [25] was
used to measure detailed root system characteristics and
trait-trait correlation among 184 genotypes of bread
wheat.

Results
Phenotypic variation in early shoot and root growth
At 35 days after transplanting (DAT), wheat plants were
up to 42 cm tall (i.e. genotype #55) (Fig. 1b) and the lon-
gest seminal roots up to 158 cm long (#73) with a root

growth rate ranging from 1.2 cm (#119) to 4.4 cm per
day (#73) (Table 1; mean data with standard errors for
each genotype are not presented but available upon re-
quest). Significant differences (P < 0.01) in shoot growth
(e.g. shoot height, leaf number and tiller number) and
rooting and branching pattern (root length, density,
depth etc.) were observed among genotypes. Total root
length per root system (RL) ranged from 670 to 3538 cm
with a median value of 1937 cm (Table 1). Among the
184 genotypes, six genotypes had RL < 1000 cm per
plant, 79 genotypes had RL values from 1000 to 2000 cm
per plant, and five genotypes had RL > 3000 cm (Fig. 2).
Based on the median value (i.e. 1937 cm plant− 1) ±
standard deviation (552 cm plant− 1), 37 genotypes had
small root systems (RL < 1385 cm plant− 1) and 31 geno-
types had large root system (RL > 2489 cm plant− 1). The
Russian-origin genotype Hopea (#6) had the longest RL
(3538 ± 188 cm) and greatest shoot mass (450 mg) per
plant, which was 4- and 9-fold higher than Australian

Table 1 Descriptive statistics of 25 important traits (22 root traits, and four shoot traits) in 184 wheat genotypes grown in a semi-
hydroponic phenotyping platform

Trait Abbreviation Minimum Maximum Mean Median Std. deviation CV Significance

Seminal root length zone1 SRLZ1 27.7 120 85.3 86.3 14.4 0.17 0.000

Seminal root length zone2 SRLZ2 6.8 37.7 24.1 24.6 5.66 0.23 0.000

Maximal root depth MRD 44.3 158 109 111 18.8 0.17 0.000

Seminal and primary root number SRN 5.67 48.3 11.1 10.8 3.21 0.29 0.258

Total root length RL 670 3538 1902 1937 552 0.29 0.000

Root diameter RD 0.26 0.48 0.31 0.30 0.02 0.07 0.052

Specific root length SRL 60.5 172.7 122.3 121.4 17.8 0.15 0.000

Root length Intensity RLI 8.12 31.1 17.8 17.6 4.55 0.26 0.000

Root tissue density RTD 75.4 175 117 118 17.5 0.15 0.334

Root length s1 RL_s1 260 1245 687 694 213 0.31 0.000

Root diameter s1 RD_s1 0.26 0.40 0.30 0.29 0.02 0.07 0.939

Root length s2 RL_s2 93.9 1313 652 653 216 0.33 0.000

Root diameter s2 RD_s2 0.23 0.43 0.28 0.27 0.03 0.09 0.001

Root length s3 RL_s3 59.3 1266 563 562 227 0.40 0.000

Root diameter s3 RD_s3 0.29 0.69 0.35 0.35 0.04 0.12 0.000

Root length in sub-root layer RL_sub 153 2455 1215 1220 409 0.34 0.000

Root diameter in sub-root layer RD_sub 0.27 0.56 0.31 0.31 0.03 0.10 0.000

Root length ratio RLR_s1/sub 0.30 3.81 0.65 0.63 0.32 0.49 0.000

Root mass RM 50.7 305 159 155 53.1 0.33 0.000

Shoot mass SM 47.5 450 230 221 81.9 0.36 0.000

Total dry mass TDM 98.2 975 390 379 166 0.43 0.000

Root mass ratio RMR 0.45 1.12 0.74 0.73 0.15 0.20 0.000

Shoot height SH 8.87 42.7 21.9 22.0 5.85 0.27 0.000

Leaf number LN 3.67 35.0 8.50 8.15 3.11 0.37 0.000

Tiller number TN 1.00 5.33 2.40 2.37 0.84 0.35 0.000

Fourteen of 25 Traits with CVs (coefficients of variation) ≥0.25 appear in red and bold type. Probability (P) values were based on a GLM multivariate analysis of
184 genotypes (see Table 3 for units of each trait, and Table S1 for the data of additional 16 root traits)
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genotype Tincurrin (#157), respectively (Table 1; Fig. 2).
For each root depth along the root profile (layer), root
length varied greatly among genotypes, and for some ge-
notypes, the proportion of root length among the three
depths differed significantly (Fig. 2). Maximal root
depth of the longest root-system genotype Ferrugi-
neum was 2.5-times than that of the shallowest root-
system genotype W7984. Root length density ranged
from 0.47 to 2.47 with a median value of 1.35 cm
cm− 2. Root length intensity varied about 3-fold
among the genotypes (Table S1). The root length ra-
tio between section 1 (top 0–20 cm layer) and the
rest of the roots (RLR_s1/sub) ranged from 0.3 to
3.81, indicating different root distributions and root
morphological patterns between various root depths
and tested genotypes (Table 1).
Example wheat plants with large variation in both

shoots and root morphological traits are shown in Fig. 1c.
The two plants of similar shoot size on the left side of
the image had totally different root systems: genotype
#050 (Kulung) had remarkably more lateral roots and
wider root angles with higher root density in the top 20
cm layer than its partner genotype #065 (Chyamtang)
and the other two genotypes in the figure. In contrast,
#085 (Horoshiri-Komugi) developed much deeper pri-
mary and lateral roots with fewer seminal (and primary)
roots than the other three plants (Fig. 1c).

Average root diameter per genotype ranged from 0.26
to 0.48 mm (Table 1), and 84.5% of the total root length
was in root diameter range between 0.05 and 0.45 mm
(Fig. S1). Some 68% of the total root length was in the
0.5–0.15 mm root diameter class. Root diameter length
in the three root sections followed a similar trend to the
total root diameter class length (DCL). Roots thicker
than 0.75 mm were mostly in the upper layer (0–20 cm),
accounting for approximately 2.4% of total root length.
The tested genotypes differed significantly in specific
root length (SRL) (P < 0.001, Table 1). SRL ranged from
60.5 (#119: W7984) to 172.7 (#128: Stiletto) with a me-
dian value of 121.4 m g− 1 (Fig. S2). Cultivars Tincurrin,
Sunco, Centurk, Cotipora, Krichauff, Yitpi and Harper
were in the genotype group with the highest SRL values
indicating a root system with more fine roots.
The 184 genotypes were ranked for each trait based

on the mean values; the top 20 and bottom 20 genotypes
for total root length are presented in Table S2. Of the
top 20 genotypes for total root length, 17 also ranked in
the top 20 for RL_sub (root length in the section below
20 cm) (excluding Kulung, Flint and Weibullsholm Jo
3045), and 14 for root mass (excluding Austro Bankut,
Nachipundo, College Eclipse, Cotipora, Rongotea and
Pitic 62), ten for shoot mass, and six for root growth. Of
the bottom 20 genotypes for root length, 13 also ranked
in the bottom 20 for RL_s1 and root mass, 15 for RL_

Fig. 2 Cumulative barplot showing phenotypic variation in root length among 184 wheat genotypes grown in a semi-hydroponic phenotyping
platform 35 days after transplanting. Data were plotted from the lowest to the highest total root length (RL) values. For each genotype, root
lengths for the three sections (depths from the top of the root system) were plotted in three different colors. RL_s1: total root length in section 1
(0–20 cm; blue bars); RL_s2: total root length in section 2 (20–40 cm, red bars); RL_s3: total root length in section 3 (below 40 cm, green bars). The
median value for all genotypes is presented (unfilled bars). Genotypes were divided into three groups with small, medium or large root systems
with the medium interval defined as the median value of RL ± the standard deviation. The upper and lower boundaries of the medium interval
were constructed by adding to, or subtracting from, the median point. The error bar for each genotype was based on the total root length
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sub, 11 for root growth rate, and nine for shoot mass
(Table S2). Among the 20 small-root-system genotypes,
11 were identified as slow root growers with their root
growth rate ranked among the lowest, and nine also had
their shoot mass ranked in the lower 20. Interestingly,
several recently released Australian cultivars, including
Hydra, Scepter, Impress CI Plus, Harper and Trojan
were in the lowest 20 genotype group with low values
for root size (root length and root mass).

