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Seedling roots enable plant establishment. Their small phenotypes are measured routinely. Adult root systems are relevant to
yield and efficiency, but phenotyping is challenging. Root length exceeds the volume of most pots. Field studies measure partial
adult root systems through coring or use seedling roots as adult surrogates. Here, we phenotyped 79 diverse lines of the small
grass model Brachypodium distachyon to adults in 50-cm-long tubes of soil with irrigation; a subset of 16 lines was droughted.
Variation was large (total biomass, 38; total root length [TRL], 310; and root mass ratio, 36), repeatable, and attributable to
genetic factors (heritabilities ranged from approximately 50% for root growth to 82% for partitioning phenotypes). Lines were
dissected into seed-borne tissues (stem and primary seminal axile roots) and stem-borne tissues (tillers and coleoptile and leaf
node axile roots) plus branch roots. All lines developed one seminal root that varied, with branch roots, from 31% to 90% of TRL
in the well-watered condition. With drought, 100% of TRL was seminal, regardless of line because nodal roots were almost
always inhibited in drying topsoil. Irrigation stimulated nodal roots depending on genotype. Shoot size and tillers correlated
positively with roots with irrigation, but partitioning depended on genotype and was plastic with drought. Adult root systems
of B. distachyon have genetic variation to exploit to increase cereal yields through genes associated with partitioning among roots
and their responsiveness to irrigation. Whole-plant phenotypes could enhance gain for droughted environments because root
and shoot traits are coselected.

Adult plant root systems are relevant to the size and
efficiency of seed yield. They supply water and nutri-
ents for the plant to acquire biomass, which is positively
correlated to the harvest index (allocation to seed grain),
and the stages of flowering and grain development.
Modeling in wheat (Triticum aestivum) suggested that
an extra 10 mm of water absorbed by such adult root
systems during grain filling resulted in an increase

of approximately 500 kg grain ha21 (Manschadi et al.,
2006). This was 25% above the average annual yield of
wheat in rain-fed environments of Australia. This num-
ber was remarkably close to experimental data obtained
in the field in Australia (Kirkegaard et al., 2007).
Together, these modeling and field experiments have
shown that adult root systems are critical for water
absorption and grain yield in cereals, such as wheat,
emphasizing the importance of characterizing adult
root systems to identify phenotypes for productivity
improvements.

Most root phenotypes, however, have been de-
scribed for seedling roots. Seedling roots are essential
for plant establishment, and hence, the plant’s poten-
tial to set seed. For technical reasons, seedlings are
more often screened than adult plants because of
the ease of handling smaller plants and the high
throughput. Seedling-stage phenotyping may also
improve overall reproducibility of results because of-
ten, growth media are soil free. Seedling soil-free root
phenotyping conditions are well suited to dissecting
fine and sensitive mechanisms, such as lateral root
initiation (Casimiro et al., 2003; Péret et al., 2009a,
2009b). A number of genes underlying root processes
have been identified or characterized using seedlings,
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notably with the dicotyledonous models Arabidopsis
(Arabidopsis thaliana; Mouchel et al., 2004; Fitz Gerald
et al., 2006; Yokawa et al., 2013) andMedicago truncatula
(Laffont et al., 2010) and the cereals maize (Zea mays;
Hochholdinger et al., 2001) and rice (Oryza sativa;
Inukai et al., 2005; Kitomi et al., 2008).

Extrapolation from seedling to adult root sys-
tems presents major questions (Hochholdinger and
Zimmermann, 2008; Chochois et al., 2012; Rich andWatt,
2013). Are phenotypes in seedling roots present in
adult roots given developmental events associated
with aging? Is expression of phenotypes correlated
in seedling and adult roots if time compounds effects
of growth rates and growth conditions on roots?
Watt et al. (2013) showed in wheat seedlings that
root traits in the laboratory and field correlated
positively but that neither correlated with adult root
traits in the field. Factors between seedling and adult
roots seemed to be differences in developmental
stage and the time that growing roots experience the
environment.

Seedling and adult root differences may be larger in
grasses than dicotyledons. Grass root systems have two
developmental components: seed-borne (seminal) roots,
of which a number emerge at germination and continue
to grow and branch throughout the plant life, and stem-
borne (nodal or adventitious) roots, which emerge from
around the three-leaf stage and continue to emerge,
grow, and branch throughout the plant life. Phenotypes
and traits of adult root systems of grasses, which include
the major cereal crops wheat, rice, and maize, are diffi-
cult to predict in seedling screens and ideally identified
from adult root systems first (Gamuyao et al., 2012).

Phenotyping of adult roots is possible in the field
using trenches (Maeght et al., 2013) or coring (Wasson
et al., 2014). A portion of the root system is captured
with these methods. Alternatively, entire adult root
systems can be contained within pots dug into the
ground before sowing. These need to be large; field
wheat roots, for example, can reach depths greater
than 1.5 m depending on genotype and environment.
This method prevents root-root interactions that occur
under normal field sowing of a plant canopy and is
also a compromise.

A solution to the problem of phenotyping adult
cereal root systems is a model for monocotyledon
grasses: Brachypodium distachyon. B. distachyon is a
small-stature grass with a small genome that is fully
sequenced (Vogel et al., 2010). It has molecular tools
equivalent to those available in Arabidopsis (Draper
et al., 2001; Brkljacic et al., 2011; Mur et al., 2011).
The root system of B. distachyon reference line Bd21
is more similar to wheat than other model and crop
grasses (Watt et al., 2009). It has a seed-borne pri-
mary seminal root (PSR) that emerges from the
embryo at seed germination and multiple stem-
borne coleoptile node axile roots (CNRs) and leaf
node axile roots (LNRs), also known as crown roots or
adventitious roots, that emerge at about three leaves
through to grain development. Branch roots emerge

from all root types. There are no known anatomical
differences between root types of wheat and B. dis-
tachyon (Watt et al., 2009). In a recent study, we report
postflowering root growth in B. distachyon line Bd21-3,
showing that this model can be used to answer ques-
tions relevant to the adult root systems of grasses
(Chochois et al., 2012).

