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This work reports a rapid procedure of comparing root development among different
genotypes of Brachypodium spp., using three plant growth supports: gel chamber, ‘Termita’
chamber and Whatman paper. Eight variables of the root system architecture (RSA) (number
of seminal roots, number of lateral roots, total length of the roots, length of the primary root,
mean diameter of the roots, mean diameter of the primary root, total surface area and total
volume of the roots) were studied in seedling of four genotypes each of Brachypodium dis-
tachyon, B. stacei and B. hybridum. Correlations between pairs of growth supports in terms
of the eight variables examined were highly significant. In all three supports, B. stacei
showed the greatest root system development while B. distachyon showed the least; B. hybri-
dum, an allotetraploid species derived from hybridization between B. distachyon and
B. stacei, showed intermediate development. ANOVA and LSD tests showed that significant
differences exist between the supports, species and genotypes with respect to all the varia-
bles analysed. A cluster analysis was conducted to determine if the RSA traits could be used
to differentiate the species and genotypes of Brachypodium. This analysis allowed differen-
tiated between the three species and twelve genotypes of Brachypodium spp., although a
certain overlap between species was observed. The Whatman paper support was the easiest
to use, and is recommended for the characterization of large collections of genotypes.
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Introduction

It has been proposed that the genetic improvement of the root system architecture of
plants (RSA), (Lynch 1995), might increase crop yields and plant tolerance to abiotic
stresses. For example, encouraging the growth of deeper roots may increase tolerance to
drought (Reynolds et al. 2007; Wasson et al. 2012), whereas encouraging more superficial
roots might increase the capacity to grow in soils poor in phosphate (Gahoonia and Niels-
en 2004; Zhu et al. 2005; White et al. 2013).

The RSA is very dynamic, varies between species and genotypes, and is affected by the
composition and type of soil, the amount of water available, etc. (Forde and Lorenzo
2001; White et al. 2013). Root development was analysed in plants grown in the field
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(Trachsel et al. 2011), in pots filled with sand or soil (Waines and Ehdaie 2007) and in
rhizotrons (Tyagi et al. 2014; Ytting et al. 2014). In all these studies, however, the roots
had to be extracted and washed before any phenotypic examination could be made. More
sophisticated methods involving X-ray microcomputed tomography images allow analy-
ses to be made without removing the roots from their substrate, but only a few laborato-
ries have the necessary equipment, and only very small numbers of plants can be studied
(Tracy et al. 2010; Mairhofer et al. 2012).

Reliable methods that allow the easy examination of growing roots must, therefore, be
developed if RSA improvement programs are to be undertaken. To date, gelled nutrient
media (Benboroug 2004; Sanguinetti et al. 2007; Manschadi et al. 2008), blotting paper
(Zhu et al. 2005; Richard et al. 2015) and hydroponic culture systems (Ren et al. 2012;
Obara et al. 2014) have all been used to provide artificial support for such purposes in the
laboratory. In some cases these methods have helped identify QTL related to characteris-
tics of the root system of species such as maize, wheat and rice, etc. (Price et. al. 1997,
Ren et al. 2012; Christopher et al. 2013; Cane¢ et al. 2014). Marker-assisted selection
(MADS) has also been used to introduce QTL that control different RSA characteristics in
some rice varieties into the genomes of other rice varieties (Steele et al. 2006, 2013).

B. distachyon is a wild species that serves as model for cereals cultivated in moderate
climates (Draper et al. 2001) and its genome has been sequenced (IBI 2010). Until re-
cently, it was considered that B. distachyon was integrated by three cytotypes with
2n =10, 20 and 30. The taxonomic classification has been reviewed by Catalan et al.
(2012) and has been proposed to each cytotypes a different species named as B. distach-
yon (2n=10), B. stacei (2n=20) and B. hybridum that is an allotetraploid (2n = 30,
x=5+x=10) derived from the cross between the above two. The results of basic and
applied research into these three species and specially in B. distachyon, will serve as a
reference to allow genetic improvements to be made in cereals of greater economic im-
portance, such as wheat, barley, oats, etc. (Watt et al. 2009; Chochois et al. 2012).

In the present work, three plant growth supports (PGS): gel chamber, ‘Termita’ cham-
ber and Whatman paper, were used to study the phenotypes of eight RSA characteristics
in four genotypes each of B. distachyon, B. stacei and B. hybridum. The aims of the work
were: a) to test the above three plant growth supports as means of allowing the inspection
of RSA during early root development; b) to identify differences between and within the
RSA of'the different species and genotypes of Brachypodium, c) to select the plant growth
support system that most easily allows differences between genotypes to be identified,
with a view to its use in RSA genetic improvement programs, and d) to determine wheth-
er the characteristics studied are of use in classifying the genotypes and species analysed.

