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ABSTRACT
Associations between root distribution and bean growth habit may contribute to the selection of genotypes
adapted to restrictive environments. The present work aimed to relate and compare root distribution with
the growth habit in beans. 10 bean genotypes of different growth habits (I, II and IIT) were evaluated for
root distribution in two agricultural years (2014/15 and 2015/16). The genotypes responded similarly for
the trait root distribution throughout the agricultural years, without any simple effect of the genotype x year
interaction. The factors genotype and years were significant for the trait. The genotypes of a determinate
habit showed significant differences compared to other genotypes (II and III), which were ascribed to their
poor performance in the average of years. They include the Carioca Precoce, which showed a behavior
similar to the other habits. It could be considered a “plastic” genotype under restrictive conditions. The
contrasts revealed significant differences between the growth habits I vs 1 (2.87) and 111 vs 1 (3.64) for root
distribution. The differences were also significant for grain yield. Thus, genotypes of indeterminate growth
habit show greater root distribution than those of a determinate habit, regardless of the agricultural years.
Therefore, they are promising for use in blocks of crosses, when the purpose is the selection of cultivars

adapted to low input environments.
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INTRODUCTION

Beans (Phaseolus vulgaris L.) show great
sensitivity to abiotic factors, thus, hindering the
expression of their productive potential (Assefa et
al. 2015, Urrea et al. 2009). Such factors include
water deficiency and nutrient-poor soils, which are
the main causes for reduced agricultural production
(Guimardes et al. 2011). The occurrence of high
climatic instabilities, low investment in the crop
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and forecasts about the finite fertilizer reserves are
factors that prove the relevance of the search for
genotypes adapted to such conditions (Wasson et
al. 2012).

Changes in root architecture (depth, efficiency
and distribution, for example) have been effective
in capturing and allocating resources for plant
growth and development, which indirectly leads
to tolerance to abiotic stresses (Lynch 1995, 2007,
2014, da Silva and Delatorre 2009, Miguel et al.
2013, de Melo et al. 2016). However, breeding
programs have exhaustively targeted the selection
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of genotypes only considering the traits of the aerial
part of the plant, while little attention has been paid
to the study on root distribution, especially under
field conditions (Miguel et al. 2013, Toaldo et al.
2013, de Melo et al. 2016).

Knowledge about root distribution and its
relation with other traits can provide satisfactory
gains in the selection of ideotypes. There is
no one bean plant ideotype that does well in all
environments and for this reason, plant growth
habit, which is closely tied to plant adaptation
and yield, is a critical aspect of selection in the
development of cultivars. For example, bean plants
presenting type I growth habit (determinate), have
smaller size. It suggests that the energy demand
for the development of the aerial part is also lower,
when compared to plants with indeterminate growth
habit (II and III) (Kelly 1998). This may increase
assimilate supply for the development of the root
system. However, these plants have a smaller cycle
compared to the other habits, and the development
of the root system may cease within few weeks
(Singh 1981, Kelly 1998). Thus, genotypes with
this determinate growth habit are probably more
sensitive to climate change.

A few studies are found in the literature
that relate and compare growth habit and root
distribution in bean culture. Cichy et al. 2009
characterize the impact of growth habit on root
architecture and plant performance including
P uptake, seed yield, and P use efficiency. Thus,
knowledge about the relationship between growth
habit and root distribution would facilitate the
selection of linages that are high productivity and
tolerant to abiotic stresses. Therefore, the present
work aimed to relate and compare root distribution

with different growth habits in beans.
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MATERIALS AND METHODS

DESCRIPTION OF THE TRIAL

The experiment was carried out in the agricultural
years of 2014/15 and 2015/16 in Lages - SC,
Brazil. According to Koppen classification, climate
was temperate cfb (moist mesothermal and mild
summer). The tests were carried out in a soil
classified as Inceptisol Udepts Humudepts, with a
moderate A horizon, clayey texture and undulating
relief.

In the agricultural year 2014/15, the following
eight bean genotypes with distinct growth habits
were assessed:

i) Type I: CHIB 06, BRS Radiante and Carioca

Precoce;

ii) Type II: BAF 07, IPR 139, IPR Tangara, FTS

Soberano;

iii) Type I1I: BAF 45.