In this study, we used B. distachyon to identify adult
plant phenotypes related to the partitioning among
seed-borne and stem-borne shoots and roots for the
genetic improvement of well-watered and droughted
cereals (Fig. 1; Table I). We had three reasons for
phenotyping seed-borne and stem-borne roots sepa-
rately. First, they are easy to identify from their loca-
tion and timing of emergence and hence, select
rapidly. Second, a number of studies suggest that seed-
borne and stem-borne root systems grow and function
differently in response to soil conditions, including
water (Krassovsky, 1926; Navara et al., 1994), nitrogen,
phosphorus (Tennant, 1976; Brady et al., 1995), oxygen
(Wiengweera and Greenway, 2004), soil hardness (Acuna
et al., 2007), and microorganisms (Sivasithamparam
et al., 1978). Of note is the study by Krassovsky (1926),
which was the first, to our knowledge, to show dif-
ferences in function related to water. Krassovsky
(1926) showed that seminal roots of wheat absorbed
almost 2 times the water as nodal roots per unit dry
weight but that nodal roots absorbed a more diluted
nutrient solution than seminal roots. Krassovsky
(1926) also showed by removing seminal or nodal
roots as they emerged that “seminal roots serve the
main stem, while nodal roots serve the tillers”
(Krassovsky, 1926). Volkmar (1997) showed, more
recently, in wheat that nodal and seminal roots may
sense and respond to drought differently. In millet
(Pennisetum glaucum) and sorghum (Sorghum bicolor),
Rostamza et al. (2013) found that millet was able to
grow nodal roots in a dryer soil than sorghum, pos-
sibly because of shoot and root vigor.

The third reason for dissecting the different root types
in this study was that they seem to have independent
genetic regulation through major genes. Genes affecting
specifically nodal root growth have been identified in
maize (Hetz et al., 1996; Hochholdinger and Feix, 1998)
and rice (Inukai et al., 2001, 2005; Liu et al., 2005, 2009;
Zhao et al., 2009; Coudert et al., 2010; Gamuyao et al.,
2012). Here, we also dissect branch (lateral) develop-
ment on the seminal or nodal roots. Genes specific
to branch roots have been identified in Arabidopsis
(Casimiro et al., 2003; Péret et al., 2009a), rice (Hao and
Ichii, 1999; Wang et al., 2006; Zheng et al., 2013), and
maize (Hochholdinger and Feix, 1998; Hochholdinger
et al., 2001; Woll et al., 2005).

This study explored the hypothesis that adult root
systems of B. distachyon contain genotypic variation
that can be exploited through phenotyping and geno-
typing to increase cereal yields. A selection of 79 wild
lines of B. distachyon from various parts of the Middle
East (Fig. 2 shows the geographic origins of the lines)
was phenotyped. They were selected for maximum
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genotypic diversity from 187 diploid lines analyzed
with 43 simple sequence repeat markers (Vogel et al.,
2009). We phenotyped shoots and mature root systems
concurrently because B. distachyon is small enough to
complete its life cycle in relatively small pots of soil
with minimal influence of pot size compared with
crops, such as wheat. We further phenotyped a subset
of this population under irrigation (well watered) and
drought to assess genotype response to water supply.
By conducting whole-plant studies, we aimed to iden-
tify phenotypes that described partitioning among
shoot and root components and within seed-borne and
stem-borne roots. Phenotypes that have the potential
to be beneficial to shoot and root components may
speed up genetic gain in future.

RESULTS

Heritability and Genetic Correlations

Root and shoot phenotypes were measured on
B. distachyon in this study, and these are listed in Table I
with acronyms. Heritability ranged from 47% for the
total length of nodal axile roots (LNRsum) to 82% for
tiller number and total plant dry weight (TDW; Table II
shows statistical analyses to assess heritability and
robustness of traits of the data set from well-watered
conditions). For root traits, heritability ranged from
47% for LNRsum to 80% for the percentage of total
root length (TRL) invested in CNR. The most heritable
root traits were those related to the partitioning of the
percentage of total root length among primary seminal
roots (PSRpc), the percentage of total root length

among coleoptile node root (CNRpc), and the per-
centage of total root length among leaf node axile roots
(LNRpc) as well as the number of leaf node axile roots
(LNRcount). Phenotypes associated with resource al-
location between root and shoot, such as percentage of
total dry weight in roots (Rootpc) and root to shoot
ratio (R/S), were commonly of a lower heritability
value than others (around 50%).

Genetic correlations between different traits were
calculated for all genotypes in all of the well-watered
experiments (Table II). High and significant correlations
were obtained for TRL and TDW (rg = 0.93; P , 0.01),
CNRpc and TRL (rg = 0.79; P , 0.01), and LNRpc
and TRL (rg =20.96; P, 0.01). Interestingly, LNRcount
did not correlate well with TDW or TRL. This suggests
that branch root length per axile root was the main
determinant of TDW or TRL because the same TRL
could be achieved with different numbers of LNRs.

We conducted nine experiments in this study
(Supplemental Table S1). The first four were designed
to optimize experimental conditions to maximize geno-
typic variation between lines and soil water treatments
and confidence toward increasing repeatability between
similar experiments. For example, during experiments
1 and 2, which were conducted during a 16-h-light/8-h-
dark photoperiod, lines Bd21-3, Bd3-1, and BdTR10E
flowered during the experiment. Therefore, to avoid the
potential confounding effect of differential flowering on
shoot and root growth as well as resource partitioning,
we switched to a 12-h-light/12-h-dark photoperiod,
which inhibited flowering in all lines. Similarly, we
adjusted water supply and evaporation during the first
four experiments. By comparing experiments 1 and 2,
we found that a mulch of polyethylene beads at the

Figure 1. B. distachyon plant scanned at the
fourth leaf stage, with the root and shoot
phenotypes studied indicated. Table I shows
the full list of the phenotypes measured across
lines and in response to well-watered and
drought conditions.
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surface of the soil reduced evaporation and resulted
in more reproducible and consistent CNR and LNR
emergence and growth. To make watering more con-
sistent and root growth repeatable, we installed and
calibrated an automatic watering system using drippers
from experiment 3 onward. The experiments resulted in
high repeatability and heritability among traits, notably
phenotypes associated with partitioning among adult
root system components (Table II).

Variation in Adult Root Systems between Reference
Lines Bd21 and Bd21-3 and across 79 Lines in
Well-Watered Conditions

Lines Bd21 and Bd21-3 were included in all experi-
ments as reference lines. Bd21 was the first line to be
sequenced, and its genome is still used as a reference to
others (Vogel et al., 2010); it was also the line used to
characterize B. distachyon root systems (Watt et al., 2009).
Bd21-3 is the parent of a publically available transfer
DNA (T-DNA) mutant population (Bragg et al., 2012).

