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Abstract

Background and aims Selection for deep roots to im-
prove drought tolerance of maize (Zea mays L.) requires
presence of genetic variation and suitable screening
methods.

Methods We examined a diverse set of 33 tropical
maize inbred lines that were grown in growth columns
in the greenhouse up to the 2-, 4-, and 6-leaf stage and in
the field in Mexico. To determine length of roots from
different depths at high throughput, we tested an ap-
proach based on staining roots with methylene blue and
measuring the amount of absorbed dye as proxy mea-
sure for root length.

Results Staining provided no advantage over root
weights that are much easier to measure and therefore
preferable. We found significant genotypic variation for
all traits at the 6-leaf stage. For development rates be-
tween the 2-leaf and the 6-leaf stage, genotypes only
differed for rooting depth and the number of crown

Responsible Editor: Alexia Stokes.

Electronic supplementary material The online version of this
article (doi:10.1007/s11104-013-1997-1) contains supplementary
material, which is available to authorized users.

C. Grieder * A. Hund (<)

Institute of Agricultural Sciences, ETH Zurich,
Universitétstrasse 2, 8092 Zurich, Switzerland
e-mail: andreas.hund@ipw.agrl.ethz.ch

S. Trachsel

International Maize and Wheat Improvement Center
CIMMYT,

Mexico 06600 DF, Mexico

roots. Positive correlations of leaf area with root length
and rooting depth indicated a common effect of plant
vigor. However, leaf area in growth columns was nega-
tively related to grain yield under drought (r=—0.50).
Conclusion The selection for deeper roots by an in-
crease in plant vigor likely results in a poorer perfor-
mance under drought conditions. The proportion of
deep roots was independent of other traits but showed
a low heritability and was not correlated to field perfor-
mance. An improved screening protocol is proposed to
increase throughput and heritability for this trait.

Keywords Tropical maize - Rooting depth - Growth
column - Shoot-root relations

Introduction

Desiccation avoidance is one possible strategy of plants
to cope with drought and is mainly associated with
minimization of water loss and/or the maximization of
water uptake (Ludlow and Muchow 1990). The amount
of accessible soil water is strongly determined by the
plant’s root morphology and architecture. Deeper soil
layers are seen as a potent source of crop water in many
semi-arid zones (Van Staveren and Stoop 1985). The
formation of a deep root system would give access to
this water sources, allowing the plant to avoid desicca-
tion during drought events (Ludlow and Muchow
1990). In wheat, Kirkegaard et al. (2007) obtained a
surplus of 0.62 t/ha grain yield from an additional
10.5 mm of subsoil water under drought conditions. In
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maize, simulation studies (Hammer et al. 2009)
highlighted the importance of a deep root system for
increased water and nutrient acquisition as well as yield
formation. Co-localization of quantitative trait loci
(QTL) for root parameters (e.g. crown root angle, axile
root growth rate) with traits related to yield in maize and
sorghum (Trachsel et al. 2009; Hund et al. 2011; Mace
et al. 2012) further emphasized the importance of root
morphology and architecture for water acquisition.

Since the formation of root meristems requires con-
siderable amounts of carbon (Lynch et al. 2005), re-
source (i.e. water) rich soil regions need to be explored
at the expense of less resource rich regions (Hodge
2009). Root systems with fewer lateral roots in the
topsoil but deep-reaching axile roots are more efficient
in extracting water from deeper soil strata (Hund et al.
2009a). In accordance, Bolanos et al. (1993) reported a
33 % reduction in root biomass in the upper soil after
eight cycles of recurrent selection under drought condi-
tions, although rooting depth in general did not increase.
The relative distribution of roots within the soil profile
therefore seems to play an important role, with the most
densely rooted soil layer affecting drought tolerance
more than total rooting depth (Yu et al. 2007).

Root parameters are traits that are typically difficult
to phenotype (Hund et al. 2011). A way to deal with this
problem in the field is to describe the root system by a
“shovelomics” approach that is based on few traits (e.g.
crown root number and angle) that can be easily deter-
mined at the stem base (Trachsel et al. 2011), or to use
other measures like root pulling force (Lebreton et al.
1995), root capacitance (Beem et al. 1998) or soil coring
(Watt et al. 2013). On the other extreme, plants can be
grown completely out of soil, e.g. in hydroponics
(Tuberosa et al. 2002), growth pouches (Bonser et al.
1996; Hund et al. 2009b) or in paper rolls (Zhu et al.
2005; Kumar et al. 2012), facilitating the complete and
non-destructive assessment of the root system up to a
limited growth stage. However, both types of systems
do not allow to assess the distribution of the root system
within its natural environment (i.e. field soil), or only
give proxy measures for the same (e.g. root angles
measured in shovelomics are indicative for rooting
depth (Trachsel et al. 2011)). Using pots or growth
columns filled with a soil substrate is a compromise.
Compared to out-of-soil systems, the measurement
throughput is reduced but plants can be grown to later
growth stages to avoid seed effects observed for evalu-
ations at early stages (Pommel and Bouchard 1990).
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Compared to field grown plants, the complete root
system may be assessed in growth columns, although
the root environment may be different than in a field
soil.

