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Characteristics of the root system in two Brazilian upland rice
varieties which exhibit contrasting behavior towards drought
tolerance
Características radiculares de duas variedades brasileiras de arroz
de terras altas contrastantes quanto à tolerância ao estresse hídrico
Leandro Martins Ferreira1*; Cristiana Maia de Oliveira2; Leilson Novaes Arruda3;
Renan Pinto Braga4; Orlando Carlos Huertas Tavares4; Sonia Regina de Souza5†;
Manlio Silvestre Fernandes6; Leandro Azevedo Santos6
Highlights:
Lateral root emission contributes to the mechanism of drought escape in Catetão.
Catetão increased the root number at 60–90° angle under drought stress.
Membrane integrity was less compromised during drought stress in Catetão.
Ratio of deep rooting can be used to select tolerant genotypes to the drought stress.

Abstract
Root system architecture plays a fundamental role in the adaptation of rice to environments subjected to
abiotic stresses. This study aimed to characterize the root architecture and morphology of two Brazilian
upland rice varieties which display contrasting behavior towards drought tolerance: the tolerant Catetão
and susceptible Mira varieties. Two experiments were carried out under greenhouse and growth chamber
conditions. The experimental design was completely randomized in a 2 × 2 factorial scheme (varieties
× drought stress conditions) with four replicates. Rice varieties were subjected to control and drought
conditions for 14 days. Drought stress was applied either by withholding water until the desirable soil
tension was achieved or by addition of 20% polyethylene glycol 6000 (PEG) to the nutritive solution.
After harvest, the dry weight, root architecture, as well as physiological and root features were assessed.
Under drought stress, a higher root biomass was recorded in Catetão compared to Mira. A higher ratio
of deep rooting (RDR) was observed for Catetão, while Mira remained stable in response to drought
stress. The evaluated physiological features showed that the Catetão variety is less likely to compromise
membrane integrity and lipid peroxidation during drought stress. Moreover, analyzed root features
exhibited a significant increase in lateral root emission and root density for Catetão in response to
drought treatment, which may be considered an important feature when selecting for superior genotypes.
Key words: Drought escape. Lateral roots. Root plasticity. Ratio of deep rooting.
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Resumo
A arquitetura do sistema radicular exibe um papel fundamental na adaptação do arroz a ambientes
sujeitos a estresses abióticos. Por esta razão, este estudo teve como objetivo caracterizar a arquitetura
do sistema radicular e sua morfologia em duas variedades de arroz brasileiras de sequeiro contrastantes
quanto à tolerância ao estresse hídrico, Catetão (tolerante) e Mira (suscetível). Foram realizados dois
experimentos, o primeiro em casa de vegetação e o segundo em câmara de crescimento. O delineamento
experimental foi inteiramente casualizado com quatro repetições em um esquema fatorial 2 x 2
(variedades x condições de estresse hídrico). As variedades de arroz foram submetidas a condições
controle e estresse hídrico durante 14 dias. O estresse hídrico foi aplicado ao reduzir a lâmina d’água a
tensão desejada no solo ou com a utilização de 20% de polietilenoglicol 6000 (PEG) na solução nutritiva.
A massa seca, arquitetura do sistema radicular, características fisiológicas e características radiculares
foram determinadas após a colheita. A variedade Catetão mostrou maior biomassa radicular comparada
a Mira quando submetida ao estresse hídrico. Foi observado maior taxa de raízes profundas (RDR)
na Catetão, enquanto a Mira permaneceu estável em resposta ao estresse hídrico. As características
fisiológicas avaliadas mostraram que a variedade Catetão está menos sujeita a danos a integridade da
membrana e peroxidação de lipídeos durante o estresse hídrico. Além disso, as características radiculares
analisadas mostraram que a variedade Catetão apresentou um aumento significativo na emissão de
raízes laterais e densidade radicular em resposta ao estresse hídrico, o que pode ser considerado como
uma importante característica a ser selecionada em genótipos superiores.
Palavras-chave: Escape à seca. Plasticidade radicular. Raízes laterais. Taxa de raízes profundas.