General variation and correlation among traits
Most of the 40 measured traits differed significantly
among genotypes except for seminal and primary root
number, root diameter, root tissue density (root mass
per root volume) and root diameter in section 1 (P <
0.01) (Tables 1 and S3). Twenty-four root traits and four

shoot traits had coefficients of variation (CV) values >
0.25. Root morphological traits, such as root length, root
length density, root length intensity (root length per
depth), root area, and root volume had relatively larger
variation among genotypes. These traits also varied be-
tween genotypes in each root section (depth). However,
relatively less variation existed for some of the root traits
including maximal root depth (longest seminal root
length), root diameter, and specific root length, as indi-
cated by low CV values.
For root traits at the various root depths, small vari-

ation in root length, root surface area, and root volume
occurred among the three root sections across all geno-
types (Fig. 3). Average root length in s1 (0–20 cm layer),
s2 (20–40 cm layer) and s3 (below 40 cm layer) were
687, 652 and 563 cm, respectively (Table 1). Of the three

Fig. 3 Variation in root morphological traits in the three root sections among 184 wheat genotypes grown in a semi-hydroponic phenotyping
platform 35 days after transplanting. Genotype data were combined for each section. The boxplots were confined to the first and third quartiles
with the middle lines being the median. Four root traits were plotted: (a) root length, (b) root surface area, (c) root volume, and (d) root length
density. Three root sections: s1, 0–20 cm layer; s2, 20–40 cm layer; and s3, 40–110 cm layer
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root sections, s2 had relatively smaller root area and root
volume, while s1 and s2 had significantly more root
length density than in s3 (2.64 and 2.51 vs. 0.62 cm
cm− 2; Fig. 3).
When considering the origin of the genotype, large

variations existed between genotypes from different
countries for most of the measured traits (Figs. S3, S4).
For example, mean root length by country ranged from
703 cm per plant in genotypes from Zimbabwe to 3191
cm per plant in genotypes from Algeria. Average root
mass by country ranged from 76mg in genotypes from
Zimbabwe to 298 mg in genotypes from Italy, and shoot
mass ranged from 137mg in genotypes from Armenia to
420 mg in genotypes from Algeria.
A set of 25 traits, including four shoot traits were used

to establish the Pearson correlation matrix to identify cor-
relations among the measured traits (Table S4). Most of
the selected traits had strong correlation with other traits
(P < 0.01). All root traits were highly correlated with shoot
dry mass and total dry mass (except root diameter (RD)
and RD_s1 (root diameter in section 1) and leaf number
(LN) and tiller number (TN) (except seminal and primary
root number (SRN) and RD_s1) (mostly P < 0.01). Root
length (RL) of the total root system and root sections and
root length intensity (RLI) were strongly associated with
shoot height (SH) (P < 0.05; Table S4). RL was significantly
correlated with all other traits except specific root length
(SRL), root tissue density (RTD), RD_s1, and root mass ra-
tio (RMR) (mostly P < 0.01). For example, RL was strongly
correlated with root mass (RM) (R2 = 0.80, P < 0.01;
Fig. 4a), shoot mass (SM) (R2 = 0.62, P < 0.01; Fig. 4b) and
root growth ratio (RGR) (R2 = 0.28, P < 0.05; Fig. 4c). RL in
each section also had significant associations with RM,
SM and RGR, respectively (P < 0.01) (Fig. 4, Table S4). SM
was strongly associated with RM (R2 = 0.72, P < 0.01;
Fig. 5a; Table S4). SRL was negatively correlated with SM

and total dry mass (P < 0.01; Fig. 5b, d). Root mass ratio
had a negative correlation with total dry mass (P < 0.01;
Fig. 5c). Maximal root depth (MRD) had a strong correl-
ation with RM, SM, total dry mass (TDM), LN and TN,
respectively, but not SH (P < 0.05; Table S4). SRN was cor-
related with SH, but not LN or TN, and TN strongly cor-
related with LN (P < 0.01; Table S4). SRL had a significant
association with RTD, RD in section 1 and section 3, RM,
SM, TDM, LN and TN (all P < 0.01 except P < 0.05 for
LN; Table S4).

Determination of trait variation
Principal component analysis (PCA) was performed for
(1) global traits (Table 2; Figs. 6a, b, 7a, b), (2) top sec-
tion traits (Figs. 6c, 7c), and (3) sub section traits (Fig. 6d,
7d). The first PCA on16 selected global traits (excluding
mathematically linked traits, such as root length density,
root volume and root area at whole root system and in
root sections) revealed five principal components (PCs)
with eigenvalues > 1, which captured 83.0% of the vari-
ability across the tested genotypes (Table 2). PC1
accounted for 39.3% of the total variability, consisting
mostly of whole plant traits such as RL, RLI, RM, SM,
TDM, LN and TN. PC2 accounted for 16.3% of the total
variation primarily for seminal root length zone 1
(SRLZ1), seminal root length zone 1 (SRLZ2), MRD, and
RD. PC3 (11.0% variability) consisted of shoot height
(SH), seminal and primary root number (SRN) and root
mass ration (RMR). The PCA on four local traits each
contained two PCs with PC1 accounting for 96.9% (top
section; Figs. 6c, 7c) and 75.5% (sub section; Figs. 6d,
7d). Genotypes are presented by root size (Fig. 6) or
continent of origin (Fig. 7). The biplots exhibited a clear
separation of genotypes in three root-size categories
showing positive contribution of all global traits to root
system size except SRL, RD and RMR (Fig. 6a). Of the

Fig. 4 Correlations between (a) root length and root dry mass, (b) root length and shoot dry mass, and (c) root length and root growth rate in
184 wheat genotypes grown in a semi-hydroponic phenotyping platform 35 days after transplanting. Total root length (RL) and root length in
three depths (RL_s1, RL_s2 and RL_s3) were used in the analyses
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global traits, RL, RM, SM, TDM and MRD contributed
the most to root size. Three of the four local traits (ex-
cept RD) in both top and sub sections were strongly as-
sociated with root system size (Fig. 6c, d). As for
continents, most of the global traits tended to have a
greater influence on genotypes with European origin
than those from Oceania (Fig. 7a). This was also the case
for top section traits (Fig. 7c), but not sub section traits
(Fig. 7d).

Identification of groups among the genotypes based on
root characters
K-means clustering analysis identified five relatively
homogeneous groups of genotypes based on the nine
root-related traits with CV values > 0.25 (Table S5).
Cluster center data for each group of genotypes identi-
fied all root traits except SRN contributing significantly

to group separation (P < 0.01). The number of genotypes
in the five groups ranged from 16 to 56, indicating vari-
ation in the degree of homogeneity among tested geno-
types. Cluster #3 grouped 16 genotypes with the highest
values of cluster centers in all root traits except root
length ratio (RLR_s1/sub). Cluster #1 contained 32 ge-
notypes, with the lowest values for all root traits, apart
from the largest value for RLR_s1/sub. Clusters 2, 4, and
5 consisted of 28, 56 and 52 genotypes, respectively, with
moderate values for cluster centers. The dendrogram of
agglomerative hierarchical clustering (AHC) separated
the 184 genotypes into four major clades at a rescaled
distance of 15 using the average linkage method with
squared Euclidean distance as the interval measurement
on the same set of 24 root traits (Fig. S5). The genotypes
were further separated into seven groups when a
rescaled distance of 10 was used. Representative

Fig. 5 Correlations (a) between shoot dry mass and root dry mass, (b) shoot dry mass and specific root length, (c) total dry mass and root mass
ratio, and (d) total dry mass and specific root length in 184 wheat genotypes grown in a semi-hydroponic phenotyping platform 35 days after
transplanting (all P < 0.01)
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genotypes from each group were selected for further
studies. In terms of country, the number of genotypes in
each country varied among the 37 countries, from 1
genotype to 55 genotypes. Australia (55 genotypes),
Mexico (18), Nepal (13) and Russia (10) are the top four
countries having 10 or more genotypes included in this
study. The 55 genotypes from Australia were clustered
into five groups (Fig. S4), with the majority of genotypes
(34 genotypes, 61.8% of 55) in G7, followed by G6 (13,
23.6%), G4 and G3 (3 each), and G1 (2). However, three
genotypes (#1, #74 and #148) originated from China
were assigned in three different groups. These results
demonstrated that genotypes from the same country
were not always clustered into the same or closer
group(s).