The two most commonly used methods to assess the
vertical distribution of root length within the soil are root
washing and minirhizotron imaging (Pierret et al. 2005).
In case of washing, roots are usually collected from
different depth increments to obtain the vertical distri-
bution of their lengths. To test for treatment differences,
the simplest approach is to compare among samples
taken from the same depth segment, leading to as many
comparisons as there are soil sections. To summarize
such data, some authors chose arbitrary thresholds to
quantify the roots below a certain depth (Yadav et al.
1997; Kato et al. 2006; Araki et al. 2000). Other ap-
proaches are based on linear or non-linear models ap-
proximating the vertical root distribution (Hao et al.
2005), of which the parameters could be used to sum-
marize treatment effects. However, we are not aware
that this approach has been taken for routine comparison
among genotypes. The reason for this may lie in the
difficulty to fit parsimonious models with meaningful
parameters to a population of differently shaped distri-
butions. An elegant approach to summarize data from
soil profiles was used by Schenk and Jackson (2002)
who fitted a non-linear smoothing function to each
profile and reported the depth at which either 50 %
(Dsg) or 95 % (Dys) of the roots were located by means
of interpolations. Hund et al. (2009a) adapted this ap-
proach but noted that Dsy and Dgs were strongly corre-
lated. The authors proposed to use a new deep root ratio
(DR) which measures the proportion of roots located in
the lower part of the root system, i.e. those located
below half the depth given by Dgs. Based on these
parameters, genotypes were identified that differed with
regard rooting depth (Dys), root distribution (DR) or
both.

Determining the length of excavated roots is a limit-
ing step in a growth column system. Determining root
dry weight is fast, but due to the varying diameter of
different root types, it only gives an approximate mea-
sure for root length. For example, Hund et al. (2004)
showed that lateral roots of different genotypes contrib-
uted differently to overall root size. Analysis of digital
root images (produced by photography or scanning) by
appropriate software is fast and precise, but displaying
roots for image acquisition is a tedious work, still lim-
iting throughput of this method. Sattelmacher et al.
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(1983) proposed a rapid method to measure root surface
by staining roots with a dye, resolving the absorbed dye
into a solution, and measuring the optical absorption of
this solution as proxy for root surface area and length.
Adoption of such a staining method might help to de-
termine root length with reasonable precision and speed
and, therefore, improve the efficiency of a growth col-
umn system for root distributional phenotyping.
Genotypic variation for rooting depth and its associa-
tion to water uptake in maize has been shown in different
studies (Lorens et al. 1987; Wan et al. 2000; Hund et al.
2009a; Manavalan et al. 2011). However, most of these
studies were based only on few genotypes or did not
examine root distribution in the soil profile. The objec-
tives of this study were to i) compare different method-
ologies to determine the vertical distribution of root
length of maize plants grown in growth columns, ii)
assess the genetic diversity for root morphology and
vertical distribution in a diverse panel of 33 tropical
maize inbred lines from the heterotrophic (2-leaf) until
early autotrophic (6-leaf) growth stage, and iii) examine
allometric relationships among root- and shoot parame-
ters determined in the growth columns and their relation-
ship with grain yield measured under drought in the field.

Material and methods
Genetic material

Our study is based on 33 diverse tropical maize inbred
lines (Table 1). These were selected by INRA Montpel-
lier from the maize inbred line reference set of the
Generation Challenge Program, based on genetic maker
information to build a most representative subset.

Experimental setup and growing conditions

During the 2008 summer season (May-July), the 33
inbred lines were grown in the greenhouse up to three
different development stages, i.e., full development of
the second leaf (2-leaf), fourth leaf (4-leaf), and sixth
leaf (6-leaf). We applied a split-plot design with harvest
time (3 levels) as main-plot treatment. Within each
main-plot, inbred lines (33 levels) were assigned to
sub-plots that were arranged in incomplete blocks ac-
cording to a 7-by-5 alpha-design (Patterson and Wil-
liams 1976). Each sub-plot consisted of one plant grown
in a growth column consisting of a PVC tube filled with

Table 1 List of tropical maize inbred lines examined within the

study

Inbred line Grown  Inbred line Grown
in field in field

1 CML247  Yes 18  CZL04006

2 CML254  Yes 19  CZL0617

3 CML287  Yes 20  CZL071

4 CML312  Yes 21  DTPWC9-F104  Yes

5 CML333  Yes 22 DTPWC9-F115  Yes

6 CML339 23 DTPWC9-F31 Yes

7 CML340  Yes 24  DTPYC9-F46 Yes

8 CML341 Yes 25 DTPYC9-F74 Yes

9 CML344  Yes 26  HIle6

10  CML360 27  K64R

11 CML389 28  KUI3 Yes

12 CML440  Yes 29  LPSC7-F103 Yes

13 CML444  Yes 30  LPSC7-F64 Yes

14  CML69 Yes 31  LPSC7-F71 Yes

15 CMLI1 Yes 32 LPSC7-F86 Yes

16 CMLPI1 33  SCMALAWI

17  CMLP2

soil substrate (see detailed description below). Each
main-plot consisted of a greenhouse cart loaded with
35 growth columns (33 genotypes + 2 unplanted control
growth columns). The experiment was conducted with
three replications that were performed consecutively
over time. Within one replication, plants were sown at
the same time into the 3 X33 growth columns (sub-plots)
and the main plots were destructively harvested when
the plants in average reached the designated growth
stage.