According to the classification of the
International Center of Tropical Agriculture (CIAT
1985), the growth habits classified as: i) Type I:
shrub determinate growth habit, the plants cease
the vegetative growth after the insertion of the
first floral bud; ii) Type IlI: shrub indeterminate
growth habit, plants continue their vegetative
growth after flowering. They emit few branches
and their branches do not emit guides and iii) Type
III: prostrate indeterminate growth habit, with well
developed branch ending in guides. In general,
plants with indeterminate growth habit have higher
total cycle and height of plants in relation to the
determinate growth habit.

In the agricultural year 2015/16, two other
Type II linages (Population 1 and Population 10)
were included in addition to the eight genotypes
previously described. These two populations were
inthe F_ generation (high homozygous level). These
linages were obtained from artificial hybridizations
targeting at the selection of populations with greater
root distribution.
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The experiment was arranged in a randomized
block design, with three replications. The
experimental unit was composed of six lines of
four meters with spacing between lines of 0.50 m
and between plots of 0.90 m, as follows:

i) Inthe four central rows of the plot, a density of
10 seeds per linear meter was used, and grain
yield was measured.

ii) In the two external lines, a spacing of 0.50
m between plants was used to assess the root
system.

The experiment was conducted using
conventional procedures, the soil was revolved and
the cultural treatments were performed according
to the needs of the soil and crop. Manual weeding
was also carried out.

ASSESSMENT OF ROOT SYSTEM AND GRAIN
YIELD

When the genetic constitutions showed full
flowering (occurrence of maximum root growth),
profiles perpendicular to the sowing line were
opened at 0.05 m of the plants, and the roots were
exposed with a sharp tool, as described by Bohm
(1979). Then, a 0.50 m wide and 0.30 m high
rectangle was placed on the profile, subdivided into
squares with 0.05 m on each side. Root distribution
was determined in the binary system (denomination
of presence (1) and absence (0) of the roots in
each square). To capture the image of the root
distribution, a digital camera was used, positioned
0.6 m from the grid. The image was used to assess
root distribution in the layers 0 - 0.10 m, 0.10 m -
0.20 m and 0.20 - 0.30 m.

Grain yield (kg ha') was determined in
the useful area of the plot (four central lines),
disregarding 0.50 m used as border.

STATISTICAL ANALYSIS
The data were analyzed in the PROC GLIMMIX

(Generalized Linear Mixed Model) procedure of
the SAS (Statistical Analysis System, version 9.2),

according to the respective mathematical model
type I:

= *
Y =nt blc, + gen, +ano, + gen*ano, + e,

Y - observed values for the response variable in
the 1-th experimental unit in the i-th block in the j-th
genotype for the k-th year; u - is the effect of the
general mean; blc, is the fixed effect of the i-th level
of the block factor; gen, is the fixed effect of the j-th
level of the genotype factor; ano, is the fixed effect
of the k-th level of the year factor, gen*ano, is the
fixed effect of the interaction of the j-th level of
the genotype factor with the k-th level of the year

factor and € " effect of the residue.
Root distribution

In many practical situations, the variable of
response does not assume a normal distribution.
The evaluation of root distribution in binomial
scale (presence = 1 and absence = 0 of root in
each square) performed in the present study, is an
example. The Generalized Linear Mixed Model was
used to meet the model assumptions. Therefore,
its main objective is to define the scale on which
a linear additive model occurs; in the present
case, the definition of the binomial scale (Littell
et al. 2006). The Logit Link Function was used to
display the data on the inverse scale. In addition,
root distribution has correlated error structures,
since the evaluations are performed throughout
the space (depths) in the same genotype. Thus,
the structure of residual variances and covariances
was adjusted, based on linearizations. The default
estimation method in GLIMMIX known as
restricted pseudo-likelihood (RPL) was utilized.
The best structure was selected according to the
Akaike-AIC information criterion.

