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Correlations between juvenile wheat root traits, and grain yield and yield component
traits under optimal field conditions have previously been reported in some conditions. The
aim of this study was to test the hypothesis that juvenile wheat root traits correlate with yield,
yield components and grain mineral composition traits under a range of soil environments in
India. A diverse panel of 36 Indian wheat genotypes were grown for ten days in ‘pouch and
wick’ high-throughput phenotyping (HTP) system (20 replicates). Correlations between
juvenile root architecture traits, including primary and lateral root length, and grain yield,
yield components and grain mineral composition traits were determined, using field data
from previously published experiments at six sites in India. Only a limited number of juve-
nile root traits correlated with grain yield (GYD), yield components, and grain mineral
composition traits. A narrow root angle, potentially representing a ‘steep’ phenotype, was
associated with increased GYD and harvest index (HI) averaged across sites and years.
Length related root traits were not correlated with GYD or HI at most sites, however, the
total length of lateral roots and lateral root number correlated with GYD at a sodic site of pH
9.5. The total length of lateral roots (TLLR) correlated with grain zinc (Zn) concentration at
one site. A wider root angle, representing a shallow root system, correlated with grain iron
(Fe) concentration at most sites. The total length of all roots (TLAR) and total length of
primary roots (TLPR) correlated with grain S concentration at most sites. Narrow root angle
in juvenile plants could be a useful proxy trait for screening germplasm for improved grain
yield. Lateral root and shallow root traits could potentially be used to improve grain mineral
concentrations. The use of juvenile root traits should be explored further in wheat breeding
for diverse environments.
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Introduction

Root architecture describes the spatial configuration of plant roots in soil, which is impor-
tant for anchorage, nutrient/water uptake, and for responding to biotic and abiotic stresses
(Lynch 2007; Gewin 2010; De Smet 2012). A ‘steep, cheap and deep’ root system could
make plants more efficient in water and nutrient uptake from deeper layers of soil, even
under less fertile and drought conditions (Lynch 2013). Whilst the Green Revolution in-
creased the grain production tremendously based on selection of shoot traits, including
semi-dwarf varieties (Khush 2001), modern wheat varieties have root biomass less than
two-third of the mean of wheat landraces (Waines and Ehdai 2007). Root traits have not
yet been selected directly in wheat breeding to our knowledge.

Wheat has a dense root system which is influenced by both genetic and environmental
factors. Their root system consists of three to eight primary roots (also called seminal
roots). The secondary root system, comprising adventitious/nodal roots, arises from basal
nodes of the coleoptile and stem; adventitious root length, thickness and numbers in-
crease with numbers of leaves and tillers (Hoad et al. 2001; Bradley et al. 2008). There is
genotypic variation for root length density (RLD) in wheat germplasm in different soil
horizons. For example, an average RLD in top soil (0—20 cm) was 7 cm ¢cm™ and in
lower soil profile (80-100 cm depth) was 0.2 cm ¢m™ in a winter wheat measured at an-
thesis in field experiments, and soil environmental conditions such as soil pH, soil tex-
ture, moisture level and other environmental stresses affected the root spatial configura-
tion in soil (Pillinger et al. 2005).

Studying wheat root traits in field condition is challenging, therefore researchers have
started to deploy high throughput phenotyping (HTP) systems to screen seedling root
traits. For example, Bai et al. (2013) used a germination paper based ‘cigar roll’ system to
grow 199 double haploid wheat near isogenic lines (NILs) for 11 days. They reported no
correlation of primary root length and lateral root length with plant height at maturity in
the field. Among 52 wheat genotypes, McDonald (2010) reported that varieties with a
narrow root angle between pairs of primary seminal roots of 14 days old seedlings grown
in root boxes showed slightly greater grain yield than wider root angle varieties in most
of the breeding field trials.