The growth columns had a diameter of 10.5 cm and a
height of 40, 60, and 80 cm for plants to be harvested at
the 2-leaf, 4-leaf, and 6-leaf stage, respectively. The
stage-dependent height of the columns has been chosen
based on earlier experiments to avoid that more than 2 %
of the roots reached the lowest section. This had two
reasons: i) to avoid a non-normal distribution of the
roots due to an accumulation or roots at the bottom of
the column and ii) to avoid a possible feedback signal of
these roots causing an overall change of the root distri-
bution. The soil substrate consisted of a 3.5:1 w/w
mixture of quartz sand (0.08-0.20 mm particle diame-
ter) and a porous baked clay granulate of 0.5-4.0 mm
particle diameter (SERAMIS, Mars Inc., McLean, VA,
USA). The baked clay was added to increase the water
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holding capacity of the substrate. Before filling the
growth columns, the substrate was moistened with a
0.23 % (v/v) Wuxal nutrient solution (Aglukon
Spezialdiinger GmbH, Diisseldorf, Germany:
16 mM N; 1 mM P,0s; 2 mM K,O; 7.8 uM Fe;
6.7 uM Mn; 21.3 uM B; 2.9 uM Cu; 2.2 uM Zn
1.1 uM Mo) to its maximum water holding capacity
(approx. 35 % of dry weight of the substrate). To enable
sufficient drainage and avoid water logging in the lower
parts, the caps at the bottom of each column were
punched with holes of approx. 4 mm diameter.

Seeds were surface-sterilized in a 2.5 % NaOCl so-
lution and pre-germinated for 3 days at 27 ° C on
moistened blotting paper. Two germinated seeds were
placed in each growth column at a depth of 2.5 cm and
thinned to one plant per growth column 4 to 5 days after
germination. The growth columns were covered with an
aluminum foil punched at the seedling position and
watered twice a week with a 0.23 % (v/v) Wuxal nutri-
ent solution to maintain the maximum water holding
capacity. To determine the amount of nutrient solution
required, the evapotranspiration since the last watering
was determined by weighing three randomly chosen
growth columns per main-plot.

Shoot and root measurements at harvest

Plants were harvested 1011, 18, and 26-28 days after
sowing for the 2-leaf, 4-leaf, and 6-leaf stage, respec-
tively. At harvest, the shoots were cut at surface level
and the growth columns were immediately transferred to
a cooling chamber at 4 °C to minimize respiration
during storage (3—5 days) until further processing. Leaf
area of the harvested shoots (A ) was measured with a
leaf area meter (LI-3000A, LI-COR Inc, Lincoln, NE,
USA).

To determine root traits, the growth columns were
opened longitudinally (two half pipes) and subdivided
into eight different depth segments that were 5, 7.5, and
10 cm long for the 2-leaf, 4-leaf, and 6-leaf stage,
respectively. Roots were extracted from the soil sub-
strate for each depth segment by rinsing under running
tap water. At the base of the stem, the total number of
crown roots (N¢,) was counted. The gravimetric set-
point angle (Angc,) and diameter (D¢;) of crown roots
were measured on plants harvested at the 4-leaf and 6-
leaf stage for each node number separately. Angc, was
measured using a triangle ruler whereby vertical growth
at emergence was recorded as 0°, horizontal growth as
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90°. D¢, was measured 2 cm apical to the root emerging
point using a digital caliber. Washed root samples of
single depth segments were stored in plastic bags at4 ° C
for further processing.

Determination of root length

Total root length was determined according to the
methylene-blue adsorption method described by
Sattelmacher et al. (1983). For this purpose, root sam-
ples of each depth segment were rinsed with distilled
water and stained for 60 s in a methylene blue solution
(74.7 mg/1), followed by rinsing off the surplus solution
with distilled water. After staining, the root samples
were transferred to a 0.1 M CaCl, solution for 60 s to
exchange the methylene blue absorbed by the roots. The
amount of CaCl, solution was individually adjusted to
the size of the root sample and ranged from 5 ml for
smallest to 75 ml for largest root samples. Two aliquots
(200 pl) of each sample of the CaCl, solutions contain-
ing the resolved methylene blue were transferred to 96-
well plates, and extinctions were measured at 650 nm
with a photometer (ELISA Reader MR 5000, Dynatech,
Burlington, VT, USA). All extinctions were measured
relatively to a 0.1 M CaCl, blank. Since the amount of
CaCl, solution used for resolving methylene blue from
the roots varied from sample to sample, the obtained
relative extinctions were all standardized to a 50 ml
CaCl, solution (Ext).

To translate the measured Ext values into real root
length, all root samples from six selected inbred lines
were scanned and analyzed for root length using an
image processing software (details see below). For this
purpose, root samples were collected after applying the
staining approach, spread in a plastic tray filled with
water and scanned with a scanner equipped with top
light (Epson, Expression 1640 XL, Epson America,
Inc., USA) at 600 dpi and 8 bit color resolution. To
enhance the contrast between roots and background, the
following procedures were applied to all images using
Photoshop 7.0 (Adobe Systems Inc., San Jose, CA,
USA); application of a median filter with a radius of 2
pixels to remove image noise and application of a tonal
threshold value of 220 to reduce the 8 bit grayscale
images to 1 bit monochrome images. All images were
subsequently analyzed with WinRHIZO (Version
2003b, Regent Instruments, Montreal, QC, Canada) to
measure root length. The debris removal filter was set to
remove objects with an area smaller than 0.005 cm? and
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a length/width ratio lower than 5. The total root length
(Lgy) for each depth segment as determined by image
processing was retrieved from the WinRHIZO output.
To relate measured Ext to Lg; as determined by image
acquisition, the following model was employed:

In(Lg)~In(Ext) + In(Ext) X Vcacp (1)

where In() denotes the natural logarithm, Ly, the root
length determined by image processing, Ext the ex-
tinction standardized to 50 ml CaCl, solution, and
Vcacrz the amount of CaCl, solution used for exchang-
ing root absorbed methylene blue. Additionally to Ext,
we also employed root dry weight (DWg,) of the
samples to predict their root length according to the
following equation:

In(Lg¢)~In(DWgy) (2)

where In(DWg,) denotes the natural logarithm of
DWk.