Materials and Methods

Plant materials

The plant materials examined included four genotypes each of B. distachyon (2n = 10)
(including genotype Bd-21, the full genome of which has been sequenced by the Interna-
tional Brachypodium Initiative [IBI 2010]), B. stacei (2n = 20) and B. hybridum (2n = 30).
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These genotypes all originated from single plants belonging to 11 wild populations (three
of B. dystachyon and four each of B. stacei and B. hybridum), harvested in different
places around the Iberian Peninsula (Hammami et al. 2011) (Table S1%*).

Sixty grains of similar size were selected for each of the genotypes, and surface steri-
lized for 20 min in 10% calcium hypochlorite. They were then rinsed three times with
sterile deionised water, spread over six Petri dishes containing blotting paper and 7 ml
of deionised sterile water, and kept at 24 °C for 1 day, at 4 °C for the next 2 days, and at
24 °C for the next 2 days. Four replicates of five seeds of each genotype were then placed
on three different PGS: a) gel chamber, b) ‘Termita’ chamber, and ¢) Whatman paper.

Gel chamber

These were constructed using two glass plates, each measuring 210 x 290 x 2.5 mm, sep-
arated from each other by a U-shaped piece of methacrylate (width 10 mm, height 3 mm)
(Fig. S1a). The chamber was filled with Aniol (1984) mineral solution, plus 0.75 g/l of
Phyto Agar (Duchefa, P 1003), and 500 ul/l Plant Preservative Mixture™ (PPM) (Plant
Cell Technology, Inc., Washington DC) to prevent microbial or fungi contamination. Af-
ter adjustment to pH 5.8, the solution was sterilized at 121 °C for 20 min before being
poured into the chamber. On the top of the gel, five uniformly spaced 10 mm-deep holes
were made, and one seed planted per hole. The chambers were then covered with two
sheets of black plastic to protect the roots from the light.

‘Termita’ chamber

These chambers were constructed in a similar manner to the gel chamber, but using a
U-shaped piece of polystyrene (width 10 mm, height 30 mm), with three 5 mm holes in
its lower part to drain off excess nutrient solution. The chambers were filled with ‘Ter-
mita’ (exfoliated vermiculite) (Asfaltex, S.A., Barcelona, http://www.asfaltex.com/) and
soaked with 250 ml Aniol solution and 500 pl/l PPM™ (Fig. S1b). The pH was adjusted
to 5.8. At the top, five 10 mm-deep holes were made and one seed sown per hole. The
chambers were then covered with two sheets of black plastic.

Whatman paper

A sheet of sterilized Whatman paper (3 mm CHR chromatography paper) (210 x 290
mm) was placed on the surface of a glass plate of the same dimensions. Five 10 mm-deep
and 5 mm-wide nicks were made at the top of the paper to make places to position the
grains (Fig. Slc). The seeds and Whatman paper sheet were then covered with a piece of
filter paper and two black plastic sheets (front and on the back) to keep the roots in the
dark. The entire system was secured using clips at the corners, placed vertically in a plas-
tic container and submerged 30 mm in Aniol solution and 500 pl/l of PPM™ (pH = 5.8).

*Further details about the Electronic Supplementary Material (ESM) can be found at the end of the article.
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All three PGS were placed in a chamber at a temperature of 18-22 °C under a
12 h light/dark photoperiod. After 15 days the plantlets showed one or two leaves and the
roots have developed in all three supports (Fig. S1, d, e, f). The roots developed from
every seed were removed from the support systems, rinsed, and spread out on a glass
plate. They were then scanned at 300 ppi using a Hewlett-Packard Scanjet 5300C scanner.
The images produced were saved in jpg format at maximum quality. A total of 14736
seminal and lateral roots were studied.

Root analysis

The root images were analysed using SmartRoot software v.3.32 (Lobet et al. 2011), and
ImageJ1.46R software (http://imagej.nih.gov/ij/download.html). Root types were identi-
fied and measured using the manual and semi-automated SmartRoot procedures. The
number of seminal and lateral roots of each grains, and the length, mean diameter, surface
area and volume of each root were then recorded in a Microsoft Access file. The data for
these variables were then exported to a Microsoft Excel file and the following variables
were recorded: the number of seminal roots including the primary root (nPR), the number
of lateral roots (nLR), the total length of the roots (L) in cm, the length of the primary root
(LR) in cm, the mean diameter of the roots (D) in cm, the mean diameter of the primary
root (DPR) in cm, the total surface area (S) in cm?, and the total volume (V) of the roots
in cm’. Means for these variables were recorded by genotype, PGS, and replica.