A ‘pouch & wick’ germination paper based approach was used to grow 94 double hap-
loid wheat lines in nutrient solution for nine days to study root architectural traits by
Atkinson et al. (2015). They reported no correlation between seedling root traits and grain
yield and plant height, measured in field experiments with high and low nitrogen treat-
ments. Xie et al. (2017) grew 226 recombinant inbred lines (RIL) in ‘pouch & wick’
growth system to study the root traits of 13 days old seedlings and to test the association
of seedling root traits with grain yield and yield components of inbred wheat lines meas-
ured under field conditions. They reported that the maximum width and depth of roots
correlated with grain yield harvested in field, and maximum width root traits also associ-
ated with grain m2 and spikes m~2 measured in field trials. The total root length and pri-
mary root number of 13 days old seedlings correlated positively with numbers of grain
per spike and biomass per unit area under field conditions. There were negative relation-
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ships of total root length and primary root number with 1000 grain weight of 226 RILs
measured in field conditions. In contrast, total root length and primary root number
showed negative correlation with 1000 grain weight measured in glasshouse pot experi-
ment. However, they did not show any relationships between root emergence angles of
primary roots with grain yield in the field. Clearly, the association of juvenile root archi-
tecture traits with grain yield and yield components in the field warrants further explora-
tion.

In this study, we used this same germination paper based HTP ‘pouch & wick’ system
to characterise the juvenile root architectural traits of a diverse panel of 36 widely adapted
Indian genotypes. The aim of this study was to test the hypothesis that juvenile root traits
correlate with yield, yield components and grain mineral composition traits measured un-
der a range of soil environmental conditions in India, including hostile soil conditions.
Data of grain yield and component traits, and mineral composition traits of 36 genotypes
grown at six different environmental sites (pH 4.5 to 9.5) in India in 2013-2014 and 2014~
2015 have been used from Khokhar et al. (2017) and Khokhar et al. (2018).

Materials and Methods
Wheat genotypes, field experiments and grain mineral analysis

A panel of 36 elite wheat genotypes comprising Triticum aestivum L. (n = 34) and Triti-
cum durum L. (n = 2) were grown at six sites in India in 2013-2014 and 2014-2015. The
six sites were, (1) Indian Institute of Wheat and Barley Research (ITWBR), Karnal, Hary-
ana (HR); (2) IIWBR, Hisar (HR); (3) Narendra Deva University of Agriculture and
Technology (NDUA&T), Kumarganj, Faizabad, Uttar Pradesh (UP), reclaimed site;
(4) NDUA&T, Kumarganj, Faizabad (UP), sodic site; (5) Uttar Banga Krishi Viswav-
idyalaya (UBKYV), Malda (WB) and (6) UBKYV, Pundibari, Cooch Behar, West Bengal
(WB). All genotypes and experimental conditions are described in Khokhar et al. (2017),
including data for yield and yield components. Grain mineral composition traits were
measured from samples collected from five sites, except Pundibari, in 2013-2014 and
from all six sites in 2014-2015, as reported in Khokhar et al. (2018).

High throughput root phenotyping platform and procedure
The HTP platform

A two dimensional (2D) hydroponic-based ‘pouch and wick” HTP platform was used to
study juvenile root architectural traits of Indian wheat genotypes under controlled condi-
tions. The HTP system is described by Atkinson et al. (2015), Thomas et al. (2016a), and
Xieetal. (2017). In brief, the system comprised a set of aluminium frames (104 x 62 x 102
cm; KJIN Ltd., Leicester, UK). Each frame had two long black polypropylene sheets
(101 x 31 x 0.3 cm) and two short black polypropylene sheets (63 x 31 X 0.3 cm) cover-
ing the frame from all sides to maintain darkness within the frame (Fig. 1B). In this sys-
tem, each pouch comprised blue germination paper (24 x 30 cm, SD 7640; Anchor paper
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Figure 1. (A) Grain were soaked on germination paper (B) Wheat seedlings growing in hydroponic growth
frame (C) Juvenile root image after 10 days of sowing (D) Copy stand with mounted camera above germination
paper with juvenile root for imaging

Company, St. Paul, MN, USA), covered with black polythene film of the same size, and
attached to an acrylic rod (316 x 15 x 5 mm; Acrylic Online Hull, UK) using two fold
back clips. The growth pouches with acrylic rod were suspended above drip trays using
a toothed acrylic holder fixed to the aluminium frame. Each aluminium frame comprised
9 drip trays arranged in 3 columns and 3 rows. The trays contained 10 or 11 pouches, with
96 pouches per frame. Each drip tray contained 2 L of 50% strength Hoagland’s solution
(No. 2 Basal salt Mixture, Sigma Aldrich, Dorset, UK) prepared with deionised water.
Every three days during an experiment, 500 mL deionised water was added to the drip
trays to ensure germinated paper remained saturated.