To evaluate performance of Egs. [1] and [2] to predict
In(Lg,), a leave-one-out cross validation (Arlot and
Celisse 2010) was performed, which yielded a coeffi-
cient of determination (R?) of 0.90 for both equations
(Fig. 1). Equation [1] was then used to predict Ly in the
complete experiment using the following final calibra-
tion model:

Ly = exp(8.338 + 1.203 x In(Ext)—0.0059 x In(Ext) x Vcucn)

3)

In(Lg,) predicted by methylene blue absorption

T T T T T
0 2 4 6 8
reference In(Lg,) determined by scanning

Fig. 1 Correlation between root length (Lg,) as determined by
scanning and as predicted by leave-one-out cross validation (both
transformed by natural logarithm) upon a the methylene blue

Calculation of root distribution parameters

Distribution curves of standardized cumulative length of
the roots (SCLg,) were produced for each plot (example
given in Fig. 2), with SCLg, in a certain depth segment
being calculated as:

i 8
SCLRt,i = Z LRt,k/Z LRt,k (4)
k=1 k=1

where SCLg, ; is the standardized cumulative root length
in depth segment i (with /=1 being the uppermost and
i=8 being the deepest segment) and Lg,, is the root
length in segment k determined following Eq. [3]. Be-
tween each two adjacent points, the SCLg, curves were
interpolated by linear regression (Fig. 2). The soil depth
above which 95 % of the total root system in terms of
root length is located (Dos) was then determined as an
indicator of rooting depth as illustrated in Fig. 2. The
proportion of deep roots to total roots (DR) was deter-
mined using two types of threshold to separate between
deep and shallow roots: a flexible threshold relative to
rooting depth determined as half the measured Dgs (DR)
and a fix threshold determined as half the column length

Field data

A subset of 22 inbred lines (Table 1) was grown among
other genotypes with three replicates during the

In(Lgy) predicted by root dry weight

T T T T T
0 2 4 6 8
reference In(Lg,) determined by scanning

absorption and b root dry weight. Coefficients of determination
(R?) given in the plot were determined from cross validation
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Fig. 2 Calculation of root-

1. 4 -
distribution parameters Dos Ogg i G/,/"/O
and DR, graphically illustrat- - T
ed on the standardized cu- =2 A O/ |
mulative root length (SCLg,) o 0807 /
curve of a growth column ‘g
harvested at 6-leaf stage. ° .
Arrows indicate the calcula- 2 0.60 A o
tion of Dgs and, using half of (—g :
Dys (Dogs/2) as a threshold, g
determination of deep (a) and © .40 - o
shallow (b) roots, which are T
needed for calculation of the -g B DR =A/ (A+B)
d t ratio (DR S
eep root ratio (DR) < 0.20 | .
8
n
0.00 4 -~
T T T T T T T
0 20 Dgs/2 40 60 Dgs 80

2008/2009 winter season at the experimental station of
the International Wheat and Maize Improvement Center
(CIMMYT) in Tlaltizapan (Morelos, México; 18°41'N,
99°10'W, 940 m a.s.l.). Inbred lines were planted on the
4th of December 2008 in single row plots at a density of
6.6 plants per m”. Plots were harvested on the 7th of
May 2009. The soil at the station is a black vertisol
developed from calcareous subsoil with a pH of 8.5.
For the experiments, two different treatments were ap-
plied: full irrigation (well watered) and withholding
irrigation 2 weeks before flowering (drought stress).
During flowering, dates of anthesis and silking were
recorded as time when 50 % of plants within a plot were
shedding pollen or growing silks, respectively. The an-
thesis silking interval (ASI) was calculated as the differ-
ence in days between silking and anthesis. Grain yield
per unit area (GY) was calculated as the product of the
planting density with the average yield per plant in a
plot. Leaf chlorophyll content (SPAD), measured by a
SPAD-502 instrument (Konica Minolta Sensing, Inc.,
Sakai, Osaka, Japan), was determined 2 weeks after
flowering. Leaf rolling was determined under drought
stressed conditions 1 week after flowering. Genotypic
means for each trait were calculated separately for the
two treatments.

Statistical analysis

All traits determined in the greenhouse were analyzed
within a mixed model framework. Traits related to root
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Soil depth (cm)

distribution and the shoot (L, Dgs, DR, N, and Ay y)
were analyzed using the following model

Vimk = K+ & + 1+ (gt); + 7n + Crp + Bujk + Egink
(5)

where 1 denotes the overall mean, g; is the effect of the
i genotype, t; (covariate) is the number of days until
harvest, (gt);; is the interaction between the i"™ genotype
and the days until harvest, 7, is the o't replication, C,;
defines the whole plot, B, defines the incomplete
blocks and &, is the residual error. All effects except
the random terms C,;, B, and €, were treated as
fixed. To estimate genotypic variance at 6-leaf stage,
the following reduced model of Eq. [5]

Vik = M+ & + 70+ Buk + Eink (6)

was employed only on data from the 6-leaf stage, taking
all effects except ,, as random. Heritability (4°) was then
calculated for each trait as hzzazg/(a2 g-i-crzg/R) with 0‘2g
and o7, being the genotypic and residual variance, re-
spectively, and R=3 being the number of replications.