Introduction
Rice (Oryza sativa L.) is considered to be the
staple food crop of more than half of the world’s
population and is an important source of protein and
carbohydrate, especially in developing countries
(Bishwajit et al., 2013; Nakandalage et al., 2016).
According to Seck, Diagne, Mohanty and Wopereis
(2012), by the year 2035, approximately 26%
increase in world rice production will be required to
meet growing population demands.
Rice can be cultivated in different ecosystems:
(a) rainfed system, where the water demand is
supplied only by rainwater, (b) irrigated system,
where the crop receives water in a controlled way,
and(c) floodplain system, where the water supply
is from a river. Rice is predominantly cultivated
in flooded fields rather than in rainfed conditions;
however, this scenario has been modified due to
climatic change, with more rice being grown under
rainfed conditions around the world (Tardieu,
Draye, & Javaux, 2017).
Crop productivity can be adversely influenced
by a wide range of environmental factors. Abiotic

stresses are the main causes of reduced crop growth
and productivity, with drought, salinity, temperature,
aluminum toxicity, soil acidity, flooding, pollution,
and radiation being among the most frequent (Lawlor
& Cornic, 2002; Ortiz, Urbano, & Takahashi, 2019).
It is estimated that abiotic stresses can reduce crop
productivity by up to 70%, with drought considered
to be one of the main abiotic factors limiting global
food production, affecting approximately 64% of
all arable land in the world (Cramer, Urano, Delrot,
Pezzotti, & Shinozaki, 2011).
Rice is particularly sensitive to drought stress
and it is estimated that 50% of the rice production
in the world is related either to the occurrence or
absence of drought (Bouman, Peng, Castaneda, &
Visperas, 2005). Passioura (1997) defines drought
as “an event in which plants show reduced growth
or productivity due to a low soil water content or
a large air humidity deficit”. This event creates a
greater energy demand for the plant’s survival rather
than for its production.
Drought resistance in plants can manifest as
four stress-induced response types: (i) drought
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tolerance, i.e. the ability of cells and tissues to
withstand a reduced water potential during a water
deficit; (ii) drought avoidance, whereby plants are
able to prevent the reduction of water in the tissues
during the water deficit; (iii) drought escape, i.e. the
ability of plants to complete their life cycle within
the period of water availability, thus not being
subject to a period of water deficit; (iv) drought
recovery, whereby plants are able to resume growth
and terminate their life cycle after a period of water
deficit (O’Toole & Chang, 1979).

Materials and Methods

Drought resistance based on these responses
has been extensively studied in rice varieties
(Henry, 2013). The drought escape mechanism is an
important strategy for rainfed rice varieties. Their
root system morphology and architecture can be
favorable under conditions of low availability of
nutrients such as nitrogen and in environments with
excess of toxic aluminum (Lian et al., 2004).

Experiment I

Root system architecture and distribution are
key determinants in the ability of a plant to uptake
nutrients and water in order to support shoot growth
in drought conditions (Suralta et al., 2018). It is
generally believed that roots can sense changes in
abiotic factors such as soil water status (Gao, Xie,
Jiang, Wu, & Niu, 2014), soil texture (Rogers et al.,
2016) and nutrient composition (Kell, 2011).
Several studies have characterized the
development of the root system, with respect to
adventitious root formation, root lengthening,
as well as lateral root and root hair development
(Wu & Cheng, 2014; Biscarini et al., 2016). In
many agricultural systems, root system size and
architecture are limiting factors in the growth
and yield of plants, since they are responsible for
determining the plant’s ability to uptake water and
nutrients (Paez-Garcia et al., 2015).
The present study aimed to evaluate the root
system of two upland rice varieties, which exhibit
contrasting behavior towards drought tolerance,
and to identify the root features involved in the
mechanism of drought escape in the tolerant variety.

Two experiments were performed under
greenhouse and growth chamber conditions. The first
aimed to identify the root angle and physiological
features of rice varieties subjected to drought and
control conditions. The second experiment aimed
to characterize and indicate which root features
were modified during drought-induced stress as
compared to the control.