Grain of the 36 genotypes were sieved using a set of calibrated sieves (Scientific Labora-
tory Supplies Ltd., Hessle, UK) and grain of size within a range 3.35-4 mm were used.
Grains were sterilized by 5% (v/v) sodium hypochloride for 15 minutes and then rinsed
three times with sterilized water. Grains were placed on pre-soaked germination paper,
crease side down and incubated at 4 °C for 24 hours (Fig. 1A). Subsequently, grains were
sown onto the pouches by placing a single seed ventrally (side has the deep crease), with
embryo pointed downwards, ~2 cm from the top edge on the germinated paper; the black
polythene sheet held the grain in place. Two grains were grown per pouch, one on each side.
Thus, a total of 192 plants were grown per frame. Two frames were used in each experiment
run, to give a potential size of 384 plants per run. Two runs were carried out to get the 20
replicates of each genotype. Atkinson et al. (2015) recommended at least 15 replicates to
detect significant differences in juvenile root architecture traits in wheat. The frames were
placed in controlled environment room (12 h photoperiod: 20 °C day, 15 °C night, with a
light intensity of 400 umol m=2 s~! Photosynthetically Active Radiation (PAR).

Root imaging and analysis

Ten days after sowing (DAS), pouches were transferred to a copy stand, the black poly-
thene sheets were removed from each pouch carefully (Fig. 1C) and juvenile root images
were taken using a Digital Single Lens Reflex (DSLR) camera (Canon EOS 1100D, Can-
on Inc., Tokyo, Japan) fitted on copy stand (model SGCS-920; Speed Graphic, Hamp-
shire, UK) at specific height, using canon software (Fig. 1D).
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The root images were renamed with their corresponding genotypic names in experi-
ment. All images were cropped using ImageJ software (https://imagej.nih.gov/ij/).
Cropped root images were processed and analysed to quantify the different juvenile root
traits (Table S1*; Figure S1) using RootNav software (Pound et al. 2013). The juvenile
root traits measured are described in Table S1.

Statistical analysis

Pearson correlation coefficients were used to determine if mean juvenile root traits in
HTP correlated with field traits, and also among the juvenile root traits themselves. Vari-
ance components were calculated to determine the contribution of genotype to variation
in the juvenile root traits. The power of the experiment to detect differences in juvenile
root trait means between genotypes, as a function of the number of replicates, was deter-
mined and visualised as contour plots (c.f. Thomas et al. 2016a). All data analyses were
conducted using GenStat 17 Edition (VSN International Ltd., Hemel Hempstead, UK).

Results

A panel of the 36 Indian wheat genotypes varied from 4 to 6 in primary root numbers
(PRN), 37 to 67 cm in total length of all roots (TLAR), 0.1 to 0.9 cm in total length of
lateral roots (TLLR) and, from 49 to 96 degree in emergence angle between the outermost
pair of primary roots measured at 25% length of root (PEA 251), when grown on germi-
nated paper in HTP system for 10 days, averaged across ~20 replicates.

Relationships of length related juvenile root traits with grain yield and
vield components

The length-related root traits (CHCRY, CHCRX, CMRX, CMRY, MDR, TLAR, TLPR,
RCH) did not show significant correlations with mean grain yield (GYD, t ha™), biologi-
cal yield (BYD, g), harvest index (HI %), 1000 grain weight (TGW, g) and plant height
(PHT, cm), of 36 genotypes averaged across sites and years (Table S2). The maximum
width of root (MWR) and total length of lateral roots (TLLR) showed positive relation-
ships with PHT of 36 genotypes, averaged across sites and years (r = 0.42 and 0.52, re-
spectively) (Fig. 2).

The total length of lateral roots (TLLR) correlated with GYD (r=0.43) and BYD
(r=0.47) of 36 genotypes, averaged across years, only at Kumarganj-sodic site. The
TLLR showed positive correlation with PHT of 36 genotypes, averaged across years, at
all sites (P <0.05) except at Kumarganj-sodic and Pundibari (acidic soil) sites.

The mean GYD, TGW and HI of 36 genotypes averaged across years, did not show
significant correlations with any juvenile root length traits at Karnal, Hisar (saline),
Kumarganj-reclaimed (saline), Malda and Pundibari (acidic) sites, except Kumarganj-
sodic site.