Development of crown root traits (D¢, and Angc,),
which were only measured at the 4-leaf and 6-leaf stage,
was analyzed as a function of the node number using the
following equation

Vimk = K+ & +a;+(ga); + 1+ Bue + (7)
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where a; (covariate) is the node number and (ga);; is the
interaction between the i™ genotype and node number.
All effects except the random terms B, and €, were
treated as fixed. Due to observation on the same exper-
imental unit (plant in growth column), residuals of the
different nodes were modeled to be correlated following
an autoregressive (AR1) correlation model. Residuals in
Eqgs. [5-7] were inspected for normality and homosce-
dasticity and, if necessary, variables were subjected to
suitable transformations (In). Genotypic means for in-
tercepts at 6-leaf stage (i.e. genotypic performance at 6-
leaf stage) and development rates were predicted for
each trait from the estimated effects.

Correlations

As a further parameter, the leaf area—rooting depth
relation (A Dgs) was calculated by regressing geno-
typic means of Ajr on Dgs (Fig. 3) and taking the
vertical distance of each genotypic observation to the
geometric-mean-regression line (regression residuals).
Thus, genotypes with positive Aj ~Dgs show large leaf
area in relation to their rooting depth and vice versa.
Phenotypic correlation coefficients (7,) among traits
were calculated as Pearsons’s correlations coefficients
of genotypic means, being based on 33 (among traits
measured in growth columns) or the 22 overlapping
genotypic means (between field and growth column
traits). All calculations were performed within the R-

In(As at 6-leaf stage (sz))

Dgs at 6-leaf stage (cm)

environment (R Core Development Team 2009), using
the package ASReml (Gilmour et al. 2006) for mixed
modeling.

Results
Means and variation

The analysis of development of root distributional (see
ESM Fig. 1 for the root distribution profiles) and shoot
traits with time required a logarithmic transformation
for L, and Ay, indicating that these two traits follow
an exponential growth pattern. Positive mean and
range of genotype specific development rates for all
traits indicated that root system size, depth of the
majority of root as indicated by Dgs and leaf arca
increased with time (Table 2). Analysis of variance
revealed a highly significant (P<0.001) effect of ge-
notype for all traits, meaning that inbred lines showed
different intercepts in their development curves (i.e.,
differed in their performance at a given time). Further,
the highly significant (P<0.001) effect of time showed
that all traits changed significantly with time. Howev-
er, genotypic differences in the development rate (i.e.
genotype-by-time interactions) were only significant
for Dgs (P<0.01) and N¢, (P<0.001) (see ESM
Fig. 2a, b for examples).

0.18

0.17

0.16

0.15

0.14

In(A; devlopment rate (cm? d'))

0.13

0.12

T T T T
1.5 2.0 2.5 3.0

Dgs development rate (cm d’1)

Fig.3 Correlation between rooting depth (Dys) and total leaf area (Ap ¢) for a values as measured at the 6-leaf stage, and b the development
rates between 2- and 6-leaf stage. Numbers give the 33 inbred lines following Table 1, solid lines indicate the geometric mean regression
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Table 2 ANOVA table and (in the lower part of the table) range,
mean, Tukey honest significant difference (HSD) and heritability
(h?) of genotypic means for measurements at the 6-leaf stage and

development rates between 2- and 6-leaf stage for the traits total
root length (Lg,), rooting depth (Dys), deep root ratio (DR), total
leaf area (A g), and crown root number (Nc;)

df In(Lg,) Dos DR In(App Ner
In(cm) (cm) % In(cm?) #

Intercept 1 skesksk sfesksk sfesksk skesksk sesksk
Inbred hne 32 ok skoksk ok ok skoksk
Time 1 sksksk skskk skosksk sksksk skoksk
Inbred line:Time 32 - ** - - el
Genotype specific intercept at 6-leaf stage

Range 7.93-8.83 40.8-64.2 30-50 6.01-6.98 8.7-19.3

Mean 8.46 55.75 40.00 6.52 12.1

HSD 1.39 15.71 16.80 1.00 4.8

h? 0.48 0.62 0.27 0.40 0.78
Genotype specific development rate

Range 0.079-0.143 1.56-2.77 0.0024-0.015 0.123-0.174 0.21-0.74

Mean 0.117 2.25 0.0084 0.150 0.44

HSD 0.098 1.343 0.014 0.067 0.4

*H x#% significant at the 0.01, and 0.001 probability level, respectively

Among crown root traits, the logarithmic transfor-
mation required for D¢, indicated an exponential in-
crease with ascending node number (Table 3). The
range of genotype specific development rates for

Table 3 ANOVA table and (in the lower part of the table) range,
mean and Tukey honest significant difference (HSD) of genotypic
means for measurements at the 3rd node number and development
rates with node number for the traits crown root diameter (D¢,) and
crown root angle (Angc,)

In(Dc,) Angc,
df In(mm) ©)

Intercept 1 woEE oAk
Inbred line 32 ok ok
Node 1 seskeosk focksk
Inbred line:Node 32 ok
Genotype specific intercept at node 3

Range 0.031-0.856 26.1-60.6

Mean 0.391 43.0

HSD 0.344 23.8
Genotype specific development rate

Range 0.246-0.526 —8.83-1.36

Mean 0.362 -3.89

HSD 0.205 14.55

***significant at the 0.001 probability level
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Angc, (—8.83-1.36°) indicated that crown roots of
most genotypes grew steeper with increasing node
number. Contrary, D¢, of all genotypes increased with
ascending node number by 1.4 mm per node on aver-
age. The analysis of variance for the development of
D¢, and Angc, with node number also indicated highly
significant (P<0.001) effects of genotype and node
number, meaning that genotypes differed for their
intercept and that both traits changed with ascending
node number. Significant genotypic differences in the
development with node number (i.e. genotype-by-node
interactions) were observed for D¢, (see ESM Fig. 2¢
for example), but not for Angc,. Means and ranking of
all genotypes can be seen in ESM Table | for root
distributional and shoot traits and in ESM Table 2 for
crown root traits.