Discussion
Characterizing root trait variability and its implications for
wheat breeding
There is an increasing interest in studying root phe-
nomics, which is considered central to crop breeding
[11, 34]. Among the measured root traits, root depth,
total root length, root mass and root length density

(RLD) at various depths, are most important for water
and nutrient acquisition [17, 35]. Wheat selection and
breeding programs have focused on aboveground traits
and yield, with their impact on root traits often ignored
[36]. The genotypes Hopea, Bahatans 87 and Ghurka
ranked in the top 20 genotypes for root length with their
significantly larger root systems (in terms of root length
and root mass) and fast root growth rates (Table S2,
Fig. 2). The vigorous root system of these wheat geno-
types, although having better uptake of nitrogen in deep
sandy soils when grown under current rainfall [37, 38],
can also prompt to a premature terminal drought, as
their shallow root system can use the soil available water
in the topsoil layers very fast. The advantage of their
massive shallow root system is likely the use of soil
water from small rainfalls after flowering [37, 39]. Vigor-
ous root system genotypes often have better crop estab-
lishment and shoot development and when their root
system is deep (high vigorous), and improve water-use
efficiency and grain yield in rainfed environments [40].
Several Australian commercial cultivars, including Drys-
dale, Harper, and Mace, were among the bottom 20 ge-
notypes for total root length and root mass, indicating
small root systems (Table S2). Two advanced breeding
lines, IGW-3119 and IGW-3262, putatively adapted to
dryland environments [41] developed moderate-size root
systems as reflected in their root depth, root length and
dry mass (Table 1). Modern wheat cultivars with smaller
root systems than older cultivars have been confirmed in
other studies [13, 42, 43], as an unintended result of
breeding for increasing grain yield. Selection for wheat
grain yield in dry environments and dry seasons has fo-
cused mainly in reducing phenology, particularly time to
anthesis to evade the severe effects of drought on grain
filling [40]. The high yielding of modern wheat cultivars
is related to a short time to anthesis and the short time
to anthesis to a small root system [44]. The wheat root
system grows through allocation of the daily photosyn-
thetic carbon. The allocation is 42–48% from leaf emer-
gence (Z11) to floral initiation (double ridge, Z31) at
which stage it abruptly decreases to 18% and subse-
quently to 4% by booting (Z27) [45, 46]. Consequently,
wheat cultivars with short time to anthesis have less
time for root growth and hence smaller root system size
than those with longer time to anthesis [44]. Genotypes
with vigorous root growth and greater root length, root
mass, and RLD in early growth stages are often better
able to capture water, facilitate crop establishment and
shoot development, and improve grain yield under
rainfed agriculture systems [47, 48].
Root depth is an important trait in association with

moisture and nutrient uptake at depth. Our phenotyping
study showed a three-fold difference in rooting depth
among the tested wheat genotypes (Table 1). A positive

Table 2 Variable loading scores of 16 selected global traits (12
root-related and four shoot traits) and the proportion of
variation of each principal component

Trait PC1 PC2 PC3 PC4 PC5

SRLZ1 0.60 0.67 0.03 −0.21 0.21

SRLZ2 0.52 0.66 0.06 −0.07 0.06

MRD 0.62 0.72 0.04 −0.18 0.18

SRN 0.26 −0.36 0.42 −0.25 0.09

RL 0.89 0.02 0.03 0.37 0.20

RD −0.34 −0.53 −0.09 −0.02 0.36

SRL −0.34 0.50 0.38 0.65 −0.14

RLI 0.59 −0.50 0.01 0.55 0.10

RTD 0.46 −0.22 −0.25 −0.69 −0.19

RM 0.93 − 0.18 − 0.15 0.05 0.25

SM 0.91 −0.24 0.20 − 0.02 − 0.08

TDM 0.95 −0.22 0.06 0.01 0.05

RMR −0.19 0.07 −0.70 0.14 0.54

SH 0.34 −0.22 0.73 −0.09 0.13

LN 0.59 −0.01 −0.35 0.14 −0.55

TN 0.71 −0.05 −0.39 0.23 −0.28

Variation proportion

Eigenvalue 6.28 2.57 1.75 1.57 1.08

Variance (%) 39.3 16.2 11.0 9.8 6.7

Cumulative variability (%) 39.3 55.5 66.5 76.3 83.0

Rotation converged in 25 iterations using Varimax with Kaiser normalization.
For each trait, the large variable loading score crossing the six components
appears in bold. Three principal components with eigenvalues > 1 were
extracted and considered significant (Tabachnik and Fidell, 1996)
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correlation between deep rooting during early growth
and early root vigor benefits crop establishment for im-
proved photosynthetic capacity and biomass production
[49, 50]. Rice genotypes with deep-rooting properties
improved drought tolerance and nitrogen accumulation,
and increased harvest index and cytokinin flux from
roots to shoots during grain filling [51]. The capacity for
vigorous growth and deep rooting enables access to sub-
soil water and better photosynthesis, and grain filling
under drought conditions, and thus contributes to
drought avoidance [8]. Genotypes with deep root sys-
tems are better suited to drought-prone areas [35, 52]
and are beneficial for the capture of subsoil nitrate in
maize [1].
Considerable variation in root diameter and root

length in diameter classes among genotypes, indicated
by specific root length (SRL, calculated as root length di-
vided by root mass) was observed in this study (Figs. S1,

S2). SRL is a widely used trait for describing root phe-
nomics, demonstrating how root mass can be used for
nutrient acquisition. It can characterize economic as-
pects of the root system and may indicate environmental
changes [53]. Some wheat genotypes, including the Aus-
tralian cultivars Bonnie Rock, Cranbrook, Cobra, Drys-
dale, Frame, Kennedy, Livingston and Yitpi, had high
SRL indicating thinner roots, which presumably in-
creased the surface area per unit root volume, improving
water- and nutrient-uptake efficiencies [41]. Moreover,
genotypes with small root diameters (i.e., larger SRL)
and large root length densities at depth are better
adapted to drought conditions [6, 54]. In northern New
South Wales and southern Queensland in Australia,
where wheat is grown in winter and spring on stored soil
water from the previous summer rainfall, and terminal
drought often occurs, genotypes with more fine roots
and larger SRL are expected to save water in the subsoil