Because Bd21 and Bd21-3 were included in all ex-
periments, a high replication level was available for
each for comparison (Fig. 3). Bd21 and Bd21-3 had a
similar TRL and root dry weight (RDW) as well as
shoot dry weight (SDW; Fig. 3). No statistically sig-
nificant difference (P = 0.085) was found in TRL (Fig.
3B) or its distribution into nodal root types (P = 0.73,
P = 0.65, and P = 0.54 for percentage of TRL into PSR,
CNR, and LNR, respectively; Fig. 3). Root systems
of both lines were dominated by PSR length, which
represented around 55% to 60% of TRL in these
well-watered conditions. A small percentage (approx-
imately 10% of TRL) was present in CNR; the rest
(approximately 30% of TRL) was partitioned into LNR.
The only significant difference observed between the
two lines in a two-way ANOVA was LNR dry weight
(P = 0.01; Fig. 3A). Above ground, both lines were
again similar in terms of the timing of the appearance
of leaves, the timing of the appearance of tillers, and
total plant height (Supplemental Fig. S1).

Across 79 lines, most root phenotypes varied at least
2-fold beyond that of reference lines Bd21 and Bd21-3

Table I. List of phenotypes measured, abbreviations, units, and ranges of variation observed among B. distachyon lines in one single experiment
(experiment 6; 36 lines and 3 replicates) or for all of the well-watered experiments presented in this study (79 lines and three to 10 replicates)

Experiment details are in Supplemental Table S1.

Phenotype Abbreviation Unit

Range of Variation

All Experiments (79 Lines

and 582 Plants)

Experiment 6

(36 Lines)

Whole plant
TDW TDW Milligrams 88.6–773.8 (38.7) 285.6–438 (31.5)

Shoot
SDW SDW Milligrams 56.4–442.5 (37.8) 78.2–442.5 (35.7)
No. of tillers TillerN Count 2.8–20.3 (37.4) 10–20.3 (32)

Total root system
TRL TRL Centimeters 1,050–10,770 (310.3) 2,090–5,140 (32.5)
RDW RDW Milligrams 28.9–312.17 (310.8) 62.2–179.1 (32.9)
Rootpc Rootpc Percentage (of TDW) 20.5–60.6 (33) 20.5–44.3 (32.2)
R/S R/S Unitless ratio 0.26–1.54 (36) 0.26–0.80 (33.1)

PSRs
Length (including branch roots) PSRL Centimeters 549.1–4,024.6 (37.3) 716–2,984 (34.2)
PSRpc PSRpc Percentage (of TRL) 14.9–94.1 (36.3) 31.3–72.3 (32.3)
No. of axile roots PSRcount Count 1 1
Length of axile root PSRsum Centimeters 17.45–52 (33) 17.45–30.3 (31.7)
Branch roots PSRbranch Centimeters $ (centimeters

of axile root)21
19.9–109.3 (35.5) 29.3–104.3 (33.6)

CNRs
Length (including branch roots) CNRL Centimeters 0–3,856.7 0–2,266.5
CNRpc CNRpc Percentage (of TRL) 0–57.1 0–49.8
No. of axile roots CNRcount Count 0–2 0–2
Cumulated length of axile roots CNRsum Centimeters 0–113.9 0–47.87
Branch roots CNRbranch Centimeters $ (centimeters

of axile root)21
0–77.8 0–77.8

LNRs
Length (including branch roots) LNRL Centimeters 99.5–5,806.5 (358.5) 216.1–2,532.4 (311.7)
LNRpc LNRpc Percentage (of TRL) 4.2–72.7 (317.5) 6–64.8 (310.9)
LNRcount LNRcount Count 2–22.2 (311.1) 3.3–15.3 (34.6)
LNRsum LNRsum Centimeters 25.9–485.5 48–232 (34.8)
Branch roots LNRbranch Centimeters $ (centimeters

of axile root)21
2.1–25.4 (312.1) 3.2–15.9 (35)
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(Table I; Supplemental Figs. S2 and S8). The only
phenotype with no significant variation was the
number of PSRs; all lines consistently grew a single
PSR axile root. The CNR number varied between 0 and
2, whereas the LNR number varied much more (from
2–22.2; Table I). The most diverse phenotype that we
measured across the set of lines was the partitioning of
TRL among the three root types (PSR, CNR, and LNR
with heritability values of 72%, 80%, and 79%, respec-
tively). Notably, the percentage of total length (including
branch root length) allocated to the LNR varied by a
factor of 10.9 between the two most extreme lines (4.2%

for Adi12 in experiment 4 and 72.7% for B21-3 in ex-
periment 3; Table I).

Variation in Partitioning of Adult Root
System Components

We further explored the wide variation in parti-
tioning within and between roots and shoots reported
among 79 lines above, with greater replication of a
subsample of 12 lines in experiment 9 (Table I). These
12 lines were selected because they had similar TRLs

Figure 2. B. distachyon lines pheno-
typed in this study and their geo-
graphical origin. Capital letters in
parentheses indicate the country of
origin: Turkey (T), Spain (S), and Iraq (I;
Vogel et al., 2009). a, Adi3, Adi7,
Adi10, Adi12, Adi13, and Adi15;
b, Bd21 and Bd21-3 are the reference
lines of this study. Bd21 was the first
sequenced line (Vogel et al., 2010) and
root system (described in detail in Watt
et al., 2009), and Bd21-3 is the most
easily transformed line (Vogel and Hill,
2008) and parent of a T-DNA mutant
population (Bragg et al., 2012);
c, Gaz1, Gaz4, and Gaz7; d, Kah1,
Kah2, and Kah3. e, Koz1, Koz3, and
Koz5; f, Tek1 and Tek6; g, exact GPS
coordinates are unknown for lines
Men2 (S), Mur2 (S), Bd2.3 (I), Bd3-1 (I),
and Abr1 (T).

Table II. Line-mean and single-plant (in parentheses) heritability and genetic correlations with TRL and TDW for 10 phenotypes across nine ex-
periments presented in this study

ne, Not estimable; TillerN, number of tillers; *, variance component and genetic correlation are statistically different from 0 at P = 0.05; **,
variance component and genetic correlation are statistically different from 0 at P = 0.01; †, variance component and genetic correlation are not
statistically different from 0 at P = 0.10; —, not applicable.