Statistical analysis

Correlations using the Spearman correlation coefficient, have been calculated between
pairs of PGS, considering the mean values of the eight variables. ANOVA was used to
confirm the existence of differences between the species, genotypes and PGS in terms of
the values of the variables analysed. Before ANOVA analysis, all data were transformed
by Vx in order to normalise the distribution. The least squares difference (LSD) test was
used for comparing means. Euclidean distance using the mean of each variable, obtained
as a mean value of the three PGS was calculated and cluster analysis based on the nearest
neighbour algorithm was performed to construct a dendrogram. All analyses were per-
formed using STATGRAPHICS Plus v.5.1 software.

Results

Overall comparison of the three PGS

The mean values of the analysed variables were determined for all Brachypodium species
together in each of the PGS. In general, the variables reach the lowest and highest values
in the gel chamber and Whatman paper respectively, except in the case of the variable
nPR (Fig. 1a). Considering the mean values of each of the eight variables, the Spearman
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correlation coefficients were calculated between pairs of growth support, being always
higher than » = 0.96 and highly significant (» <0.001). In order to determine if the varia-
bles have different behaviour in the three PGS, ANOVAs were carried out, considering
the four replicates and taking as independent factor the type of PGS. In all cases, signifi-
cant differences were detected (p <0.05) and Table S2a shows the results of LSD tests,
identifying exactly where these differences lay.
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Figure 1. Mean values of the eight variables recorded in: a) each type of PGS for all species of Brachypodium

taken together; b) each individual species of Brachypodium taken together the results of the three PGS; ¢) each

of the three types of PGS and for each species or Brachypodium. L, total length of the roots in cm; LR, length

of the primary root in cm; S, total surface area of the roots in cm?; V, total volume of the roots in cm?; D, mean

diameter of the roots in cm; PRD, mean diameter of the primary roots in cm; nPR, number of seminal roots;

nLR, number of lateral roots. G: growth in gel chamber; T: growth in ‘Termita’ chamber; W: growth on
Whatman paper. Bd: B. distachyon; Bs: B. stacei and Bh: B. hybridum
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Comparison of root system development in the Brachypodium species

Considering simultaneously the three PGS for each species of Brachypodium, the mean
values of each variable were calculated. B. stacei and B. hybridum are the species that
have shown the highest development (Fig. 1b). Taking the species as the independent fac-
tor, ANOVA for each variable were calculated and significant differences (p <0.05) were
detected in all cases. The results of the LSD tests are shown in Table S2b.

Comparison of the three PGS with respect to each of the species of Brachypodium

For each separate species of Brachypodium, the means of the eight variables recorded for
each of the PGS were calculated and shown in Fig. 1c. B. distachyon showed the smallest
root development in all PGS, followed by B. hybridum and B. stacei. For each species and
variable and taking the type of PGS as independent factor, ANOVAs were calculated
showing significant differences (p <0.05) in all cases. Table S2¢ shows the results of the
LSD test, which identify these differences.

Intergenotypic variability of the root system characteristics

In each of the species, were calculated ANOVAs for each variable, taking to the genotype
as independent factor. ANOVAs showed the four genotypes of each Brachypodium spe-
cies to differ significantly (p <0.05) with respect to every variable analysed. The LSD
tests identified where these differences lay (Table S2d).

Cluster analysis

To determine whether the characteristics of the RSA can be used to differentiate the spe-
cies and genotypes of Brachypodium, the similarity between genotypes was assessed con-
sidering the mean of each variable, obtained as a mean value of the three PGS. Euclidean
distance using these values was calculated and cluster analysis based on the nearest
neighbour algorithm was performed to construct a dendrogram (Fig. S2).

Discussion

To understand the genetic variation of any complex characteristic related to agricultural
production, rapid and precise procedures for analyzing plant phenotypes are required
(Cobb et al. 2013). The root system is one of the main factors influencing yield, since the
capture of water and nutrients, and the support and anchorage of the stems, all depend on
the roots. The degree of development of the roots and the RSA can vary widely depending
on the species, the genotype and the availability of water and nutrients (Forde and Lor-
enzo 2001; Manschadi et al. 2008; Ingram et al. 2012; Christopher et al. 2013; Obara et
al. 2014; Tyagi et al. 2014), but its study is difficult since the roots grow underground and
are hidden from direct observation. However, laboratory procedures of visualizing the
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RSA exists. One of the main problems of using artificial PGS for characterizing the root
phenotype is that root development might not be the same as in the ground. Nevertheless,
studies in bean, maize, rice and soybean all indicate a relationship that exists between the
results obtained for different RSA characteristics in the field and in artificial systems
(Bengough et al. 2004; Sanguineti et al. 2007; Zhu et al. 2011; Cané et al. 2014).