Fig. 6 Principal component analysis of (a, b) 16 selected global traits (12 root-related and four shoot traits) and (c) four root traits in the top
section (0–20 cm) and (d) sub-section (below 20 cm) with genotypes presented by root system size, among 184 wheat genotypes grown in a
semi-hydroponic phenotyping platform 35 days after transplanting. The position of each global trait is shown for (a) PC1 vs. PC2 representing
55.5% of the variability, and (b) PC2 vs. PC3 representing 27.2% of the variability. The position of each (c) top section trait and (b) sub-section trait
for PC1 vs. PC2 representing 100% of the variability, respectively
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for use during grain filling. This is mainly because the
narrow metaxylem vessels of thin seminal roots have
low root hydraulic conductivity [6]. High root length
density deep in the soil profile is a critical trait for acces-
sing deep soil water after anthesis, contributing to high
grain yield under terminal drought [48, 55–57]. An
evaluation of old, modern and newly released cultivars
of winter wheat under drought conditions in China rati-
fied that moderate drought conditions stimulated root
growth in newly released cultivars enabling access to
deep soil water and leading to higher grain yields [42].
Therefore, genotypes with root properties such as small
diameters, greater specific root lengths, and increased
root length densities in the subsoil and root hair dens-
ities, can be selected as candidate parents.
This study measured 43 traits including 39 root-

related traits and four shoot traits, under the categories
of “performance traits” and “functional traits”. According
to Violle et al. (2007) [4], performance traits are direct
measurements of plant fitness, such as shoot and root

biomass, and functional traits are those parameters hav-
ing an indirect impact on plant fitness through their ef-
fects on growth, reproduction and survival. The Pearson
correlation matrix identified strong correlations between
performance traits and some functional traits (P < 0.01;
Figs. 4, 5; Table S4). Evidence of strong correlations be-
tween plant dry mass (shoot, root and total) and several
functional traits such as specific root length (SRL), root
length intensity (RLI) and root tissue density (RTD)
demonstrate that suites of correlated root traits are
linked to plant growth strategies [58, 59]. Studies have
shown that fast-growing plants tend to have high SRL
and root nitrogen concentration in root tissue, and often
have high respiration rates in fine roots, which most
likely reflects metabolic activity related to nutritional up-
take and assimilation [59, 60].
Genotypes with similar root system size (root length

and root mass) may distribute differently in the soil pro-
file, as measured by root length density, a mirror trait of
root length (Figs. 3, 6, 7). Several recent studies in maize

Fig. 7 Principal component analysis of (a, b) 16 selected global traits (12 root-related and four shoot traits) and (c) four root traits in top section
(0–20 cm) and (d) sub-section (below 20 cm), with genotypes presented by continent of origin, among 184 wheat genotypes grown in a semi-
hydroponic phenotyping platform 35 days after transplanting. The position of each global trait is shown for (a) PC1 vs. PC2 representing 55.5% of
the variability, and (b) PC2 vs. PC3 representing 27.2% of the variability. The position of each (c) top section trait and (d) sub section trait for PC1
vs. PC2 representing 100% of the variability
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demonstrated that genotypes with reduced lateral root
branching density, steeper root growth angles, and re-
duced production of crown roots had better root growth
deeper in the profile, nitrogen uptake and yield in infer-
tile soil (reviewed in Lynch 2019) [58]. Genotypes from
different geographic origin showed some variations (Fig.
S3, S4) reflecting potential ecological and climatic link-
ages that require further exploration.
Our observations of early growth in wheat plants also

showed that some genotypes did not have close relation-
ships between root system size and shoot performance,
such as those illustrated in Fig. 1c, demonstrating that
variation in shoot height does not always reflect root
system size, and vice versa. Analyses of genetic variabil-
ity for root traits in a Spring Wheat Association Map-
ping Panel revealed weak negative relationships between
plant height and root dry weight [36]. In wheat several
studies have reported conflicting results regarding to the
relationship between root traits and plant height [13,
61]. In this study, leaf area was not measured due to the
feasibility of handling large number of plants and the
primary focus of assessing root-related traits at the tiller-
ing stage. More shoot-related traits such as phenological
development and shoot morphological and physiological
traits could be measured in future studies.

Validation of root characters in soil and at later growth
stages
Using the established semi-hydroponic phenotyping sys-
tem [25], this study and others [20, 22, 28, 29, 56], eluci-
dated phenotypic variability in numerous root
morphological traits among 184 genotypes of bread
wheat originating from 37 countries. Phenotypic varia-
tions in these root phenomics are likely to be associated
with differences among genotypes in their capacity to re-
spond to environments to optimize resources acquisition
[62]. Attempts have been made to incorporate digital
root images acquired in the semi-hydroponic system, au-
tomated high-throughput computing, and collaboration
platforms, such as DIRT [63] to analyze crop root phe-
nomics, particularly the quantification of root growth
angles.
Five genotypes with putative differences in root system

size were selected in a follow-up validation experiment
using 24-L rhizoboxes (24 cm × 10 cm, 100 cm deep)
filled with farm soil [24]. The experiment confirmed that
phenotypic variation in root system size at the onset of
tillering (Z2.1, 35 DAT) in this phenotyping study was
reproducible at the booting stage (Z4.9; 63 days after
sowing) in the validation experiment [24]. The positive
correlation between root growth at the early vegetative
and late ontogenetic stages and the consistent ranking of
genotypes in some important root traits demonstrates
the capacity of the semi-hydroponic phenotyping system

to provide simple, relevant growing conditions for root
phenotyping studies. A series of early studies in wild
narrow-leafed lupin also identified the liability of the
semi-hydroponic phenotyping system via repeated ex-
periments under various environments including the
field [26, 60, 64]. Several studies have investigated root
phenotyping correlations under controlled and field en-
vironments. For example, significant root trait correla-
tions were found between wheat seedlings at the two-
leaf stage grown on moist germination paper and in the
field [56]. Nevertheless, there is a limitation of translat-
ing the phenotyping data acquired from the semi-
hydroponic system in the early growth stage into wheat
breeding programs. Phenotyping systems, therefore,
need to produce reliable rankings of root traits, and the
choice of growth media needs to be carefully considered.
The development of modern root imaging technologies
and root simulation modeling could be incorporated
into phenotyping platforms.

Conclusions
Using the established semi-hydroponic phenotyping
platform, this study characterized the root properties of
184 genotypes of bread wheat and discovered large vari-
ation in several root traits and observed correlations be-
tween performance traits and functional traits at the
onset of tillering. Genotypes with interesting root phe-
nomics, such as large root length and mass, high root
length density at depth, deep roots and thin roots, and
trait−trait relationships, could be used for further evalu-
ation in soil and under various growing conditions, and
crossing with widely adapted cultivars in breeding pro-
grams. Furthermore, such valuable root traits could be
incorporated into marker-assisted selection using recent
advances in genome editing technologies and sequencing
data in the International Wheat Genome Sequencing
Consortium for breeding cultivars with improved
drought tolerance and resource use efficiency.

Methods
Plant material and experimental design
A set of 184 genotypes of bread wheat from 37 countries
of origin were selected for this study. The set included
99 genotypes from a core collection of 372 accessions
representing the worldwide wheat diversity generated by
two sets of SSR markers and deposited at the French
National Institute for Agricultural Research’s Clermont-
Ferrand Genetic Resources Center (http://www.cler-
mont.inra.fr/umr-asp) [33]. The INRA cereal germplasm
collection consists of > 10,000 accessions of hexaploid
wheat with some 3000 accessions originating from
France, Europe and the rest of the world [32]. The
set also included the top 10 varieties by area grown in
Western Australia in 2014 and some selected Australian
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cultivars released in various years. Therefore, the collec-
tion used in this study contains a significant proportion
of the world’s genetic resources of bread wheat, making
it a useful tool for future studies of wheat genetic
diversity.
Seeds of 184 genotypes of bread wheat were sourced

from Australian Grains Genebank, Australian Grain
Technologies, Australia Winter Cereals Collection
(AWCC), CSIRO and InterGrain. The list of wheat ge-
notypes included in this phenotyping study is in Table
S6 including their country of origin and seed providers.
Plants were grown in an established semi-hydroponic

phenotyping system described elsewhere [25]. Briefly,
this system consists of a 240-L plastic wheelie bin (top
75 × 58 cm, height 108 cm), 20 growth units made of a 5
mm thick acrylic panel (260 × 480 mm) wrapped in a
black calico cloth, and an automatically controlled irriga-
tion system.
Each bin system was filled with 30 L solution contain-