Phenotype Line Line 3 Experiment Residual

Heritability

(Single-Plant

Heritability)

Genetic

Correlation

with TRL

Genetic

Correlation

with TDW

TRL 243,392 6 159,034* 560,269 6 166,005** 1,586,423 6 112,735** 54 (10) — 0.93**
PSRpc 58.1 6 19.3** 24.2 6 16.9* 216.8 6 16.1** 72 (19) 20.05† 0.28*
CNRpc 57.7 6 17.9** 23.2 6 13.5* 128.5 6 11.5** 80 (28) 0.79** 0.06†

LNRpc 70.9 6 22.7** 27.7 6 15.8* 180.2 6 13.6** 79 (25) 20.96** 20.65**
LNRcount 2.92 6 1.12** 1.00 6 0.78† 9.15 6 0.77** 75 (22) 0.09† 0.03†

LNRsum 33,365 6 31,970† 66,459 6 34,026* 331,490 6 27,702** 47 (8) 0.35** 0.91**
TDW 1,675 6 651** ne 4,077 6 491** 82 (29) 0.93** —
Rootpc 5.22 6 4.82† 2.98 6 5.08† 49.9 6 6.4** 51 (9) 0.11* 0.04†

R/S 0.004 6 0.004† 0.002 6 0.004† 0.041 6 0.005** 50 (9) 0.03† 0.03†

TillerN 2.51 6 0.85** 0.92 6 0.61* 5.01 6 0.44** 82 (30) 0.86** 0.36**
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(H2 = 54%; Table II) but different partitioning to root
system components (Fig. 4). Root system length
ranged from 27 to 47 m per plant among 12 lines, with
most around 30 m plant21 (Fig. 4B).

Partitioning of total root system length into its dif-
ferent components varied among 12 lines, with the
widest variation in the extent to which TRL was allo-
cated to the two nodal axile root types: the CNRs and
the LNRs (Fig. 4C). For example, lines such as Bd21-3,
Gaz-7, and Bd2-3, allocated up to 60% of the TRL into
the PSR (H2 = 72%; Table II), whereas Kah1 allocated
one-half of its TRL to the PSR (around 30%), despite
having a similar TRL to the other three lines (approxi-
mately 35 m per plant; no significant difference at P ,
0.05; Fig. 4, B and C). Partitioning to the CNR system
diverged 4-fold among genotypes (H2 = 80%; Table II)
from less than 10% of the TRL for lines number Bd3-1 to
up to 50% of the TRL in Kah1. LNR partitioning (H2 =
79%; Table II) varied as widely as that of CNRs: from
10% in Bd2-3 to 40% in BdTR13c. It is also interesting to
point out that Bd3-1 and BdTR2b, with similar TRLs
and PSR lengths, divided the remainder of their root
length into different nodal root types (Fig. 4, B and C).

Allometry and Shoot and Root Partitioning

TRL and SDW were positively correlated across the
subset of 12 lines (rg = 0.80; Fig. 5). This may have
been driven, in part, by the strong positive correlation
(r2 = 0.78) observed between the number of LNRs and
the number of shoot tillers in these well-watered con-
ditions (Fig. 5; Supplemental Fig. S3). There were in-
teresting differences, however, among lines in the
relationships between shoot and root partitioning (Fig.
5A). For example, the mean SDW of BdTR11g was 38%
greater than that of BdTR10c, but both lines had a
similar TRL. The pattern of partitioning is shown in
Figure 5B. The trend line through 10 individual plants
of BdTR10c is 3 times steeper than that through the
BdTR11g individuals, highlighting lower partitioning to
SDW for a given root length in BdTR10c than BdTR11g.
BdTR10c also allocated almost 3 times more root length
for a given SDW than BdTR11g. Allometric relation-
ships are further analyzed for lines BdTR10c and
BdTR11g in Supplemental Figure S3. Both have strong
correlation between TRL and SDW. However, the dif-
ferent slopes and intercepts suggest that these traits
respond to not only plant size but also, factors that
regulate partitioning and vary between genotypes.

Root System Partitioning to Branch Root Length

Partitioning to branch roots was expressed as cen-
timeters of length of branch root per centimeters of
length of parent axile root. We observed 7-fold vari-
ation for this phenotype (Table I) from 33.5 to 245 cm
per 1 cm of axile root. This variation was further
examined in the intensely sampled 12 lines of exper-
iment 9, and wide variation was observed again,
particularly for nodal root types (CNR and LNR),
which expressed a 4-fold difference in partitioning to
branch roots between extreme lines (Fig. 6). Values
ranged from 5 to 20 cm of branch root per 1 cm of
axile root for CNR to 2 to 5 cm of branch root per 1 cm
of axile root for LNR. This branch root length would
have arisen from initiation of branch roots from the
parent axile root or elongation of branch roots.

A strong correlation between total LNR length and
LNR branching was observed (Fig. 6B). However,
deeper analysis showed that no general rule could be
drawn from across-line data and that each line required
individual consideration, similar to the root and shoot
partitioning described above. Indeed, lines included in
the red circle in Figure 6 showed different total LNR
length, despite a similar branching ratio. This means
that Bd3-1 (with the longest LNR in this category) ach-
ieved a longer LNR by growing more LNRs and not by
increasing branching rate. However, lines circled in blue
in Figure 6 showed similar LNR length, despite a dif-
ferent branching ratio, indicating that they managed to
produce the same LNR length by different strategies: in
one case, by increasing branching and minimizing new
axile roots and in the other case, by growing more axile
roots and restricting branching of existing axile roots.

Figure 3. Partitioning of root and shoot tissues in Bd21 and Bd21-3
in well-watered soil. Bars are means from 38 plants for Bd21 and 42
plants for Bd21-3 over seven independent experiments; error bars
represent SEM. A, Whole-plant dry weight partitioning (milligrams).
*, ANOVA shows that only LNR dry weights are statistically sig-
nificantly different at P , 0.05 (P = 0.917 for PSR dry weight,
P = 0.067 for CNR dry weight, P = 0.01 for LNR dry weight, and
P = 0.854 for SDW). B, Length of root system components (in meters
per plant; no significant difference at P , 0.05). C, Partitioning of
TRL (percentage of TRL into each root component; no significant
difference at P , 0.05).
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Root and Shoot System Variation among Lines in Their
Response to Drought

In experiment 4, 16 lines were exposed to two water-
ing conditions: well-watered and drought soil profiles
(conditions are in Supplemental Table S1). Water content
was measured at three different soil depths in both

conditions (Supplemental Fig. S4), showing that, in the
drought treatment, wilting point was achieved after 5
weeks only in the top few centimeters of soil. Water was
still available for the plant in most of the pot volume.