Correlations among traits

Based on values measured at the 6-leaf stage, Ly, Dos
and DRy, were positively correlated, but none of these
traits showed an association with DR (Table 4, upper
triangular part). A showed moderate, positive correla-
tions with Dgs and Ly, The empirically derived rela-
tionship between Dgs and Lg; (Fig. 3) can be used to
identify inbred lines having a more or less deep reaching
root system relative to shoot size, whereby inbred lines



Plant Soil (2014) 377:295-308

303

Table 4 Correlations (n=33) among root and shoot parameters
based on values measured at the 6-leaf stage (upper triangle) and
based on the development rates between 2- and 6-leaf stage (lower
triangle, only given between traits which showed significant ge-
notypic differences in development rate). Traits are total root
length (Lg,), rooting depth (Dys), deep root ratios based on flexible
(DR) and fix (DRgy) threshold, total leaf area (Apg), leaf
area—rooting depth relation (AyDgs) and crown root number

(NCr)

In(Lg;) Dos DR DRg In(Arp) ArrDos Ney

In(Lgy) 0.62° 033 0.63° 0.70® 0.1 022
Dos 0.01 092° 071° -038 022
DR 007 024 030 0.23
DRgiy 0.60° -041° 026
In(ALp 038" 024
Ay #Dos 0.03
Ner 0.22

abjgnificant at the 0.05, 0.01 probability level, respectively

deviating negatively from the regression line can be
characterized as relatively deep rooting (negative Ay~
Dys value). The allometric parameter Ay ~Dys showed a
moderate correlation (|r,,|=0.38) with its first (Ar¢) and
second (Dgs) components, but with no other trait deter-
mined in the greenhouse. Between the two traits that
showed significant genotypic differences in the devel-
opment rate between the 2- and 6-leaf stage (N¢,, Dos),
the correlation based on development rate was not sig-
nificant (Table 4, lower triangular part).

Phenotypic correlation coefficients between green-
house and field performance were low, not exceeding
0.50 (Table 5). Based on observations at the 6-leaf stage,
GY under drought tended to be negatively correlated
with most growth column parameters, (significant for
In(Lg) and In(Apy)). Furthermore, high A;+Dos (i.c.
large leaf area in relation to rooting depth) showed a
negative association with SPAD under drought. Geno-
types progressing faster in their number of crown roots
(N¢yp) showed a negative association with yield under
drought.

Discussion
Measuring rooting depth

As roots were harvested per column section, the rooting
depth could only be given with the precision of the
section limits e.g. in 10 cm intervals for the 80-cm
columns. To gain precision, we decided to use the Dgs
method described by Schenk and Jackson (2002) to
estimate rooting depth and used linear interpolation
between the depth segments to determine Dgs. General-
ly, no or only few roots were found in the lowest depth
segment, and the precondition for a correct calculation
of Dgs, i.e. less than 5 % roots in the lowest depth
segment (see genotypic means of actual values at the
6-leaf stage in ESM Table 1), was only harmed in one

Table 5 Correlations (n=22) be-

tween parameters measured in the Drought stress Well watered
greenhouse and in the field
GY ASI SPAD LR GY ASI SPAD
Intercept at 6-leaf stage or node 3
In(Lgy) —0.46" 0.21 -0.34 0.17 —0.11 0.18 —0.38
Dys -0.29 0.16 0.01 0.16 —0.06 0.12 -0.26
DR -0.31 —-0.01 -0.26 0.14 0.24 -0.25 0.04
In(Arp —-0.50" 0.16 -0.35 0.24 —0.04 0.10 —0.47*
ArDos —0.28 0.00 —0.46" 0.10 0.03 —-0.02 -0.27
Ner -0.36 —0.04 -0.36 0.12 -0.24 0.44* -0.24
In(Dc,) —-0.01 0.34 —0.01 0.18 0.08 —0.02 —0.08
Angc, 0.24 -0.33 -0.25 —0.01 0.13 —0.17 —-0.11
Development rate per day or node
Dys -0.32 0.07 —-0.07 0.15 —0.05 —0.08 -0.22
Ner —0.44* 0.00 -0.33 0.11 —0.19 0.31 -0.28
*significant at the 0.05 probability In(D¢,) 0.17 0.15 -0.10 0.20 0.01 -0.14 -0.03

level
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plot. Linear interpolaton proved to be more robust to
summarize the results of differently shaped curves
(compare ESM Figure 1) of the vertical distributions
as compart to smoothing splines used by Hund et al.
(2009a). It may be criticised that Dos is not an appropri-
ate measure to characterize genotypes with regard to
their potential for water extraction from deep soil strata.
For example, one single, deep root making in total less
than 95 % of the root system may be enough to tab
water. Accordingly, its contribution to rooting depth
would not be adequately represented by Dys. However,
maize has a fibrous root system with many axile roots
simultaneously growing into the soil profile. Therefore,
we assume that Dgs and the absolute depth reached by
the deepest root should be closely correlated.