*Further details about the Electronic Supplementary Material (ESM) can be found at the end of the article.
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Figure 2. Correlation coefficients (r) between juvenile root traits measured in HTP and grain yield and compo-

nent traits of 36 wheat genotypes grown at six sites over two years (2013-2014 and 2004-2015). Colour rep-

resents strength of correlation from strongly negative (dark blue) to strongly positive (dark red). Abbreviations
are in Table S1

Relationships of juvenile root angle traits with grain yield and yield components

A narrow root angle between primary roots showed a positive correlation with GYD and
component traits of 36 genotypes, averaged across sites and years. For example, emer-
gence angle between the outermost pair of primary roots measured at 25% length of root
(PEA 251) and emergence angle between the outermost pair of primary roots measured at
30 pixel (PEA 301) correlated negatively with GYD of 36 genotypes, averaged across
sites and years (r =—0.46 and —0.44; P <0.05, respectively). Similarly, BYD of 36 geno-
types, averaged across sites and years, showed negative relationships with PEA 251 and
PEA 301, (r=-0.49, —0.48; P <0.05, respectively) (Fig. 2).

A narrow juvenile root angle traits showed weak positive relationships with GYD
of 36 genotypes averaged across years, at Karnal (Table S3), Kumarganj-reclaimed
(Table S5), Malda (Table S7) and Pundibari (Table S8) sites (P <0.01). For example, emer-
gence angle between the second inner pair of primary roots, measured at 75% length of root
(PEA 752), correlated negatively with GYD of 36 genotypes, averaged across years, at
Karnal (r =-0.42) (Fig. 3A), Kumarganj-reclaimed (r = —0.44) (Fig. 3B), Malda (r =-0.44)
(Fig. 3C) and Pundibari (acidic soil) (r=-0.51) (Fig. 3D) sites. The PEA 752 trait corre-
lated negatively with HI of 36 genotypes, averaged across years, at Karnal (r = —0.60), Hisar
(r=-0.69), Kumarganj-reclaimed (r = —0.69) and Malda (r = —0.53) sites.
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Figure 3. Correlations between grain yields of 36 wheat genotypes measured in field and juvenile root angle

trait, PEA 752, measured in HTP system. Grain yield data are the mean of 36 genotypes with two replicates

over two years, 2013-2014 and 20142015 at Karnal (A), Kumarganj-reclaimed (B), Malda (C) and Pundibari
(D). Root angle data are the mean of 36 genotypes with 20 replicates

A wider root angle was weakly positively correlated with PHT of 36 genotypes, aver-
aged across years, at all the sites except at Pundibari (P <0.05). For example, PEA 752
trait correlated positively with PHT of 36 genotypes, averaged across years, at Karnal
(r=0.49), Hisar (r = 0.54), Kumarganj-reclaimed (r = 0.42), Kumarganj-sodic (r = 0.41)
and Malda (r = 0.53) sites. The emergence angle between the inner pair of primary roots
measured at 30 pixel (0.8 cm) length from the seed (PEA 302) correlated positively with
TGW of 36 genotypes, averaged across years at Hisar (saline soil) site (r = 0.46, P < 0.05).

Correlations between length-related juvenile root traits, grain Zn concentration, and
the grain ionome

Grain Zn concentration has previously been reported for these 36 genotypes (Khokhar et
al. 2018) because this micronutrient is an important breeding target for grain quality and
human nutrition. In the field, grain Zn concentration of 36 wheat genotypes ranged from
25 to 35 mg kg!. There was little evidence of association between length-related juvenile
root traits and grain Zn concentration. Grain Zn concentration averaged across years, cor-
related with the TLLR only at Pundibari (acidic) site (r = 0.45; P <0.05).