ing (in m M): K (1220), P (20), S (1802), Ca (600), Mg
(200), Cu (0.2), Zn (0.75), Mn (0.75), B (5), Co (0.2), Na
(0.06), Mo (0.03), Fe (20) and N (2000). Plants grew in
the units between the panel and cloths moistened via
the pumping system during the growth period. Plants
were grown in a temperature-controlled glasshouse at
The University of Western Australia, Perth (31°58′ S,
115°49′ E), with a day/night temperatures of 22/16 °C,
mean relative humidity of 66% and midday maximum
photosynthetic photon flux density of 1440 μmol pho-
tons m− 2 s− 1 for the duration of the study (April–May
2016)(Fig. 1a). A randomized block design was used con-
sisting of 184 wheat genotypes and four replicates. The
four replicate plants of each genotype were grown in
four different bins. Five bins accommodating 200 plants
(including one plant of each genotype, plus 16 buffer
plants) were considered as one replicate (40 plants per
bin, and two plants per growth unit / glass-cloth panel
with 2 cm distance between inter panels). The 40 plants
in each bin were randomly planted. There were 30–50
cm gap between bins to allow access to each bin and
avoiding competitions of plants between bins. Each bin
fitted with two wheels at the bottom for ease of moving
around and repositioning weekly to minimize the envir-
onmental impact during the experiment. The glasshouse
was maintained under routine hygiene practices and no
pesticides were applied.

Plant growth
Wheat seeds were surface sterilized and sown in
multiple-welled plastic seedling trays filled with washed
river sand (< 2 mm) for germination. Five days after sow-
ing, when the seedlings roots were approx. 2–3 cm long,
uniform seedlings were carefully removed from the tray,
washed with deionized (DI) water, and transplanted into

the growth glass-cloth pouches of the semi-hydroponic
system.

Sampling and measurements
Plants were harvested 35 days after transplanting (DAT)
when plants were at the onset of tillering (Z2.1; Zadoks’
scale of cereal growth). At harvest, shoot height, leaf and
tiller number per plant were manually recorded. Shoot
height was measured with a ruler from the surface of the
soil to the tip of the tallest leaf. The growth panels were
taken out of the bin and laid on a flat bench. The cloth
was removed to expose root systems for photographing
using a photographing system installed above the top of
the bench with a fluorescence light and camera (Nikon
D5200). After photographing, shoots were separated by
cutting the shoots from the roots at the crown. The lon-
gest seminal root length at the branching (with lateral
roots) and non-branching (without any lateral roots)
zones were measured manually at harvest (Table 3). The
length of the deepest primary and/or lateral root of each
plant was defined as the maximal root depth, which is
the sum of root length at the branching zone and root
length at non-branching zone. Seminal root number (in-
cluding primary roots) was counted and recorded for
each plant. Subsamples of roots were collected for mor-
phological and architectural measurements by cutting
the root system into 20-cm sections starting from the
base and optically scanned before drying (see below).
Shoot and roots were then dried in an air-forced oven at
65 °C for 72 h to determine shoot and root dry masses.
Root subsamples were scanned in greyscale at 300 dpi

using a desktop scanner (Epson Perfection V700, Long
Beach, CA, USA). Root images were analyzed in WinR-
HIZO (Prof v2009, Regent Instruments, Montreal, QC,
Canada) to acquire root length, root area, root volume,
average root diameter and root length in diameter class
for each 20-cm root section. Imaging analyses used the
debris removal filter of discounting objects less than 1
mm2 with a length-width ratio of < 8 in the image. The
roots were partitioned into ten diameter classes at 0.1
mm intervals except for 0.05 mm intervals in the two
lower classes.

Root trait measurements and calculations
Root morphological traits of each root system (global
level), including root length, root surface area, root vol-
ume, average root diameter, and diameter class length
(DCL, root length within a diameter class) were calcu-
lated from the respective local traits per 20-cm section
computed by WinRHIZO from scanned root images
(Table 3). The first 20-cm root section (s1) and the sec-
tion beyond 40 cm (to 110 cm) were considered the ‘top-
root layer’ and ‘sub-root layer’ sections, respectively. At
harvest, the length of the longest seminal root of each
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Table 3 Description of 38 root-related traits and four shoot traits in 184 wheat genotypes characterized in a semi-hydroponic
phenotyping system

Trait Abbreviation Description Unit

Seminal root length zone1 SRLZ1 The longest seminal root length at branching zone (Z1) cm

Seminal root length zone2 SRLZ2 The longest seminal root length at non-branching zone (Z2) cm

Maximal root depth MRD The longest seminal root length (i.e., root depth, Z1 + Z2) cm

Seminal and primary root
number

SRN Seminal and primary root number (from seeds) number per
plant

Total root length RL Total root length per plant cm

Root diameter RD Average root diameter mm

Total root area RA Root surface area cm2

Total root volume RV Root volume cm3

Root length density RLD Root length per unit area (0–110 cm depth, 1430 cm2) cm cm−2

Specific root length SRL Total root length per unit root dry mass m g−1 dry
mass

Root length Intensity RLI Total root length per unit root depth cm cm− 1

Root tissue density RTD Root dry mass per unit root volume mg cm−3

Diameter class length DCL Root length within a diameter class mm

Relative diameter class
length

rDCL Root diameter class length/Total root length %

Root length s1 RL_s1 Total root length in section 1 (s1, 0–20 cm; top-root layer) cm

Root diameter s1 RD_s1 Average root diameter in section 1 (s1, 0–20 cm) mm

Root area s1 RA_s1 Total root surface area in section 1 (s1, 0–20 cm) cm2

Root volume s1 RV_s1 Total root volume in section 1 (s1, 0–20 cm) cm3

Root length density s1 RLD_s1 Root length per unit area in section 1 (s1, 260 cm2) cm cm−2

Root length s2 RL_s2 Total root length in section 2 (s2, 20–40 cm) cm

Root diameter s2 RD_s2 Average root diameter in section 2 (s2, 20–40 cm) mm

Root area s2 RA_s2 Total root surface area in section 2 (s2, 20–40 cm) cm2

Root volume s2 RV_s2 Total root volume in section 2 (s2, 20–40 cm) cm3

Root length density s2 RLD_s2 Root length per unit area in section 2 (s2, 260 cm2) cm cm−2

Root length s3 RL_s3 Total root length in section 3 (s3, 40–110 cm) cm

Root diameter s3 RD_s3 Average root diameter in section 3 (s3, 40–110 cm) mm

Root area s3 RA_s3 Total root surface area in section 3 (s3, 40–110 cm) cm2

Root volume s3 RV_s3 Total root volume in section 3 (s3, 40–110 cm) cm3

Root length density s3 RLD_s3 Root length per unit area in section 3 (s3, 910 cm2) cm cm−2

Root length in sub-root layer RL_sub Combined root length in sub-root layer (s2 & s3) cm

Root diameter in sub-root
layer

RD_sub Combined average root diameter in sub-root layer (s2 & s3) mm

Root area in sub-root layer RA_sub Total root surface area in sub-root layer (s2 & s3) cm2

Root volume in sub-root
layer

RV_sub Total root volume in sub-root layer (s2 & s3) cm3

Root length density in sub-
root layer

RLD_sub Root length per unit area in sub-root layer (s2 & s3) cm cm−2

Root length ratio RLR_s1/sub Root length in section 1 (top-root layer) over sub-root layer

Root growth rate RGR Average daily root growth (based on the longest seminal or primary root growth at 35
days after seed sowing)

cm d−1

Root mass RM Root dry mass mg

Shoot mass SM Shoot dry mass mg

Total dry mass TDM Total dry mass (sum of root and shoot dry mass) mg
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plant divided by the number of days of growth (35 days)
was referred to root growth rate. Root length density
(RLD) was calculated as total root length per unit area
since roots were grown in a two-dimensional unit (root
areas were 1430, 260, 260 and 910 cm2 for the entire
root system, s1, s2 and s3, respectively). Root length in-
tensity was defined as the total root length divided by
root depth. Specific root length (SRL, root length per
unit root mass) was used as an indicator of root thick-
ness. Relative diameter class length (rDCL) equals DCL
divided by root length yielding a proportion of root
length to normalize the disparity between plants of dif-
ferent sizes. Detailed descriptions of the 42 root traits
and four shoot-related traits are in Table 3.