We found wide and significant variation in the re-
sponses of the lines to irrigation or drought in terms of

Figure 4. Comparison among 12 lines of B. dis-
tachyon for partitioning between root and shoot
tissues. Error bars represent SEM (n = 10). For all
three sections, black asterisks above the bar show
significant difference with Bd21-3 (P , 0.05) in
TDW (A) or TRL (B). Colored asterisks within the
bars show significant difference with Bd21-3 for
the selected trait (P , 0.05). C, Ternary plots il-
lustrating TRL distribution among the three root
types. Each dot represents one plant plotted
against three axes, with each representing one of
three root types: PSR (blue), CNR (red), and LNR
(green).
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SDWs, RDWs, TRL, and partitioning to components of
the root system length (Fig. 7 presents a subset;
Supplemental Fig. S5 shows 16 lines). Lines that had a
significant reduction in SDW in response to drought
also had had significant reduction in TRL (4 of 16 in
Supplemental Fig. S5).

BdTR1d, Koz3, and Men2 are highlighted in Figure 7
to show the wide diversity in growth among shoots
and root types in response to water supply. BdTR1d
had a reduction in SDW in droughted compared with
well-watered soil (P , 0.05) but were the only lines (of
the three presented in Fig. 7) to have greater (67%; P ,
0.05) TRL in the well-watered condition compared
with the drought condition (Fig. 7B; e.g. showed water

responsiveness). BdTR1d had the same PSR in both
conditions; the greater TRL with irrigation was caused
entirely by extra nodal root length (Fig. 7E). In contrast
to BdTR1d, Koz3 and Men2 had similar SDWs in
droughted and well-watered soils (Fig. 7A). Koz3 had
similar TRLs between the two conditions (Fig. 7B), but
in the droughted condition, it had a significantly lower
specific root length (root length per unit of dry weight;
P , 0.05; Fig. 7C), suggesting either thicker roots or
dense/less porous roots in the drought condition. Men2
also grew the same TRL in both conditions, but in
contrast, it grew significantly more (4-fold) PSR length
in the drought condition compared with the well-
watered pots. Men2 grew extensive CNR (45% of TRL)
and LNR (20% of TRL) systems, leaving only about 30%
of TRL to the PSR (Fig. 7E) in the well-watered condi-
tion. Men2 maintained the same TRL across water re-
gimes, but development of nodal root system in the
well-watered pots was achieved at the cost of PSR.

The phenotype observed consistently in response to
water supply was changes in partitioning of TRL
among seminal and nodal root types. Most obvious was
the strong inhibition of nodal root growth in drying soil
(Fig. 7, E and F). Indeed, in the well-watered conditions,
most lines had a root system that constituted a mix of
about 60% to 80% of TRL in PSRs, and the rest was

Figure 6. Branch root length of 12 lines of B. distachyon from experiment 9
(for detailed conditions, see Supplemental Table S1). A, Branch root length
of nodal roots expressed in centimeters (centimeters of axile root)21 for CNR
(red; left axis) and LNR (green; right axis). Error bars represent SEM (n = 10). *,
Significant difference with Bd21-3 (P , 0.05). B, Branch root length in
centimeters (centimeters of LNR)21 for LNR against total LNR length in
meters per plant. Blue circle encompasses lines with similar LNR length but
different branching values. Red circle encompasses lines with similar
branching but different total LNR length. Error bars represent SEM (n = 10).

Figure 5. A, Root and shoot partitioning among 12 B. distachyon lines
in experiment 9 (for details about the experiment, see Supplemental
Table S1). B, Relationship between TRL and SDW in lines BdTR10c and
BdTR11g only. C, Relationship between LNRcount and the number of
tillers (TillerN) in 12 genotypes. Error bars represent SEM (n = 10).
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divided between CNRs and LNRs (Fig. 7, E and F;
Supplemental Fig. S5, E and F). However, in the drying
soil profile pots, only 4 of 64 plants (16 lines 3 4 rep-
licates) were able to grow CNRs or LNRs. These plants
were from different lines, such that we did not find a
line that consistently expressed an ability to grow nodal
roots when the soil was left to dry down.

DISCUSSION

Phenotypic Variation among B. distachyon Lines

The adult root systems of natural lines of B. dis-
tachyon had wide, repeatable, and heritable phenotypic

variation under the conditions in which we measured
them. Phenotypic variation was observed for all of the
characteristics measured (Tables I and II), notably
those related to partitioning with and between seed-
borne and stem-borne tissues in response to well-
watered and drought conditions. For some traits, up
to 80% of the variability observed was explained by
genotype. High heritability values across experiments
were obtained, despite widely expected inherent var-
iability of root traits because of high replication within
and across experiments and reduced line 3 experi-
ment interaction resulting from careful control
of growth conditions. These results suggest that the
B. distachyon root traits presented in this article can

Figure 7. Response of a subset of three lines of B. distachyon in root and shoot partitioning to well-watered and drought
conditions (experiment 4; for all of the lines in this experiment, see Supplemental Fig. S5; for detailed conditions, see
Supplemental Table S1). A, Shoot dry weight. B, Total root length. C, Specific root length. D, Primary seminal root length. E,
Root length partitioning in well-watered condition. F, Root length partitioning in drought condition. Error bars represent SEMs
(n = 4). *, Significant differences between the treatments in A to D. Similar letters (a–c) in E and F show groups with no sig-
nificant difference (P , 0.05): PSR (blue), CNR (red), and LNR (green).
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ultimately be applied toward the genetic improvement
of wheat and other grasses. Robust phenotyping and
the close-to-field soil conditions give confidence for
additional analysis and interpretation from the data.

It is important, however, to recognize that diversity
was found in controlled conditions before plants had
reached flowering and may not translate to field con-
ditions and agronomic scenarios at yield. Although
soil characteristics and water regimes fall within the
soil types and water availability levels encountered in
fields with sandy-loam soils that are subject to rainfall
and periods of drought, the pots would have restricted
root spread, root-root and shoot-shoot interactions
were likely limited compared with those of a crop
canopy, and shoot light and temperature conditions
were different from those in a field. The advantage of
using a plant model, such as B. distachyon, was the
ability to phenotype adult roots in field-like condi-
tions, but validation is required in the future with B.
distachyon in the field directly or cereals with similar
genotypic and phenotypic variations.