Suitable methods to measure root length

The staining method with methylene blue as described
by Sattelmacher et al. (1983) was suitable to determine
root length in our study. Compared to the scanning
approach, time requirements (from the washed roots
until availability of a data point for root length) were
slightly higher for small root samples derived from
plants at the 2-leaf stage, but reduced up to 50 % for
larger root samples derived at the 4- and 6-leaf stage
(data not shown). However, being able to predict Ly,
with a similar precision by just taking DWg, (Fig. 1b)
does not justify the additional time required for staining.

Roots vary in their diameter (e.g. thick axile vs. thin
lateral roots) and therefore also for their surface area-to-
weight ratio. Absorption of methylene blue is directly
linked to the root surface (and length) and would be
expected to be a better predictor for root length than root
dry weight. Different nuisance factors may cause small
errors accumulating during the complex procedure (i.e.
staining, exchange of absorbed methylene blue, extinc-
tion measurements). To improve the prediction of Lg
based on the absorption of the dye, we included con-
trollable factors (e.g. volume of CaCl, solution used to
resolve adsorbed dye) into Eq. [1] to account for their
effects. However, non-controllable nuisance factors
seemed to outweigh the staining method’s benefit of
being directly linked to root surface area. Hence, if only
a proxy measure of root length is required (e.g. when
screening large populations), simple weighing of roots
should be preferred over staining. If more detailed as-
pects of the root system are to be examined, scanning of
roots followed by image processing should be preferred
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because roots of different diameter classes can be
distinguished.

Strong genotypic control of root traits related to plant
vigor

We found significant genotypic variation for all root
traits at the 6-leaf stage and, in some cases, also for their
development with time (Dos, Nc,), or with node number
(Dcy), although the number of replications (three) per
inbred line was comparably low. The final architecture
of a root system in the soil is a function of its dynamic
interaction with chemical, biological and physical fac-
tors (Lynch 1995). Taking into account the very hetero-
geneous and dynamic soil environments under field
conditions, large genotype-by-environment interactions
can be expected and heritability of a “deep rooting” trait
would be rather low (Richards et al. 2000). Interestingly,
estimates of heritability determined at the 6-leaf stage
for root length (i.e., Lg,) and depth of the majority of
roots (i.e., Dgs) were as high as for leaf area. These high
values may be partly explained by the relatively stable
and homogeneous soil environment by using the
sand/baked clay substrate filled growth columns. The
development of roots occurs in synchrony with shoot
growth (Wang et al. 2006), which was reflected by the
positive linear relations of Ar ¢ with Dys (Fig. 3a, b) and
Lg; (plot not shown). The heritable traits Lg; and Dys,
therefore, reflect general plant vigor rather than being
parameters related to vertical root distribution. This also
implies that Dgs and Lg, alone do not serve lot of new
information and selection for a mainly deep reaching
root system (i.e. Dgs) could also be practiced by
selecting for a vigorous shoot (e.g. Apy). The effective-
ness of such indirect selection can be assessed by cal-
culating the relative efficiency (RE), i.e., the ratio of the
indirect response to selection in Dos if selection is per-
formed for A; g, over the response in Dgs if selection is
performed for Dgs directly. RE can be calculated fol-
lowing Falconer and Mackay (1996) as

_ Iy hay g (Alf7 Dos )

RE
iDqs hD95

where i denotes the selection intensity, / the square root
of heritability and 7, the genotypic correlation. Assum-
ing the same selection intensities (7) for direct and indi-
rect selection, taking A° values measured at the 6-leaf
stage (0.40 for Ay 4, 0.62 for Dys), and 7,,(Ar ¢ Dgs)=0.71
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as an estimate for 7,, this would result in a RE of 0.55.
This means that indirect selection via leaf area would be
half as efficient as direct selection for Dgs. As shoot
traits are much easier to assess than rooting depth, the
selection intensity and heritability could be more easily
be increased for leaf area (i.e. Arg) compared root traits
(i.e. Dgs). Additionally, r, is usually larger than r,,
wherefore RE of indirect selection for Dgs can be ex-
pected to be higher than calculated in our example.
According to these considerations, direct screening and
selection for deep reaching roots in the growth column
system at an early growth stage would not be worth-
while because rooting depth could be selected by direct
selection for vigorous shoots. Furthermore, selecting for
increased rooting depth by increasing overall vigor may
have negative effects for environments with a great risk
of terminal drought. According to Ribaut et al. (2009), a
typical maize ideotype for such environments has a
smaller canopy to allow better light penetration and
deeper roots with less lateral branching. Direct selection
for such an ideotype may be possible under managed
drought and nitrogen stress conditions practiced by
CIMMYT (Bénziger et al. 20006).

Relative root distribution has low heritability

DR describes the relative vertical distribution of roots
within the soil profile and is less dependent on plant
vigor, as indicated by the lack of significant correlations
with Ap ¢, Dgs and Ly,. Compared to DRy;, that showed a
strong correlation with Dgs, DR has the advantage that it
is not arbitrary as compared to the situation where a
deep root ratio is calculated based on a fix, absolute
depth threshold to separate between deep and shallow
roots. For example in rice, depth thresholds from 30 cm
(Yadav et al. 1997; Kato etal. 2006) up to 100 cm (Araki
et al. 2000) have been used in field and growth column
studies. Such fix thresholds may still be misleading as
can be seen for DRy, More vigorous plants are able to
place more roots below a certain depth, resulting in
larger deep root ratios, independent of their relative root
depth distribution. This artifact could be avoided in our
study by defining DR in relation to rooting depth where
Dys serves as a measure of rooting depth while DR
measures the relative distribution.