Among the macronutrients, grain magnesium (Mg) concentration of the 36 genotypes,
averaged across years, correlated with LRN (r = 0.43) and TLLR (r = 0.58) at Karnal,
TLLR (r=0.47) at Hisar, MWR (r = 0.48) at Kumarganj-reclaimed site, LRN (r = 0.53)
at Malda and with LRN (r = 0.47) and TLLR (r = 0.44) at Pundibari site. The grain sul-
phur (S) concentration of the 36 genotypes, averaged across years, correlated with most
of the length related juvenile roots traits (TLAR, TLPR, TLLR, MLLR, MWR, CHCRY)
and other juvenile root traits (LRN, PRN and RCH) at most of the sites, except at Kumar-
ganj-sodic site (r between 0.42 and 0.65; P between <0.05 and <0.001). For example,
mean grain sulphur S concentration of the 36 genotypes, averaged across years, correlat-
ed with total length of all roots (TLAR) and total length of primary roots (TLPR) at Kar-
nal (r=0.47; r = 0.46, respectively), Hisar (r = 0.51; r = 0.50, respectively), Kumarganj-
reclaimed (r = 0.63; r = 0.63, respectively), Malda (r = 0.44; r = 0.43, respectively) and
Pundibari (r = 0.55; r = 0.55, respectively) sites (Tables S3, S4, S5, S7 and S8, respec-
tively).
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Among the micronutrients other than Zn, grain copper (Cu) concentration of the 36
genotypes, averaged across years, correlated positively with MWR (r = 0.43) at Hisar and
negatively with primary root number (PRN; r =—0.45) at Pundibari site. The mean grain
Fe concentration of the 36 genotypes, averaged across sites and years, correlated with
MWR (r = 0.63), root convex hull area (RCH; r=0.48) and TLLR (r = 0.42). However,
grain Fe concentration of the 36 genotypes, averaged across years, correlated with MWR
at Karnal (r = 0.58), Hisar (r = 0.48) and at Malda (r = 0.55) sites. The grain manganese
(Mn) concentration of the 36 genotypes, averaged across years, correlated with LRN at
Karnal (r = 0.43) and Malda (r = 0.55) and with TLLR at Kumarganj-reclaimed (r = 0.46)
site. Among the non-essential elements, the grain arsenic (As) concentration of the 36
genotypes, averaged across years, correlated with TLAR and TLPR (r=0.42) only at
Karnal site. The grain selenium (Se) concentration of 36 genotypes, averaged across
years, correlated with PRN at Karnal (r = 0.44), maximum width of roots (r = 0.42) and
root convex hull area (RCH) at Kumarganj-reclaimed (r = 0.43) site and with LRN at
Malda (r = 0.49) site.

Correlations between angle-related juvenile root traits, grain Zn concentration and
the grain ionome

Grain Zn concentration of 36 genotypes, averaged across years, did not correlate with
root angle traits at any site.

Among the macronutrients, grain calcium (Ca) concentration of the 36 genotypes, av-
eraged across years, correlated positively with PEA 302 (r=0.53) at Hisar, PEA 252
(r=0.42) at Kumarganj-reclaimed and with PEA 251 (r = 0.54) at Pundibari sites. The
grain potassium (K) concentration of the 36 genotypes, averaged across years, correlated
positively with wider root angle traits (PEA 251, PEA 301, PEA 501, PEA 751, PEA 951)
at Karnal site (r between 0.43 and 0.58; P <0.05). The grain Mg concentration of the 36
genotypes, averaged across years, correlated positively with PEA 301 (r=0.51, P <0.05)
only at Karnal site. The grain S concentration of 36 genotypes, averaged across years,
correlated negatively with emergence angle between the second inner pair of primary
roots measured at 25% length of root (PEA 252; r=-0.48, P <0.05), emergence angle
between the second inner pair of primary roots measured at 50% length of root (PEA 502;
r=-0.49, P <0.05) and with PEA 752 (r=-0.53, P<0.01) juvenile root angle traits at
Pundibari (acidic soil) site.

Among the micronutrients, the grain Cu concentration of the 36 genotypes, averaged
across years, correlated with wider root angle traits which potentially represent the shal-
low root system, at Malda site. For example, the grain Cu concentration of the 36 geno-
types, averaged across years, correlated positively with PEA 302 (r=0.46, P <0.05) at
Malda site. The grain Fe concentration of the 36 genotypes, averaged across years, cor-
related positively with PEA 251 at Karnal (Fig. 4A), at Kumarganj-reclaimed (Fig. 4B)
and at Malda (Fig. 4C) sites. The grain molybdenum (Mo) concentration of the 36 geno-
types, averaged across years, correlated with narrow root angle traits which potentially
represent the steep root angle system, at Hisar and Kumarganj-sodic (Table S6) sites. For
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Figure 4. Correlation of mean grain Fe concentration of 36 genotypes grown at Karnal (A), Kumarganj-

reclaimed (B) and Malda (C) sites with juvenile root angle trait, PEA 251 measured in HTP system. Grain Fe

concentration data are the mean of two replicate per plot of 36 genotypes over two years (2013-2014 and