Average multiple comparisons were performed
to discriminate the genotypes for root distribution.
In order to discriminate the associations between
growth habit and root distribution, non-orthogonal
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contrasts between genetic constitutions were
performed, according to the following comparison
scheme: i) Type Il vs Type 1, ii) Type III vs Type 11
and iii) Type II vs Type 111 for agricultural years.

Grain Yield

The homogeneity of variances for the trait grain
yield was verified with the COVTEST argument,
in the GLIMMIX procedure. Due to the variance
heterogeneity observed, the structure of residual
variances and covariances was adjusted to meet the
assumptions of the model, based on linearizations.
The default estimation method in GLIMMIX known
as restricted pseudo-likelihood (RPL) was utilized.
The best structure was selected in compliance with
the Akaike-AIC information criterion, and the
UCH matrix obtained the lowest value. In order to
verify the associations between growth habit and
grain yield, non-orthogonal contrasts between the
genetic constitutions were performed, according
to the following comparison scheme: i) Type II vs
Type I; ii) Type I vs Type II; and iii) Type 11 vs
Type IlI for the agricultural years.

RESULTS AND DISCUSSION

The structures of residual variance and covariance
matrices were assessed according to the Akaike
criterion. The first-order autoregressive matrix AR
(1) presented the lowest value. Thus, it was selected
for the adjustment of the mathematical model
for root distribution. According to the analysis
of variance, genotype x year interaction was not
significant (Table I), which highlighted the similar
behavior of these genotypes in the two agricultural
years. Probably, the evaluated genotypes responded
similarly to the change in the environments, which
reveals the same pattern of root distribution in
both agricultural years, 2014/15 and 2015/16,
and no changes in the classification of these
genotypes. In other words, the effects of genotypes
and agricultural years are additive and there is
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no interaction between them (Mather and Jinks
1977). This fact is desirable in genetic breeding for
facilitating plant selection and recommendation of
genotypes with broad adaptability.

The block factor revealed significant effect
(P =0.0299). It implies that the blocking fator had
a large effect and that the noise reduction obtained
by blocking was probably helpful in improving the
precision of the comparison between treatments.
The analysis of variance revealed differential
effect of genotypes for root distribution. Possibly,
the different genotypes (and their growth habits)
present genetic variability for the trait under
study, which indicates that selection can provide
satisfactory genetic gains (Lynch and Brown 2012).
Since no interaction between the main factors was
observed, the selection can be performed in any
year (Table I).

The main factor agricultural year also
showed significant difference, and the mean root
distribution of the agricultural years (2014/15 and
2015/16) differed significantly (Table I), regardless
of the genotype effects. In general, the average root
distribution in the agricultural year of 2015/16 was
lower, compared to the year 2014/15, due to the
effect of climate conditions. According to Conab
reports (2016), the first bean crop cultivated in
the State of Santa Catarina was hampered by the
excessive amount of rain during the development
cycle of the crop. Excessive rain not only hinders
the development of the aerial part of the plants, but

TABLE I
Analysis of variance for the fixed effects for the trait
root distribution. Probability values (F) corresponding
to 10 bean genotypes evaluated in the agricultural years

2014/15 and 2015/16.
Caton heedom  FYaue  ProF
Block 2 3.51 0.0299
Genotype 9 4.15 <0.0001
Year 1 34.58 <0.0001
Genotype*Year 7 0.58 0.7720
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TABLE II
Significant minimum difference in averages between eight genotypes of beans of different growth habits (I, II and III)
for the trait root distribution. The estimates are expressed in logistic scale pT (above the diagonal) and original scale pO
(below the diagonal) in the average of the agricultural years 2014/15 and 2015/16.