Exploring Reasons for Diversity among
B. distachyon Lines

The environmental characteristics (climate, elevation,
and soil properties) of the geographical origins of the
lines may have explained the phenotypic diversity.
However, no correlation could be found between
root phenotypes and the location of collection sites
(Supplemental Fig. S6). Similarly, no correlation was
found with climatic data, such as average temperature
or total rainfall (Supplemental Fig. S7). It is possible that
variation in soil composition may correlate with dif-
ferences among root phenotypes, but detailed data on
soil composition were not collected with the seeds. It
may be possible to sample soil from the original col-
lection sites using the Global Positioning System coor-
dinates available for most lines in the future to find an
association with the phenotypes, soil types, and their
expression in well-watered or drought conditions. It is
also possible that the reverse is true—that phenotypes
measured in this study do not confer climatic or soil-
type adaptations. We tested if the diversity was simply
because of allometry because we found wide variation
in plant size across experiments, and differences be-
tween genotypes in root traits may have been driven by
different plant stages and sizes at the time of sampling.
There was, indeed, a general correlation among a num-
ber of root traits (Supplemental Fig. S3) and SDWs
across lines. However, for root traits analyzed more
deeply, even when the correlation with SDW was
strong, genotypes had different slopes and intercepts,
indicating that partitioning to roots and shoots was
regulated by mechanisms other than plant size. Al-
lometry alone does not explain diversity in root and
shoot partitioning in B. distachyon. This was also found
to be the case in millet and sorghum in response to ir-
rigation and drought (Rostamza et al., 2013).

Diversity in the ways that root traits are linked to
shoot size (referred to here as partitioning phenotypes)
may be valuable for speeding up whole-plant geno-
typic gain in breeding programs for cereals. This study
suggests that B. distachyon is a useful cereal model to
select whole-plant phenotypes at the adult stage be-
cause of its small size and diversity.

Phylogenetic Associations among Phenotypes

We looked for evidence that root phenotypes were
more or less associated with genetically similar lines
(Fig. 8). Data from the independent experiments were
normalized to Bd21-3 and aligned with the phyloge-
netic tree designed by Vogel et al., (2009) (Fig. 8). In-
terestingly, all lines tested in the groups BdTR5,
BdTR9, and BdTR10 had longer TRLs than Bd21-3 (up
to 200% of Bd21-3’s TRL for BdTR5j), with only two
exceptions in 17 lines: BdTR9h and BdTR9c (Fig. 8A).
Similarly, Bd21, Bd21-3, and the BdTR3 and BdTR13
lines, closer together than the BdTR5-9-10 group, had
similar TRLs (between 80% and 120% of Bd21-3 root
length). As for partitioning of TRL among root types,
CNRs were smaller in the BdTR13 cluster than for lines
in the rest of the tree (Fig. 8B).

We were, thus, able to find groups of genetically
related lines with similar root phenotypes. This sug-
gests a common genetic basis for some traits. Although
these data are insufficient to identify candidate genes
through an ecotilling approach (Comai et al., 2004),
these results suggest that analyzing more natural lines
more deeply could be a powerful strategy to quickly
identify genes associated with adult root systems of
grasses.

Partitioning among Root System Components

The lines showed contrasting phenotypes of parti-
tioning among PSR, CNR, and LNR types that had a
high heritability (Table II), suggesting that particular
partitioning patterns can be selected through breeding.
Interestingly, we did not find any line completely de-
void of one root type or with more than one primary
seminal axile root. The first hypothesis is that we did
not test enough lines to find these phenotypes, which
may be uncommon. The second hypothesis is that the
existence of the three root types offers a selective ad-
vantage to the species, providing more plasticity and
flexibility to cope more readily and efficiently with
environments as the plant ages.

The diversity in partitioning among root types
found here presents important questions around
the function of the cereal root system components.
Studies have shown that root types of cereals differ in
their responses to soil conditions and their contribu-
tions to growth and yield (introduction and refer-
ences therein). This is partly because of their timing of
emergence because seminal axile roots are restricted
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Figure 8. Alignment on parts of the phylogenetic tree from the work by Vogel et al. (2009) of two traits measured in the natural
lines of B. distachyon. A, TRLs as a percentage of the TRL of Bd21-3. Red numbers show root systems bigger than Bd21-3, and
green numbers show smaller root systems compared with Bd21-3. B, CNRpc.
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to emerging at seedling establishment, whereas nodal
axile roots emerge through the life of the plant.
Seminal roots can have higher specific activities of
uptake, but nodal roots can become important as
the plant ages (Navara et al., 1994). This may be
explained by the higher specific root length of semi-
nal roots and the younger ages of the nodal roots. For
example, nodal roots took up more nitrate than
seminal roots in wheat after rewetting of dry surface
soil, possibly because they were younger and had less
degraded cortices than the seminal roots (Brady et al.,
1995) or possibly because they more readily developed
branch roots from younger pericycles. Interestingly,
vascular transport and signals to the shoots may differ
from the root types. Vegetative growth of wheat was
inhibited more by nodal root infection than seminal
root infection (Sivasithamparam and Parker, 1978),
and wheat nodal roots in droughted soil limited shoot
growth and relative water content less than seminal
roots in droughted soil (Volkmar, 1997). Nodal roots
may be particularly important in conditions where
additional root growth is needed because seminal root
number is set after germination.

The CNR particularly attracted our attention. It was
the only root type that we found to vary between and
within genotypes. A few lines presented very little CNR
systems, whereas it was the most developed system in
other lines. They seem to be intermediate between PSRs
and LNRs. They typically emerge after the seminal root
but before LNR. The basal internal anatomy of CNRs is
typical of nodal roots, but they are connected to the
mesocotyl (between the seed and the leaf nodes), unlike
the LNRs, which are directly connected to the leaf nodes
and the tillers (Watt et al., 2009). Krassovsky (1926)
suggested that the seminal roots in wheat and barley
(Hordeum vulgare) mainly feed the main stem (and head
with developing grain), whereas LNRs feed their asso-
ciated tiller primarily, providing the main tiller small
fractions of the water and nutrients that they collect.
Water and nutrients collected by the CNRs may follow
the same path as water and nutrients collected by the
PSRs, which suggests that CNRs would be functionally
closer to seminal roots and possibly, main stem and
heads than LNRs. Our data also show that CNRs are
often as long and deep as the seminal root axes, unlike
LNRs, which are more numerous but often grow shal-
lower. Hence, CNRs may be important for accessing
water and nutrients at depth.

Responsiveness to Soil Moisture

B. distachyon was shown to be a useful model for
grass responses to severe drought by Luo et al. (2011).
Luo et al. (2011) measured the severity of leaf wilting
on plants grown in pots much shallower than those
used here. Wilting point was reached as early as
6 d after the drought treatment, whereas our plants
were still growing (some at a slower rate) as late as
5 weeks after irrigation was stopped. Our plants did

not reach the wilting point because they were
supported by the available moisture measured in our long
tubes at the end of the experiment (Supplemental Fig.
S4). Luo et al. (2011) identified variation among some
of the germplasm examined in time to wilting upon
soil drying. We show that B. distachyon is also a source
of variation in phenotypes expressed in less se-
vere droughts, likely to be found in agronomically
productive field conditions, rather than under severe
drought.