Statistical analysis
General Linear Model (GLM) multivariate analysis was
performed for genotype and plant position main effects
using SPSS Statistics (Version 19, IBM, USA). Data of
four replications of each genotype were subjected to the
analyses. No significant differences between plants
grown on the edge and in the middle of the bins were
identified for all measured traits across genotypes (Table
S3). Constant multivariate standard errors of skewness
(0.18) and kurtosis (0.36) indicated no serious departure
from multivariate normality when all parameters were
included in the GLM analysis. General correlations be-
tween each trait pair of 25 traits (Table 1) were included
in the Pearson correlation analysis, and correlations were
considered statistically significant when P ≤ 0.05. Math-
ematically linked traits such as root area, root volume,
root length density and root growth rate at both global
and local/section levels were excluded in the correlation
analysis. The same set of traits was also used for princi-
pal component analysis (PCA) for both global (whole
root system) and local (section) traits to identify deter-
minants of root morphological variability across geno-
types [65]. The relationship between genotypes from six
continents and three root-size categories was also shown
on the biplots produced in R. Genotypes were divided
into three groups having small (37 genotypes), medium
(116) or large (31) root systems based on total root
length per plant (RL). The medium root-sized group
interval was defined as the median value of RL (i.e.,
1937 cm plant− 1) ± standard deviation (552 cm plant− 1).

The upper and lower boundaries of the medium interval
were constructed by adding to, or subtracting from, the
median point. Hierarchical cluster analysis was used to
determine variance among nine root traits of the above
set of traits (excluded four shoot traits) and homoge-
neous groups among genotypes using the average link-
age method with squared Euclidean distance as the
interval measurement. Cluster centers of five identified
groups were generated by K-means clustering analysis.
Selected key root traits at various root depths and root
traits of genotypes from different countries were plotted
as grouped box charts, respectively using the Origin
graphing package (OriginLab, Northampton, Massachu-
setts, USA). The boxes were based on median values of
the defined traits by the first and third quartiles, and in-
dividual data points that fell outside the whiskers (1.5
times the interquartile range from the median) were
considered as outliers. Other line graphs were produced
in Excel 2013 using the mean data generated from SPSS
Statistics.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/s12870-020-02390-8.

Additional file 1: Table S1. Descriptive statistics of additional 16 root
traits (root area, root volume and root length density of the whole root
system and root sections, and root growth rate) in 184 wheat genotypes
grown in a semi-hydroponic phenotyping platform. Table S2. Wheat ge-
notypes ranked in the top or bottom 20 genotypes for total root length
(RL) of the 184 genotypes, some of which were also ranked in the top or
bottom 20 for other traits. Table S3. General Linear Model (GLM) multi-
variate analysis for plant position as the main effect in selected root traits
(shoot height, root mass and shoot mass). Table S4. Pearson’s correlation
matrix for 25 traits (including 21 root traits and four shoot traits) in 184
wheat genotypes. Table S5. Mean values (cluster centers) of five groups
generated by K-Means clustering analysis for nine root-related traits in
184 wheat genotypes. Table S6. The184 genotypes of wheat (Triticum
aestivum) from 37 countries of origin used in this study. Figure S1. Root
diameter class length (DCL, cm) in sections and relative diameter class
length (rDCL, %) among 184 wheat genotypes grown in a semi-
hydroponic phenotyping platform 35 days after transplanting. Percentage
values for rDCL in each diameter class are plotted on the secondary axis.
Mean DCL values in each root section are presented with SEs for the total
root length in the respective root diameter class. Figure S2. Phenotypic
variation in specific root length (SRL) among 184 wheat genotypes
grown in a semi-hydroponic phenotyping platform 35 days after trans-
planting. Data were plotted from the lowest to the highest SRL values.
The median value for all genotypes is presented (red bar). Figure S3.
Variation among the 37 countries of origin in (a) total root length, (b)
shoot and root dry mass (SM and RM, respectively) in 184 wheat

Table 3 Description of 38 root-related traits and four shoot traits in 184 wheat genotypes characterized in a semi-hydroponic
phenotyping system (Continued)

Trait Abbreviation Description Unit

Root mass ratio RMR Root-to-shoot dry mass ratio

Shoot height SH Shoot height measured to the tallest leaf cm

Leaf number LN Number of leaves per plant

Tiller number TN Number of tillers per plant
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genotypes grown in a semi-hydroponic phenotyping platform 35 days
after transplanting. Root data are the means for each country. Total root
length in section 1 (RL_s1, 0–20 cm), section 2 (RL_s2, 20–40 cm), and
section 3 (RL_s3, 40–110 cm) ± SE of total root length of all sections is
presented. Country names are ordered by total root length value. The
number of genotypes in each country varied and ranged from one to 55
(see Table S6). Figure S4. Variation among the 37 countries of origin in
(a) total root length, (b) root length density, (c) root length intensity, (d)
root length ratio, (e) root dry mass, and (f) shoot dry mass in 184 wheat
genotypes grown in a semi-hydroponic phenotyping platform 35 days
after transplanting. Country names are ordered by the median values of
root length from least to most. The boxplots were confined to the first
and third quartiles with the middle lines being the median. The number
of genotypes in each country varied and ranged from one to 55 (see
Table S6). Figure S5. Dendrogram of agglomerative hierarchical cluster-
ing (AHC) using the average linkage method with squared Euclidean dis-
tance as the interval measurement on 19 selected root traits with CVs
≥0.25. The 184 wheat genotypes were assigned to one of four general
clades (Clade I, II, III or IV) at a rescaled distance of 15 (left dashed line)
containing seven groups (G1 to G7) at a rescaled distance of 10 (right
dashed line). See Table S6 for a list of the 184 wheat genotypes used in
this study.

Abbreviations
AHC: Agglomerative hierarchical clustering; AWCC: Australia Winter Cereals
Collection; CSIRO: Australian Commonwealth Scientific and Industrial
Research; CV: Coefficients of variation; DAT: Days after transplanting;
DI: Deionized; DIRT: Digital imaging of root traits; GLM: General Linear Model;
P: Probability; PC: Principal component; PCA: Principal component analysis;
PVC: Polyvinyl chloride; R2: R-squared (the coefficient of determination)

Description of the following 42 plant traits is given in Table 3
SRLZ1: Seminal root length zone1; SRLZ2: Seminal root length zone2;
MRD: Maximal root depth; SRN: Seminal and primary root number; RL: Total
root length; RD: Root diameter; RA: Total root area; RV: Total root volume;
RLD: Root length density; SRL: Specific root length; RLI: Root length Intensity;
RTD: Root tissue density; DCL: Diameter class length; rDCL: Relative diameter
class length; RL_s1: Root length s1; RD_s1: Root diameter s1; RA_s1: Root
area s1; RV_s1: Root volume s1; RLD_s1: Root length density s1; RL_s2: Root
length s2; RD_s2: Root diameter s2; RA_s2: Root area s2; RV_s2: Root volume
s2; RLD_s2: Root length density s2; RL_s3: Root length s3; RD_s3: Root
diameter s3; RA_s3: Root area s3; RV_s3: Root volume s3; RLD_s3: Root
length density s3; RL_sub: Root length in sub-root layer; RD_sub: Root
diameter in sub-root layer; RA_sub: Root area in sub-root layer; RV_sub: Root
volume in sub-root layer; RLD_sub: Root length density in sub-root layer;
RLR_s1/sub: Root length ratio; RGR: Root growth rate; RM: Root mass;
SM: Shoot mass; TDM: Total dry mass; RMR: Root mass ratio; SH: Shoot
height; LN: Leaf number; TN: Tiller number

Acknowledgments
Sally Norton of Australian Grains Genebank, Daniel Mullen of InterGrain Pty
Ltd., and Dion Bennett of AGT Breeding provided seed materials for this
study. We thank Robert Creasy, Bill Piasini, Jiodong Wang, Junlin Zheng and
Yupeng Feng for technical support and help in the experiment. The authors
were grateful to Dr. Zhun Mao of INRA, Montpellier, France for providing
critical reviews and comments on early versions of this manuscript.