Although DR showed to be independent of general
plant vigor, it was accompanied by a low genetic vari-
ation and, consequently, lower heritability estimates at
the 6-leaf stage and non-significant genotypic

differences in development rates between 2- and 6-leaf
stage. Higher heritabilities and more precise genotypic
means could be obtained by increasing the number of
replications compared to our study. However, this would
be accompanied by a largely increased labor demand.
The lower genetic control of DR indicates that it will be
difficult to change the relative vertical distribution of the
root system, i.e. to place relatively more roots at depth
without increasing the overall rooting depth.

Influence of allometric root-shoot relationships

We found that genotypes with larger shoots have deeper
roots. This is corroborated by Trachsel et al. (2013)
reporting a positive correlation between Dgs and a vigor
proxy measure composed of plant height and SPAD
(R*=0.3) for field-grown maize under low nitrogen.
To avoid the “large plants have deeper roots” problem,
we used Aj+Dgs to characterize genotypes based on
their vertical deviation from the regression line in
Fig. 3. Using this deviation seems to be useful for
comparing genotypes across environments: Based on
four overlapping genotypes (CML444, SC-Malawi,
CMLP1 and CMLP2), we found no correlation of our
Dys values with those measured by Hund et al. (2009a)
(r=—0.56; data not shown), but a significant positive
correlation between the two studies could be observed
for the ratio between A;¢ and Dos (r=0.96%; data not
shown). However, four genotypes are a small sample
and more research is needed to verify if size-dependent
rooting depth is a promising trait for selection. It is still
not common standard in root research to report basic
shoot characteristics and adjust for differences in over-
all vigor. Doing so would greatly enhance our under-
standing how root-shoot relationships explain
genotype-by-environment interactions. The positive
correlation (R*=0.24) between rooting depth and vigor
(measured as above-ground plant volume) was also
reported in a meta-analysis of grasses by Schenk and
Jackson (2002).

The question, who wins where and when, may de-
pend on the rooting behavior, water regime and timing.
Vigorous genotypes with prolific root growth may ben-
efit from rapid nutrient uptake under well-watered con-
ditions, but might already have extracted available soil
water before entering the critical flowering period
(Campos et al. 2004). By contrast, genotypes with
smaller shoots and relatively deep roots may benefit
from water uptake under drought conditions but may
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be too conservative to profit in wet years. In addition,
environmental factors such as nitrogen content and soil
strength have an effect on the shoot-root relationships.
For example, the correlation between plant height and
Dys was larger under low compared to high nitrogen
conditions (Trachsel et al. 2013) in maize. Furthermore,
Acufia and Wade (2013) found a negative relationship
between root depth and shoot dry matter on a Calcic
Lixisol with a hardpan restricting root growth of wheat
varieties.

Can we predict drought behavior by early screening?

A positive association of deep roots with crop perfor-
mance and drought tolerance has been shown (Passioura
1983; Manschadi et al. 2006; Kirkegaard et al. 2007),
but the behavior and performance of different genotypes
under drought is influenced by many other factors like
shoot architecture, water use efficiency (Passioura
1983), and soil characteristics (Acufia and Wade
2013). The correlations between traits determined in
growth columns and in the field in our study have to
be interpreted with caution due to the limited extend of
the field data (only one season). Field experiments
would have to be repeated in different locations/years
to make profound statements. In tendency, our low
correlations observed (Table 5) indicate limited predic-
tive ability of the growth columns for final plant
performance. This seems to be in line with the gener-
ally capped correlations between early growth and
final plant performance in inbred lines (Mock and
McNeill 1979; Strigens et al. 2012) and observations
by Watt et al. (2013), who found no correlation be-
tween early (5-leaves) and late (flowering) growth
stages for the deep rooting trait per se in wheat.
Further, a bias of the growth column system, in which
roots can be forced to become deep by growing along
the growth column wall—substrate interface (Araki
et al. 2000), may contribute to the low predictive
ability for field performance. Although crown root
traits (N, Dcy, Angc,) are less affected by the column
growth system, they did not show significant correla-
tions with field performance. Thus, also due to the
limited validity of the field data, we were not able to
confirm or deny the hypothesis that steep roots are
more favorable, granting fast progress of the root sys-
tem to deeper soil strata (Hammer et al. 2009; Lynch
2013; Trachsel et al. 2013).
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Conclusion and outlook

In this experiment, we evaluated root lengths at differ-
ent, equally spaced column depths. Based on our results,
we suggest simplifying this approach in order to gain
throughput and, thus, increase the heritability. An in-
crease in replications is necessary, especially for traits
like DR, the shoot-to-root ratio and development rates,
which have comparably low heritability. Ideally, exper-
iments should cover the range of soil-types, water re-
gimes and fertilization levels representing the target
population of environments. As our root distribution
data are summarized as three components, i.e. total root
lengths, maximum rooting depth and vertical root dis-
tribution, we propose measuring these components di-
rectly. Maximum rooting depth in soil columns can be
measured by removing soil from the bottom upwards
until the first root appears. Next, the remaining column
can be divided into an upper and lower half and the root
of each half can be weighed to determine the total root
weight and DR. Eventually, angles of crown may be
measured to get information of the potential shallowness
of the root system. Finally, basic shoot characteristics
need to be measured to determine the stage and
environment-specific relationship between root and
shoot characteristics.
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