In droughted pots, we observed consistent and
strong inhibition of CNR and LNR nodal root growth.
Root primordia were visible in the dry upper layer
of soil, but roots did not elongate. Our results in
B. distachyon are consistent with observations in other
species, such as Phalaris spp., ryegrass (Lolium spp.;
Cornish, 1982; Cornish et al., 1984), sorghum (Soman
and Seetharama, 1992), barley (Crossett et al., 1975),
and wheat (Passioura, 1972). Volkmar (1997), how-
ever, observed that soil drying around an already
emerged nodal root system of wheat induced a 4-fold
increase in its growth compared with the control,
where no drought treatment was applied. This may
have been because branch root growth was stimulated
in drying soil. Millet branch roots on nodal axile roots
were also stimulated in drying soil (Rostamza et al.,
2013). The regulation of nodal axile and branch roots
seems to be caused by local soil moisture rather than
water available to the entire root system. In the ex-
periments conducted here, water was available in the
middle and lower layers of the pot and could have
been supplied to the nodal axile roots in the drying
upper soil through the phloem (Boyer et al., 2010).

The B. distachyon lines expressed variation in parti-
tioning between and within shoots and roots in re-
sponse to soil moisture. Root to shoot signaling is
widely documented in the literature (Munns and
Sharp, 1993; Wilkinson and Davies, 2002; Clark et al.,
2005; Dodd, 2005). Shoot responses to drying soil are
not only the result of a reduced or insufficient water
uptake, but also, they activate signals likely sent from
the roots in the form of hormones.

Diversity in responsiveness to drying soil in B. dis-
tachyon at the whole-plant level may eventually allow
one to design environment-specific varieties of wheat
or other temperate cereals. A new variety that lacks
nodal root growth inhibition by dry top soils would
gain the ability to take up more of the deep water, thus
having the opportunity to yield more in drought-prone
environments. We suggest that the trait able to grow
nodal roots in dry top soil be added to the ideotype
proposed by Lynch (2013). This is notably the case
where crops rely on deep water fallen between two
cropping seasons and stored in deep soil. Equally in-
teresting was that there was wide variation in the re-
sponse to irrigation among the lines in shoot and nodal
root growth. Regulation of the stimulation of nodal
axile roots by water after drought stress is poorly un-
derstood. Insights may come from the hydropatterning
mapped by Bao et al. (2014) in the branch root cells of
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Arabidopsis and maize seedling primary roots. Water
responsiveness in roots may be equally important to
understand for response to drought for crop produc-
tivity in the future.
The diversity in phenotypes observed in our study

poses the question of underlying genetic regulation.
Transcriptomics approaches and differential gene ex-
pression analyses between the different components of
the root system and in contrasting watering conditions
(RNA sequencing and microarrays) are potential ways
to obtain a list of candidate genes specific to each root
type and condition. Another approach is to use these
data to select parents for crossing according to a phe-
notype of interest. Analyzing the progeny of such
crosses is useful to identify single nucleotide poly-
morphisms, genomic regions, and ultimately, genes
specific to the phenotype for which the parents have
been chosen.

CONCLUSION

We analyzed the adult root systems of 79 lines of B.
distachyon under controlled conditions with or without
irrigation and observed considerable natural diversity
in the phenotypes related to partitioning among the
major seed-borne and stem-borne shoot and root tis-
sues of grasses depending on drought. This model and
its genetic resources can now be used to test the
functionality and genetic basis for these phenotypes
because they are readily achieved and measured in
controlled conditions.
Most root phenotypes described on seedlings or

larger root systems ignore the nature or origin of the
root considered. Do seminal and nodal roots have the
same ability to absorb and conduct water? Do they
have similar ability to absorb nutrients? Do they pre-
sent the same transporters at their surfaces? Does each
root system component have specific interactions with
bacteria and symbiotic fungi? A better understanding
of the roles of each root type is required to determine
the best combination of seminal and nodal root traits
for a given environment. Thus, we are encouraged that
our results can be used as a starting point for future
studies to design and understand the contribution of
phenotypes with variation in partitioning to drought
tolerance, irrigation responsiveness, pathogen resis-
tance, and rhizosphere interactions. Such knowledge is
likely to be useful for creating improved varieties
(Chochois et al., 2012).

MATERIALS AND METHODS

Plant Material

Seventy-nine lines of Brachypodium distachyon from two main geographic
regions (Fig. 2) were phenotyped with a focus on characterizing adult root
systems (Fig. 1; Table I). The genotypic diversity of these lines (except those
from Spain) was previously assessed using SSR markers (Vogel et al., 2009),
and the phylogenetic tree generated therein was used to select a subset of 79
lines representing maximum diversity for phenotyping. Lines were referenced

against Bd21 and Bd21-3; Bd21 is the line from which the reference genome
sequence was produced (Vogel et al., 2010) and the first to be phenotyped in
detail for shoot and root development (Watt et al., 2009). Bd21-3 is the most
easily transformed (Vogel and Hill, 2008) and parent of over 20,000 T-DNA
lines (Bragg et al., 2012; http://jgi.doe.gov/our-science/science-programs/
plant-genomics/brachypodium/brachypodium-t-dna-collection/; Fig. 2).

Soil

The soil was a 1:1 blend of an organic matter, loam, and sand mix called
Wheat Special (used routinely at the Commonwealth Scientific and Industrial
Research Organisation Black Mountain Laboratories to grow wheat [Triticum
aestivum] plants up to maturity) andcoarse river sand. We used this soil be-
cause previous studies showed that wheat roots grow well in it (Boyer et al.,
2010) and have similar phenotypes to roots grown in the field (Watt et al.,
2013); also, B. distachyon and wheat roots show similar development in this soil
(Watt et al., 2009).

Before potting the soil, it was sieved to 2mm to prevent root growth through
larger organic matter particles and to increase ease of washing, and then it was
mixed with Aboska fertilizer (1 g L21). Aboska fertilizer was also in Wheat
Special before the river sand addition at the following concentration: N:P:K at
14:6:5, 4.5% (w/w) calcium, 5.5% (w/w) sulfur, 2% (w/w) magnesium, and
0.13% (w/w) iron. The final nutrient composition of the soil used to grow B.
distachyon is presented in Supplemental Table S2.