Authors’ contributions
YC and KS conceived and designed the experiments. YC carried out all
experimental work, analyzed the data, and wrote the manuscript. KS, JP and
VP assisted in revising the manuscript. All authors read and approved the
final manuscript.

Funding
The UWA Institute of Agriculture, The University of Western Australia
provided the funding in the design of the study and collection, analysis, and
interpretation of data and in writing the manuscript.

Availability of data and materials
All data generated or analyzed during this study are included in this
published article and its supplementary information files.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1The UWA Institute of Agriculture, and School of Agriculture and
Environment, The University of Western Australia, LB 5005, Perth, WA 6001,
Australia. 2CSIRO Agriculture & Food, Private Bag No. 5, Wembley, WA 6913,
Australia. 3Department of Agronomy, Kansas State University, Manhattan,
Kansas 66506, USA.

Received: 15 August 2019 Accepted: 12 April 2020

References
1. Lynch JP. Steep, cheap and deep: an ideotype to optimize water and N

acquisition by maize root systems. Ann Bot. 2013;112(2):347–57.
2. Lynch JP. Roots of the second green revolution. Aust J Bot. 2007;55(5):493–512.
3. Wasson AP, Chiu GS, Zwart AB, Binns TR. Differentiating wheat genotypes

by Bayesian hierarchical nonlinear mixed modeling of wheat root density.
Front Plant Sci. 2017;8:282.

4. Violle C, Navas ML, Vile D, Kazakou E, Fortunel C, Hummel I, Garnier E. Let
the concept of trait be functional! Oikos. 2007;116(5):882–92.

5. Garnier E, Navas M-L. A trait-based approach to comparative functional
plant ecology: concepts, methods and applications for agroecology. A
review. Agronomy for Sustainable Development. 2012;32(2):365–99.

6. Schoppach R, Wauthelet D, Jeanguenin L, Sadok W. Conservative water use
under high evaporative demand associated with smaller root metaxylem
and limited trans-membrane water transport in wheat. Funct Plant Biol.
2014;41(3):257–69.

7. Siddique KHM, Regan KL, Tennant D, Thomson BD. Water use and water
use efficiency of cool season grain legumes in low rainfall Mediterranean-
type environments. Eur J Agron. 2001;15(4):267–80.

8. Kulkarni M, Soolanayakanahally R, Ogawa S, Uga Y, Selvaraj MG, Kagale S.
Drought response in wheat: key genes and regulatory mechanisms
controlling root system architecture and transpiration efficiency. Frontiers in
Chemistry. 2017;5:106.

9. Lynch J. Root architecture and plant productivity. Plant Physiol. 1995;109(1):7.
10. Chen Y, Djalovic I, Rengel Z. Phenotyping for Root Traits. In: Kumar J, Pratap

A, Kumar S, editors. Phenomics in crop plants: trends, options and
limitations. New Delhi: Springer India; 2015. p. 101–28.

11. De Dorlodot S, Forster B, Pages L, Price A, Tuberosa R, Draye X. Root system
architecture: opportunities and constraints for genetic improvement of
crops. Trends Plant Sci. 2007;12(10):474–81.

12. Atkinson JA, Wingen LU, Griffiths M, Pound MP, Gaju O, Foulkes MJ, Le Gouis J,
Griffiths S, Bennett MJ, King J. Phenotyping pipeline reveals major seedling
root growth QTL in hexaploid wheat. J Exp Bot. 2015;66(8):2283–92.

13. Waines JG, Ehdaie B. Domestication and crop physiology: roots of green-
revolution wheat. Ann Bot. 2007;100(5):991–8.

14. Bonser AM, Lynch J, Snapp S. Effect of phosphorus deficiency on growth
angle of basal roots in Phaseolus vulgaris. New Phytol. 1996;132:281–8.

15. Liao H, Yan X, Rubio G, Beebe SE, Blair MW, Lynch JP. Genetic mapping of
basal root gravitropism and phosphorus acquisition efficiency in common
bean. Funct Plant Biol. 2004;31(10):959–70.

16. Gregory PJ, Bengough AG, Grinev D, Schmidt S, Thomas WBT,
Wojciechowski T, Young IM. Root phenomics of crops: opportunities and
challenges. Funct Plant Biol. 2009;36(11):922–9.

17. Manschadi AM, Hammer GL, Christopher JT. Genotypic variation in seedling
root architectural traits and implications for drought adaptation in wheat
(Triticum aestivum L.). Plant Soil. 2008;303(1–2):115–29.

Chen et al. BMC Plant Biology          (2020) 20:185 Page 15 of 16



18. Wu J, Wu Q, Pagès L, Yuan Y, Zhang X, Du M, Tian X, Li Z. RhizoChamber-
monitor: a robotic platform and software enabling characterization of root
growth. Plant Methods. 2018;14(1):44.

19. Wiese AH, Riemenschneider DE, Ronald S Jr. An inexpensive rhizotron
design for two-dimensional, horizontal root growth measurements. Tree
Planters' Notes. 2005;51(40–46):51.

20. Narayanan S, Mohan A, Gill KS, Prasad PV. Variability of root traits in spring
wheat germplasm. PLoS One. 2014;9(6):e100317.

21. Bai C, Liang Y, Hawkesford MJ. Identification of QTLs associated with
seedling root traits and their correlation with plant height in wheat. J Exp
Bot. 2013;64(6):1745–53.

22. Richard CA, Hickey LT, Fletcher S, Jennings R, Chenu K, Christopher JT. High-
throughput phenotyping of seminal root traits in wheat. Plant Methods.
2015;11(1):13.

23. Palta JA, Fillery IR, Rebetzke GJ. Restricted-tillering wheat does not lead to
greater investment in roots and early nitrogen uptake. Field Crop Res. 2007;
104(1–3):52–9.

24. Figueroa-Bustos V, Palta JA, Chen Y, Siddique KH. Characterization of root
and shoot traits in wheat cultivars with putative differences in root system
size. Agronomy-Basel. 2018;8(7):109.

25. Chen Y, Dunbabin V, Diggle A, Siddique K, Rengel Z. Development of a
novel semi-hydroponic phenotyping system for studying root architecture.
Funct Plant Biol. 2011;38(5):355–63.

26. Chen YL, Dunbabin VM, Diggle AJ, Siddique KHM, Rengel Z. Assessing
variability in root traits of wild Lupinus angustifolius germplasm: basis for
modelling root system structure. Plant Soil. 2012;354(1–2):141–55.

27. Chen Y, Shan F, Nelson M, Siddique K, Rengel Z. Root trait diversity,
molecular marker diversity, and trait-marker associations in a core collection
of Lupinus angustifolius. J Exp Bot. 2016;67(12):3683–97.

28. Chen Y, Ghanem M, Siddique K. Characterising root trait variability in
chickpea (Cicer arietinum L.) germplasm. J Exp Bot. 2017;68(8):1987–99.

29. Qiao S, Fang Y, Wu A, Xu B, Zhang S, Deng X, Djalovic I, Siddique KH, Chen
Y. Dissecting root trait variability in maize genotypes using the semi-
hydroponic phenotyping platform. Plant Soil. 2019;439(1–2):75–90.

30. Demissie A, Habtemariam G, Gebremariam H. Wheat genetic resources in
Ethiopia. (1991) Wheat research in Ethiopia: a historical perspective IAR/
CIMMYT, Addis Ababa; 1991. p. 33–46.

31. Khodadadi M, Fotokian MH, Miransari M. Genetic diversity of wheat (Triticum
aestivum L.) genotypes based on cluster and principal component analyses
for breeding strategies. Aust J Crop Sci. 2011;5(1):17.