Genotype®  1-11(0.45) 2-1I1(0.44) 3-11(0.38) 4-11(0.39) 5-11(0.41) 6-1(0.30) 7-1(0.26) 8—1(0.34)
1 —11(0.45) - 0.06 0.32 0.27 0.20 0.66* 0.88* 0.48%

2 — 11 (0.44) 0.01 - 0.26 0.21 0.13 0.60* 0.82* 0.42%
3-11(0.38) 0.08 0.06 - -0.04 -0.12 0.34 0.56* 0.15
411 (0.39) 0.07 0.05 -0.02 - -0.07 0.38* 0.61* 0.20
5-11(0.41) 0.05 0.03 -0.03 -0.02 - 0.46* 0.68* 0.28

6—1(0.30) 0.15 0.14 0.07 0.09 0.10 - 0.22 -0.18
7-1(0.26) 0.20 0.18 0.12 0.13 0.11 0.04 - -0.40*
8 -1(0.34) 0.11 0.10 0.04 0.05 0.06 -0.04 -0.08 -

* Genotypes assessed and their respective growth habits (I, II or III) and original averages nO (0 - 1): 1 - BAF 07,2 - BAF 45, 3 -
IPR 139, 4 - IPR Tangar4, 5 - FTS Soberano, 6 - CHIB 06, 7 - BRS Radiante and § - Carioca Precoce.
* Significant at 0.05 error probability by the Tukey test.

TABLE III
Contrasts between (types I, II and III) bean growth habits
for the traits root distribution (above the diagonal) and
grain yield (below the diagonal) in the average of the
agricultural years 2014/15 and 2015/16.

also directly reduces the root system. Although root
distribution is an inheritable trait, it is complex and
highly affected by the effects of the environment
(Miguel et al. 2015).

Since the effect of the interaction between the Growth habits Typel Type Il Type 111
factors did not reveal any significant difference, the Typel . 287 3.64%
interest resides in the study on genotype effects (and Typell 3660 0.77

.- . Type 111 3528%* 132 -
their different growth habits) on the mean of the 7pe
. .. * Significant at 0.05 error probability by the t test H: u - u, =
agricultural years. Table II presents the minimum ) | -0
TTTAT T 2 :

significant difference between the (transformed

and original) means of eight bean genotypes that  two genotypes of indeterminate habit (BAF 07 and

were assessed in the two agricultural years. The  BAF 45). Therefore, it can be considered more

genotype BRS Radiante, whose growth habitistype  «pjastic”, for presenting root distribution similar to

I, revealed significant differences from the other a genotype of habit type 11, which is known to be

. . o

genotypes of he.lblFs types Il and 11, in 86% of the cultivated in most agricultural regions (Table II).

comparisons. Similarly, CHIB 06 presented nearly . .
o . Besides, the genotype Carioca Precoce revealed

70% of the significant comparisons. On the other L . )

) ) ) significant differences from only BRS Radiante

hand, Carioca Precoce showed difference in only

43% of the comparisons with the other genotypes (genotype with the worst average performance),

of types II and III when evaluated in 2015/16. Possibly, under

Carioca Precoce showed the highest average
root distribution among the genotypes with
determinate habit, pO = 0.34 (original scale). In
other words, around 30% of the squares contained
roots, compared to the others. In addition, this
genotype presented significant difference only for

restrictive environmental conditions (which was
observed in the agricultural year of 2015/16), the
metabolic cost for the growth and development of
the root distribution of genotypes of type I habit
(such as Carioca Precoce) is similar to that of

genotypes of habit of types II and III.
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In general, genotypes of growth habit type |
presented significant differences from the others
(Table II). This fact is mainly due to their lower
root distribution (LO = 0.26 to 0.34). Plants with
low root distribution show low nutrient uptake
capacity, especially phosphorus, due to its poor
mobility in the soil solution. Besides, they are
more susceptible to damage caused by water stress
(Beebe et al. 2008, Miguel et al. 2013).

The only genotype of growth habit type III
(BAF 45) showed significant differences from all
genotypes of habit type 1. In addition, it did not
reveal significant differences from any genotype
of type II habit, considering the two agricultural
years. Thus, BAF 45 can be considered a desirable
alternative for producers that search for genotypes
with longer cycle and less sensitivity to restrictive
environmental conditions (Table II).

No significant differences were observed
between the genotypes of type II growth habit.
Regardless of the genotype involved, the mean root
distribution was similar. This reveals the genetic
potential of genotypes such as BAF 07 (Germplasm
Bank access) to the trait root distribution, which
presented the same performance when compared
to the genotypes IPR 139, IPR Tangara and FTS
Soberano (cultivars present in the market). Studies
on root system breeding performed previously
point to BAF 07 as a promising parent in blocks
of crosses, due to the high expressiveness of genes
responsible for root distribution in their offspring.