Soil was packed loosely into 50-cm-tall and 9-cm-diameter polyvinyl
chloride tubes to a bulk density of 1.11 g cm23 (60.012; n = 3). This bulk density
is similar to that of a plowed field soil and would not be expected to impede
root growth (Passioura, 1991). Tubes were sealed at the bottom with a cap
pierced with seven holes (2-mm diameters) to allow drainage, saturated with
water, and left to reach field capacity when drainage stopped. A water re-
tention curve was generated for the soil in a pressurized chamber and fitting
the van Genuchten model (van Genuchten et al., 1991; Supplemental Fig. S4A).
It showed that the soil behaves between typical sandy loam and loamy sand
soils, agreeing with its 50% river sand composition. The gravimetric water
contents of soil at different levels in the tubes with irrigation and drought
conditions ranged from 3.34 to 21.33 g of water per g of dry soil for droughted
surface soil and deep well-watered soil, respectively (Supplemental Fig. S4B).
These corresponded to a soil water tension below 5 kPa (well-watered deep
soil) and above 1,500 kPa (droughted surface soil). These conditions would
provide sufficient plant-available water in all conditions, except in the top soil
of the droughted experiment (described below).

Growth Conditions

Nine independent experiments were conducted in the same growth
cabinet (Conviron, Canada) at the Commonwealth Scientific and Industrial
Research Organization Black Mountain Laboratories (Supplemental Table
S1). Seeds, including husks, were sown directly into the soil. Because
sowing depth can have a significant impact on nodal root emergence, each
seed was carefully planted at a depth of 2 cm with embryo facing down-
ward. After sowing, pots were watered and placed in a cold room (6°C) for
stratification for 7 d, and then they were moved to the growth cabinet for
the duration of the experiment. Conditions for the experiments changed
over the first four experiments to optimize for screening mature root sys-
tems and testing effects of irrigation (Supplemental Table S1; experiment 4
is described below). Experiments 5 to 8 focused on covering the widest
genotypic diversity, and experiment 9 repeated and confirmed a selected set
of lines with high replication.

In experiment 4, the root systems of a subset of 16 lines were analyzed in two
different moisture conditions. Eight pots of each line were sown with seed,
watered, and stratified at 6°C for 1 week, and then they were placed in the
growth chamber. Upon transfer from the cold room to the growth chamber, all
pots were well watered several times over the course of the day and left to
drain overnight. Polyethylene beads were added to the surface to prevent
evaporation. Four pots for each line were equipped with drippers that de-
livered 80 mL of water every 3 d (the well-watered treatment). The other four
pots for each line were not watered throughout the experiment, letting plants
grow on water stored in the pot from the initial watering event (the drought
treatment). Plants were harvested 38 d after sowing, and root systems were
washed as described below. Water contents and their suctions at different
levels in the pots of well-watered and drought treatments are presented in
Supplemental Figure S4B.

Plant Physiol. Vol. 168, 2015 965

Adult Root Systems of Brachypodium distachyon

http://jgi.doe.gov/our-science/science-programs/plant-genomics/brachypodium/brachypodium-t-dna-collection/
http://jgi.doe.gov/our-science/science-programs/plant-genomics/brachypodium/brachypodium-t-dna-collection/
http://www.plantphysiol.org/cgi/content/full/pp.15.00095/DC1
http://www.plantphysiol.org/cgi/content/full/pp.15.00095/DC1
http://www.plantphysiol.org/cgi/content/full/pp.15.00095/DC1
http://www.plantphysiol.org/cgi/content/full/pp.15.00095/DC1
http://www.plantphysiol.org/cgi/content/full/pp.15.00095/DC1
http://www.plantphysiol.org/cgi/content/full/pp.15.00095/DC1
http://www.plantphysiol.org/cgi/content/full/pp.15.00095/DC1


Root and Shoot Phenotyping

Roots were quantified among different root types: PSRs, CNRs, and LNRs
(Fig. 1). CNRs and LNRs are commonly referred to as crown roots or ad-
ventitious roots; however, we retain the nomenclature proposed by Weaver
(1926), Wenzel et al. (1989), Pellerin and Pages (1994), and Watt et al. (2009),
which classifies root types based on the tissues from which they originate.

To harvest the shoots and roots, pots containing intact plants were sat-
urated with water and then gently tipped to slide soil and plant onto a mesh
tray. Soil was washed from roots with a gentle spray, and whole plants were
transferred to 50% ethanol and stored until processed. Processing involved
untangling the root systems of each plant in a large tray of shallow water and
excising the PSRs, CNRs, and LNRs at the seed and root-shoot junction;
finally, each type was further untangled, spread out, and scored for branch
root length (Fig. 1).

The length of each axile root was measured manually with a ruler and
then scanned at a resolution of 400 dots per inch on a flatbed scanner
(EPSON) equipped with a transparency unit (Regent). We obtained at least
one image for each root type (sometimes more for bigger root systems), and
all images were batch processed using WinRhizo (Regent), which gave the
TRL. After length processing, each root type from each plant was oven dried
(65°C) for 7 d and weighed to obtain the RDW. Shoot phenotypes measured
at harvest included the number of leaves along the main stem, the number
of tillers, and the length of the longest leaf. Total SDW was determined as
for roots.

Statistics

Datawere analyzed statistically for heritability and genetic correlations after
first checking for normality and error variance heterogeneity across environ-
ments. The distribution of residuals for percentage traits (i.e. PSRpc, CNRpc,
LNRpc, and Rootpc) was binomial, and therefore, data were arcsine trans-
formed to normalize before analysis. A combined ANOVA and covariance
over all experiments was then performed for all root and shoot characters
using the SAS mixed linear models procedure MIXED (Littell et al., 1996).
Variance and covariance components for line and line 3 experiment interac-
tion effects were estimated assuming that lines and experiments were random
effects. Broad-sense heritabilities were estimated on single-plant and line-
mean bases. Genetic correlations and SEs were estimated between TRL and
TDW using the SAS procedure MIXED (Holland, 2006). Graphics were gen-
erated using Microsoft Excel (2007), Sigmaplot version 12.3 (Systat Software
Inc.), or R (version 3.1.1) with the ggplot package. Maps were generated in R
using either the package ggmap and google maps (Supplemental Fig. S6;
http://maps.google.com) or the packages map and maproj (Fig. 2).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Shoot development of lines Bd21 and Bd21-3.

Supplemental Figure S2. Summary of the complete data set of all the
experiments presented in this study.
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Supplemental Table S2. Nutrient composition of the soil used in this study.
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