32. Roussel V, Leisova L, Exbrayat F, Stehno Z, Balfourier F. SSR allelic diversity
changes in 480 European bread wheat varieties released from 1840 to 2000.
Theor Appl Genet. 2005;111(1):162–70.

33. Balfourier F, Roussel V, Strelchenko P, Exbrayat-Vinson F, Sourdille P, Boutet G,
Koenig J, Ravel C, Mitrofanova O, Beckert M. A worldwide bread wheat core
collection arrayed in a 384-well plate. Theor Appl Genet. 2007;114(7):1265–75.

34. Gregory PJ. Plant roots: growth, activity and interactions with the soil.
Oxford: Blackwell Publishing Ltd; 2006.

35. Lynch JP, Wojciechowski T. Opportunities and challenges in the subsoil:
pathways to deeper rooted crops. J Exp Bot. 2015;66(8):2199–210.

36. Narayanan S, Vara Prasad P. Characterization of a spring wheat association
mapping panel for root traits. Agron J. 2014;106(5):1593–604.

37. Palta J, Watt M. Vigorous crop root systems: form and function for
improving the capture of water and nutrients. Crop Physiology–Applications
for genetic improvement and agronomy. San Diego: Elsevier; 2009.

38. Palta JA, Chen X, Milroy SP, Rebetzke GJ, Dreccer MF, Watt M. Large root
systems: are they useful in adapting wheat to dry environments? Funct
Plant Biol. 2011;38(5):347–54.

39. Liao M, Fillery IR, Palta JA. Early vigorous growth is a major factor
influencing nitrogen uptake in wheat. Funct Plant Biol. 2004;31(2):121–9.

40. Palta JA, Turner NC. Crop root system traits cannot be seen as a silver bullet
delivering drought resistance. Plant Soil. 2019;439(1–2):31–43.

41. Saradadevi R, Bramley H, Palta JA, Siddique KH. Stomatal behaviour under
terminal drought affects post-anthesis water use in wheat. Funct Plant Biol.
2017;44(3):279–89.

42. Fang Y, Du Y, Wang J, Wu A, Qiao S, Xu B, Zhang S, Siddique KHM, Chen Y.
Moderate drought stress affected root growth and grain yield in old, modern
and newly released cultivars of winter wheat. Front Plant Sci. 2017;8:672.

43. Aziz MM, Palta JA, Siddique KH, Sadras VO. Five decades of selection for
yield reduced root length density and increased nitrogen uptake per unit
root length in Australian wheat varieties. Plant Soil. 2017;413(1–2):181–92.

44. Figueroa-Bustos V, Palta JA, Chen Y, Siddique KHM. Early season drought
largely reduces grain yield in wheat cultivars with smaller root systems.
Plants. 2019;8(9):305.

45. Gregory PJ, Atwell BJ. The fate of carbon in pulse-labelled crops of barley
and wheat. Plant Soil. 1991;136(2):205–13.

46. Palta JA, Gregory PJ. Drought affects the fluxes of carbon to roots and soil
in 13C pulse-labelled plants of wheat. Soil Biol Biochem. 1997;29(9–10):
1395–403.

47. Palta JA, Turner NC, French RJ. The yield performance of lupin genotypes
under terminal drought in a Mediterranean-type environment. Aust J Agric
Res. 2004;55(4):449–59.

48. Lilley J, Kirkegaard J. Benefits of increased soil exploration by wheat roots.
Field Crop Res. 2011;122(2):118–30.

49. Wilson P, Rebetzke G, Condon A. Pyramiding greater early vigour and
integrated transpiration efficiency in bread wheat; trade-offs and benefits.
Field Crop Res. 2015;183:102–10.

50. Ayalew H, Liu H, Yan G. Identification and validation of root length QTLs for
water stress resistance in hexaploid wheat (Titicum aestivum L.). Euphytica.
2017;213(6):126.

51. Arai-Sanoh Y, Takai T, Yoshinaga S, Nakano H, Kojima M, Sakakibara H,
Kondo M, Uga Y. Deep rooting conferred by DEEPER ROOTING 1 enhances
rice yield in paddy fields. Sci Rep. 2014;4:5563.

52. Kirkegaard J, Lilley J, Howe G, Graham J. Impact of subsoil water use on
wheat yield. Aust J Agric Res. 2007;58(4):303–15.

53. Ostonen I, Püttsepp Ü, Biel C, Alberton O, Bakker M, Lõhmus K, Majdi H,
Metcalfe D, Olsthoorn A, Pronk A. Specific root length as an indicator of
environmental change. Plant Biosyst. 2007;141(3):426–42.

54. Comas L, Becker S, Cruz VMV, Byrne PF, Dierig DA. Root traits contributing
to plant productivity under drought. Front Plant Sci. 2013;4:442.

55. Uga Y, Sugimoto K, Ogawa S, Rane J, Ishitani M, Hara N, Kitomi Y, Inukai Y,
Ono K, Kanno N. Control of root system architecture by DEEPER ROOTING 1
increases rice yield under drought conditions. Nat Genet. 2013;45(9):1097–
102.

56. Watt M, Moosavi S, Cunningham S, Kirkegaard J, Rebetzke G, Richards R. A
rapid, controlled-environment seedling root screen for wheat correlates well
with rooting depths at vegetative, but not reproductive, stages at two field
sites. Ann Bot. 2013;112(2):447–55.

57. Manschadi A, Manske G, Vlek P. Root architecture and resource acquisition:
wheat as a model plant. In: Plant roots The hidden half. 4th ed. Boca Raton:
CRC Press; 2013. p. 22.

58. Lynch JP. Root phenotypes for improved nutrient capture: an
underexploited opportunity for global agriculture. New Phytol. 2019;223:
548–64.

59. Roumet C, Urcelay C, Díaz S. Suites of root traits differ between annual and
perennial species growing in the field. New Phytol. 2006;170(2):357–68.

60. Chen Y, Dunbabin V, Postma J, Diggle A, Palta J, Lynch J, Siddique K, Rengel
Z. Phenotypic variability and modelling of root structure of wild Lupinus
angustifolius genotypes. Plant Soil. 2011;348(1–2):345–64.

61. Li P, Chen J, Wu P, Zhang J, Chu C, See D, Brown-Guedira G, Zemetra R,
Souza E. Quantitative trait loci analysis for the effect of Rht-B1 dwarfing
gene on coleoptile length and seedling root length and number of bread
wheat. Crop Sci. 2011;51(6):2561–8.

62. Zhu J, Ingram PA, Benfey PN, Elich T. From lab to field, new approaches to
phenotyping root system architecture. Curr Opin Plant Biol. 2011;14(3):310–7.

63. Das A, Schneider H, Burridge J, Ascanio AKM, Wojciechowski T, Topp CN,
Lynch JP, Weitz JS, Bucksch A. Digital imaging of root traits (DIRT): a high-
throughput computing and collaboration platform for field-based root
phenomics. Plant Methods. 2015;11(1):51.

64. Chen Y, Palta J, Clements J, Buirchell B, Siddique KH, Rengel Z. Root
architecture alteration of narrow-leafed lupin and wheat in response to soil
compaction. Field Crop Res. 2014;165:61–70.

65. Jolliffe I. Principal component analysis. New York: Springer-Verlag; 2002.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Chen et al. BMC Plant Biology          (2020) 20:185 Page 16 of 16


	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	Phenotypic variation in early shoot and root growth
	General variation and correlation among traits
	Determination of trait variation
	Identification of groups among the genotypes based on root characters

	Discussion
	Characterizing root trait variability and its implications for wheat breeding
	Validation of root characters in soil and at later growth stages

	Conclusions
	Methods
	Plant material and experimental design
	Plant growth
	Sampling and measurements
	Root trait measurements and calculations
	Statistical analysis

	Supplementary information
	Abbreviations
	Description of the following 42 plant traits is given in Table 3
	Acknowledgments
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