2014-2015) at Karnal and Malda sites and one replicate per plot in 2013-2014 and two replicate per plot in
2014-2015 at Kumarganj-reclaimed site. *P<0.05; **P<0.01

example, grain Mo concentration of the 36 genotypes, averaged across years, correlated
negatively with PEA 502 (r=-0.49, P<0.05) at Hisar and with PEA 251 (r=-0.51,
P <0.05) at Kumarganj-sodic site. Among the non-essential elements, grain As concen-
tration of the 36 genotypes correlated negatively with PEA 502 and PEA 752 (r =-0.43,
P <0.05) at Kumarganj-reclaimed site and at Pundibari site (r=-0.57, P<0.01). The
grain Se concentration of the 36 genotypes, averaged across years, correlated negatively
with juvenile root angle traits at Hisar and Pundibari sites.

Correlations within juvenile root traits in HTP system

Positive significant relationships were observed within length-related juvenile root traits
(CHCRY, CHCRX, CMRX, CMRY, MDR, MWR, TLAR, TLPR, TLLR, RCH) and with-
in juvenile root angle traits (PEA 251, 252, 301, 302, 501, 502, 751, 752, 951, 952, 1001,
1002) (r = 0.42-0.99; P between <0.05 and <0.001). For example, the total length of all
roots (TLAR) showed positive relationship (P <0.001) with total length of primary roots
(TLPR) and with maximum depth of root (MDR). Width depth ratio (WDR) and root
convex hull (RCH) represent the shape of root system. WDR more strongly associated
with maximum width of the root (MWR) (r=0.79, P<0.001) than MDR (r=10.02,
P=0.9). The PEA 252 correlated positively with PEA 752 (r = 0.76, P <0.001).

However, some juvenile root length traits, for example, CHCRX, CMRX and MWR
also showed positive significant relationships with juvenile root angle traits, PEA 502,
PEA 302 and PEA 751 (r=0.42, r=0.44, r = 0.68, respectively). Moreover, wider root
system associated with the wider/shallower root system (Table S2).

Variance components associated with juvenile root traits and, replications required
to detect the differences in juvenile root traits between genotypes

A panel of 36 genotypes showed significant variation in most of the juvenile root traits.
Genotype term associated with 13 to 47% of variations in juvenile root traits under HTP
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system (Table S9; Figure S2). The residual term was associated with 20 to 83% of varia-
tion in juvenile root traits which could be due to variations in seed size and differences
between solution containing trays in each growth frames.

The number of replicates required to detect the differences between genotypes for
mean root traits under HTP system was measured by constructing the power plot. For
example, at 90% power, to detect the 20% of difference between genotypes for juvenile
root traits for example, MDW, TLPR and RCH, would require 10, 4 and 6 number of
replications, respectively (Figure S3).

Discussion
Relationships between juvenile root traits, grain yield and component traits

Length related juvenile root traits did not correlate with GYD, BYD, HI and TGW at
most of the field sites. This could be due to limited variation in length related juvenile
root traits between the Indian wheat genotypes. Our results are consistent with Atkin-
son et al. (2015), who reported no associations between length-related root traits meas-
ured in HTP system and grain yield and component traits of field grown double haploid
population of winter wheat. Contrastingly, Xie et al. (2017), reported some positive
correlations between juvenile root length traits and GYD of wheat genotypes grown
under normal soil field conditions in the UK. The total length of lateral roots and num-
ber of lateral roots associated with mature plant height (PHT) of 36 genotypes at most
of the field sites except at Kumarganj-sodic and Pundibari (acidic) sites. Our observa-
tions are consistent to some extent with Bai et al. (2013) and Atkinson et al. (2015),
who reported significant positive relationships between length-related juvenile root
traits and mature PHT.