The present work shows that, for all three species of Brachypodium taken as a whole,
the type of PGS (Fig. 1a) influences the degree of growth reached by the roots. Similarly,
when the species of Brachypodium are analysed separately, the values of the eight varia-
bles measured depend on the PGS used (Fig. 2¢). Thus, in B. distachyon and B. stacei,
most of the variables returned higher values with the Whatman paper support, followed
by the ‘Termita’ chamber and gel chamber supports. Nevertheless, in B. hybridum, the
development of the roots in the ‘Termita’ chamber and Whatman paper systems was very
similar, and greater than that observed in the gel chambers. In contrast, the number semi-
nal roots was greatest for all three species in the gel chamber system. This might be due
to the anoxic environment provided by this PGS by some unknown mechanism that might
induce the formation of a larger number of seminal roots. Hargreaves et al. (2009) ob-
tained similar results in another characters of barley, finding that plants developed roots
of larger diameter and longer total length when grown in gel chambers than in natural
soil.

The differences observed in the development of the RSA according to the type of PGS
used, agree with results obtained in earlier studies in which the root system was noted to
be very plastic and adaptable to the environment in which the plant was grown (Forde and
Lorenzo 2001; Zhu et al. 2005; White et al. 2013; Tyagi et al. 2014). In the present work,
the ‘Termita’ chamber was probably the PGS that best reflected the development of the
roots in natural soil (at least from a visual point of view), being the means of most of the
analysed variables recorded for this support system were between those returned by the
other two systems (Fig. 1a and c¢). Nevertheless, the positive correlation between the dif-
ferent RSA variables across the PGS shows that any can be used in analyses of the root
system. However, when characterizing the RSA of different species, or genotypes of the
same species, the same PGS should be used in all the experiments. Different PGS could
be used, however, to highlight the differences in particular characters, because one PGS
or another can best reveal them. From our experience in this work, the Whatman paper
support is the simplest to set up, and this PGS has the potential to allow the rapid, cost-
effective characterization of many types of plant material. It thus allows the best geno-
types to be selected for use in genetic improvement programs aimed at obtaining new
varieties adapted to deficits or excesses of N, PO,, Fe, Al, NaCl and water.

The selection and improvement of root system requires information on interspecific
and intergenotypic variability. Different authors have reported intergenotypic differences
for several characteristics of the root system of rice (Price et al. 1997), bread wheat
(Waines and Ehdaie 2007) or durum wheat (Sanguineti et al. 2007, Can¢ et al. 2014).
Pacheco-Villalobos and Hardtke (2012) observed variation in the RSA of different acces-
sions of Brachypodium and Ingram et al. (2012) studied two accessions of B. distachyon
that showed different RSA behaviour in different nutrient media: while one maintained
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the growth of auxiliary roots in low N conditions, the other maintained lateral root growth
in low P conditions.

In the present work, the results of the ANOVAs and LSD tests (Table S2d) indicated
the RSA showed intergenotypic variability in terms of the values of the studied variables
recorded for the different PGS. However, it should be noted that genotypes Bd21 and
Bd3113 of B. distachyon were very similar, as were Bs129 and Bs485 of B. stacei, and
Bh409 and Bh3107 of B. hybridum (Table S2d). The intergenotypic differences recorded
for the different characteristics might be due to different genetic systems, which might
allow independent improvement strategies to be designed for each of these characteris-
tics.

Certain RSA characteristics have been used to distinguish between groups of geno-
types in other species. Manschadi et al. (2008) performed a cluster analysis based on the
angle of growth and number of roots in 29 genotypes of wheat, and were able to differen-
tiate between four groups that reflected different genetic backgrounds and capacities to
adapt to the environment. In the cluster analysis performed, the three species of Brachy-
podium were distinguishable, although a certain overlap between the genotypes were
observed (Fig. S2). For instance, genotype Bs115 is more related with three genotypes of
B. distachyon than the other three genotypes of B. stacei, Moreover, Bd160 and Bh486,
appear clearly separated on the dendrogram, probably due to these genotypes have, re-
spectively, the shortest and the largest radicular system of the genotypes of B. distachyon
and B. hybridum analysed. These results are similar to those obtained by other authors
using biochemical and molecular markers to differentiate between the members of a large
collection of genotypes belonging to the present three species of Brachypodium (includ-
ing those studied in the present work) (Hammami et al. 2011, 2014). The overlap ob-
served in the grouping of the genotypes of the three species can be explained by the exist-
ing evolutionary proximity among them, being B. hybridum an allotetraploid of the other
two species.
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