Genotype IPR Tangara (type II) revealed
significant differences only with CHIB 06 and
BRS Radiante (genotypes with the worst mean
performance pO = 0.30 and nO =0.26, respectively)
in the average of the agricultural years. However,
if we consider its individual performance, year by
year, it can be verified that it also differed from
the genotype BAF 07 (type II) in 2014/15. This
highlights the non-significant genotype X year
interaction, since the differences observed in each
year are due to the relative performance of other
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genotypes, whose root distribution is superior,
especially under favorable agricultural years
(2014/15).

It is also noted that the genotypes IPR 139,
IPR Tangara and FTS Soberano did not reveal
any significant differences. These genotypes are
promising for use in crossbreeding blocks or even
for cultivation by farmers in environments under
water stress and low nutrient availability. According
to Lynch (2014), plants with a root system well
distributed in the soil show more efficiency in
nutrient absorption and water acquisition, which
avoids high metabolic cost.

The comparison and relationship between the
different growth habits for the trait root distribution
can be better explained by comparing the averages.
In addition, it allows identifying relationships
between the adaptation of the plants to the different
environments and cropping systems, including the
productive traits (grain yield) (Singh 2001). Thus,
for the purposes of comparison, the genotypes can
be grouped according to their growth habit (types I,
IT and III) in order to identify the association with
the trait root distribution.

The genotypes with determinate growth habit
were significantly different from those of type II
indeterminate growth habit (Table III). The contrast
II vs I was positive. It must be highlighted that the
root distribution of type II habit is superior to that
of type I habit. This fact is also verified for the
trait grain yield, and the difference can reach 3660
kg ha'. This highlights that high grain yield and
good adaptation to low input environments (water
stress and low availability of nutrients) can be
brought together in a single genetic constitution.
According to Beebe et al. (2013), genotypes with
types II and III growth habit are more resistant to
drought than types I and IV, since they have better
root distribution, which increases their efficiency in
the acquisition of water from soil for transpiration.
In addition, plants with an indeterminate growth
habit have higher productive potential than plants
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of determinate habit because they produce more
vegetables per plant and more seeds per pod (Dawo
et al. 2007, Zilio et al. 2011).

Similarly, the contrast between means III vs [
was significant. Genotypes of type I were inferior to
those of type 111, both for root distribution and grain
yield (Table III). Possibly, selecting genotypes with
type I growth habit reduces the chances of obtaining
superior genetic constitutions for these traits. In
general, plants of indeterminate habit are taller,
which requires a larger root system for sustentation.
Genotypes of type Il indeterminate habit present
greater mass, area and root length, compared to the
genotypes of groups I and IV in soils with unlimited
supply of phosphorus (Trindade and Aratijo 2014).
However, they may express a less stable grain yield
due to greater susceptibility to diseases (Soltani et
al. 2016).

However, the contrast of the averages of Il
vs III showed no significant difference for both
traits. This fact highlights the similarity between
these types of beans. According to Mekbib (2003),
genotypes of groups II and III are more resilient
under stress conditions. Thus, grain yield is less
affected.

The average performance of the genetic
constitutions in 2015/16 was severely affected,
since differences between the growth habits for
grain yield could not be verified in any comparison.
In addition, the genetic constitutions revealed low
averages for this trait. This year was characterized
by restrictive environmental conditions for the crop.
This fact suggests that, in hostile environments,
the performance of highly productive genotypes
is significantly reduced and come close to the
performance of lower genetic constitutions. Root
distribution, in turn, even in lower environments,
can be easily discriminated among the genotypes,
according to their growth habit. This corroborates
that root distribution is related to growth habit and
plays an important role in bean adaptation under
abiotic stress conditions.

CONCLUSIONS

The root distribution is related to growth habit in
beans. Bean genotypes with indeterminate growth
habit have greater root distribution, compared to
those of determinate habit.
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