Narrow root angle traits, which potentially represent a steeper root system, correlated
with GYD in this study. For example, genotype DBW 71 had narrow root angle (PEA
252; 40) and showed greater GYD (3.8 t ha™!, averaged across sites and years) than Khar-
chia 65 (1.8 t ha™') which had a wider root angle (PEA 252; 67). Our observations are
consistent with McDonald (2010) and Manschadi et al. (2008), who reported that wheat
genotypes with narrow juvenile root angles, when grown in soil boxes and gel-filled
chamber growth systems, showed greater GYD, than wider root angle genotypes. In ad-
dition, narrower juvenile root angles were associated with increased GYD at hostile soils,
for example, Kumarganj-reclaimed (saline/reclaimed) and Pundibari (acidic) sites, indi-
cating that narrow root angle may help to increase the grain yield through better absorp-
tion of water and nutrients from deeper soil layers under harsh soils. Richard et al. (2015)
also reported that narrow root angle could result into the development of compact and
deeper root system, which is highly desirable trait in wheat particularly when grown in
water deficient soil conditions.

Plants with greater numbers of roots at depth in the soil are likely to make plants more
efficient in exploration of sub-surface water and other nutrients under drought and rainfed
conditions which may benefit in the improvement of wheat grain production (Manschadi
et al. 2010; Richard et al. 2015).
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Relationships between juvenile root traits and grain Zn concentration and the grain
ionome

In the present study, the grain Zn concentration of 36 genotypes, averaged across years,
correlated with TLLR at Pundibari (acidic) site. For example, genotype BH 1146, had
highest TLLR (0.9 c¢cm) and showed highest grain Zn concentration (33.8 mg kg') at
Pundibari site, averaged across years, than GW 322 (22.4 mg kg') which had no lateral
roots. Increased length of lateral roots can increase the surface area which may help the
roots to explore more Zn in the soil. Rose et al. (2013), also reported that longer lateral
roots and longer root hairs increases the acquisition of soil Zn by roots of rice genotypes.

Wider juvenile root angle traits were positively correlated with grain Ca concentration
of the 36 wheat genotypes under hostile soils, whilst length related root traits associated
with grain Mg and S concentration under hostile and non-hostile soil environments. Low-
er Ca concentration in soil is rare in nature, but Ca deficiency may occur under highly
acidic soils and, can affect the plant growth (White and Broadley 2003). Emanuelsson
(1984) reported decrease in root length and dry weight of a barley variety under low Ca
concentration when grown in pots. Higher S in soil have shown increase in root number
in soybean (Zhao et al. 2008). The wider juvenile root angle traits and lateral root length
associated with grain Fe concentration of the 36 wheat genotypes under hostile and non-
hostile soil sites. Thomas et al. (2016b) have reported positive association between lat-
eral root density in HTP system and leaf Fe concentration measured in field in oilseed
rape genotypes. Therefore, there could be a possibility that wider root system and greater
length of lateral roots might increase the efficiency of plants in exploration and acquisi-
tion of Fe from the heterogeneous soils. Lateral juvenile root traits were positively cor-
related with grain Mn concentration under normal/saline field sites which are in agree-
ment with Liu et al. (2013), who reported positive association between lateral roots and
grain Mn concentration in rice genotypes under field condition. Therefore, developing
more dense root system with increase in lateral root length and number could enable the
roots to explore more Mn and Zn in the mineral rich pockets in the soil (White and
Broadley 2009; White and Greenwood 2013). More work is needed to determine the ef-
fects of different nutrients, with adequate and limited levels in solution, on juvenile root
traits.

The factors responsible for variability in juvenile root traits in HTP system include
genotype, environmental factors, G*E interaction, experimental design terms (e.g. block-
ing), and residual terms which include plant-to-plant variation and technical errors. Most
of the variation in juvenile root traits was associated with residual term. It is evident that
a major source of variation is grain size which affects root and shoot length in wheat
(Kakhki et al. 2008; Maydup et al. 2012). Seed size (diameter) was shown to influence
root length traits in Brassica napus L. (Thomas et al. 2016a), explaining 44 and 35% of
the variation in total root length and primary root length traits, respectively. Therefore, in
this study, we sieved the grain to select a particular range of grain sizes (3.35—4 mm,
diameter) to avoid potential confounding effects of grain size on juvenile root traits. The
proportion of residual variation in juvenile root traits could potentially be reduced using
a wider panel of genotypes and more replicates.
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Therefore, this HTP system present a huge potential to breeding institutes, for exam-
ple, the IIWBR, Karnal, India, which has collection of more than 10,000 wheat germ-
plasm lines, could characterise their wider germplasm collections for different root traits
before incorporating them into breeding programmes to develop advanced breeding ma-
terial. Ultimately, the importance of root traits will only be realised when desirable root
traits from wild or advanced breeding wheat genotypes are introgressed into modern
wheat genotypes and their performance evaluated under different environmental condi-
tions.
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Electronic Supplementary 7able S1. Wheat juvenile root traits measured in HTP system

Electronic Supplementary 7able S2. Correlation coefficients between wheat juvenile root traits and grain yield,

yield components, and grain mineral composition traits. Root data are mean of ~20 replicates grown in HTP

system, yield and yield components data are mean of two replicates each plot, averaged across year and site

and mineral composition traits data are means of two replicates per plot per genotype at Karnal, Hisar and

Malda, one replicate per plot at Kumarganj-reclaimed and Kumarganj-sodic sites in 2013-2014 and two repli-
cates per plot per genotype at six sites in 2014-2015
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Electronic Supplementary Table S3. Correlation coefficients between wheat juvenile root traits and grain yield,

yield components, and grain mineral composition traits of 36 Indian wheat genotypes at Karnal site. Root trait

data are the mean of ~20 replicates, grain yield & yield components, and mineral composition traits data are
the mean of two replicates per plot per genotype over two years at Karnal site

Electronic Supplementary 7able S4. Correlation coefficients between wheat juvenile root traits and grain yield,

yield components, and grain mineral composition traits of 36 Indian wheat genotypes at Hisar site. Root trait

data are the mean of ~20 replications, grain yield & yield components, and mineral composition traits data are
the mean of two replicates per plot per genotype over two years at Hisar

Electronic Supplementary 7able S5. Correlation coefficients between wheat juvenile root traits and grain yield,

yield components, and grain mineral composition traits of 36 Indian wheat genotypes at Kumarganj-reclaimed

site. Root traits data are the mean of ~20 replicates, grain yield & yield components data are the mean of two

replicates per plot per genotype over two years at Kumarganj-reclaimed and, mineral composition traits data

are the mean of one replicate per plot in 2013-2014 and two replicates per plot per genotype in 2014-2015 at
Kumarganj-reclaimed site

Electronic Supplementary 7able S6. Correlation coefficients between wheat juvenile root traits and grain yield,

yield components, and grain mineral composition traits of 36 Indian wheat genotypes at Kumarganj-sodic site.

Root trait data are the mean of ~20 replicates, grain yield & yield components data are the mean of two repli-

cates per plot per genotypes over two years at Kumarganj-sodic and, mineral composition traits data are the

mean of one replicate per plot in 2013-2014 and two replicates per plot per genotype in 2014-2015 at
Kumarganj-sodic site

Electronic Supplementary Table S7. Correlation coefficients between wheat juvenile root traits and grain yield,

yield components and grain mineral composition traits of 36 Indian wheat genotypes at Malda site. Root trait

data are the mean of ~20 replicates, grain yield & yield components and, grain mineral composition traits data
are the means of two replicates per plot per genotype over two years at Malda site

Electronic Supplementary Table S8. Correlation coefficients between wheat juvenile root traits and grain yield

Electronic Supplementary 7able S9. The contribution of genotype, growth frame, replications and residual fac-
tors to variation percentage (%) in juvenile root traits of 36 genotypes grown in HTP system. Data are the
means of ~20 replications

Electronic Supplementary Figure S1. (A) Wheat juvenile root traits (B) Root angles; PEA 301 and PEA 302

represent the paired emergence angle at 30 pixel of root length between out and inner pair of primary roots,

respectively (C) Hexagonal area covered by white line showing the convex hull area, smallest area that cover
the entire root system

Electronic Supplementary Figure S2. (A) Comparison of wheat genotypes, DBW 16 and BH 1146, with the

shortest total length of primary roots (TLPR) and longest TLPR; (B) genotypes KRL 1-4 and BH 1146 with the

shortest and longest total length of lateral roots (TLLR); (C) genotypes DPW 621-50 and Kharchia 65 with

narrowest and widest emergence angle between the outermost pair of primary roots measured at 25% length of

root (PEA 251), respectively, when grown for ten days in the ‘pouch and wick” HTP system (vertical axis
length = 30.4 cm)

Electronic Supplementary Figure S3. The power of experiment (z-axis, legend (10-90) in percentage) to detect

percentage of differences in juvenile root trait means between genotypes (y-axis) as a function of the number
of replicates (x-axis) in HTP system
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