Upland rice varieties previously characterized as
tolerant (Catetão) and susceptible (Mira) to drought
stress (Ferreira, 2017) were used in this study.
The experiment was conducted under greenhouse
conditions. Rice seeds were initially washed in 2%
sodium hypochlorite solution for 10 minutes. The
seeds were germinated in a growth chamber at 500
µmol photons m-2 s-1, 12 h photoperiod and 70%
humidity. At 10 days after germination (DAG),
the seedlings were transferred to a greenhouse and
conditioned in pots containing a basket full of soil
from a Planosol. Two plants from each variety were
grown into the basket. The basket was previously
set up with a line to classify roots emerging from
the upper and lower parts of the basket, as shallow
or deep, according to the horizontal angle respective
to the ground surface (Uga, 2012). The ranges of
angles marked were: 0–30°; 30–60°, and 60–
90°. Five days after the transfer, the plants were
fertilized with 20 kg ha-1 of N in the form of urea
and 20 kg ha-1 of K2O. The experimental design
was completely randomized, using a 2 × 2 factorial
scheme (varieties × drought stress conditions) with
four replicates. The experiment was repeated twice
to verify its reproducibility.
Water regimes were applied at 30 days after
germination and consisted of a control treatment,
where the moisture content was maintained close
to field capacity (0,02 MPa) and a moderate water
stress treatment, which consisted of maintaining
the water potential between 0.05 and 0.06 MPa.
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Control of soil water tension was performed by
tensiometers installed in the columns at a depth
of 30 cm. Irrigation was performed daily by
applying approximately 100 mL of water; this dose
maintained the water tension in the desired range
during the drought stress treatment. In the control
experiment, soil water tension was maintained at
field capacity. The plants were kept under drought
stress for 14 days until harvest.
Determination of root angle and physiological
features
At harvest time, the root system was carefully
washed without being removed from the basket.
The nodal roots which crossed the meshes in the
different ranges of horizontal angles were counted.
Ratio of deep rooting (RDR) is referred to the ratio
of total number of roots that crossed the angles in
the range of 60–90° to the total number of roots that
crossed all angle ranges. Plants were segmented
into leaf, stem, and roots, and packed in paper bags
for further analysis.
The relative water content (RWC, %) was
determined using samples of leaves (leaves + 2).
The samples were immersed in distilled water
and kept at 4 °C in the dark for 24 h, followed by
determination of the turgid weight. The dry weight
was obtained after drying the samples with forced
air circulation at 60 °C for three days, according
to Weatherley (1950). The electrolyte leakage
(EL, %) was determined according to Bajji, Kinet
and Lutts (2002), using leaf disks from leaves + 2.
Conductivity measurement was performed using
a DDS-IIA conductivity meter (Shanghai Leici
Instrument Inc., Shanghai, China). The relative
electrolyte leakage was obtained by the division of
the initial and final conductivity. Lipid peroxidation
was determined according to Heath and Packer
(1968) using samples of 0.2 g from leaves + 2. The
content of thiobarbituric acid reactive substances
(TBARS) was estimated using the molar extinction
coefficient of 155 mM-1 cm-1.

Experiment II
The experiment was conducted under growth
chamber conditions (500 µmol photons m-2 s-1; 12
h photoperiod, 70% humidity, 28 °C/26 °C day/
night temperatures). Rice seeds of Catetão and Mira
varieties were initially disinfected in a 2% sodium
hypochlorite solution for 10 minutes and washed
repeatedly in distilled water. Seeds were placed
on gauze in 1.7 L pots and allowed to germinate
in distilled water in the growth chamber. Five days
after germination (DAG) the plants were transferred
to 700 mL pots (four plants per pot) and connected
to a hydroponic system. The plants were cultivated
with Hoagland solution (Hoagland & Arnon, 1950)
modified with ½ IS (ionic strength) and 2.0 mM of
N (1.5 mM NO3- and 0.5 mM NH4+). At 10 DAG, the
plants were subjected to control or drought stress
conditions for 14 days. The nutritive solution was
replaced every 3 days and the pH maintained at 5.7.
Drought stress was initiated by the addition of 20%
polyethylene glycol 6000 (PEG) in the nutritive
solution, which resulted in approximately - 0.82
MPa of osmotic pressure (Li, Zang, Deng, & Wang,
2011). At 24 DAG, the root system was harvested
and stored in 50% ethanol for further analysis. The
experimental design was completely randomized
with four replicates. The experiment was repeated
twice to verify its reproducibility.
The root system from each variety was scattered
in a vessel containing distilled water and scanned
at 600 dpi using the Expression 11000XL scanner
(Epson, Long Beach, CA). The images obtained
were used to calculate the root features (volume,
length, number of primary and lateral roots and
number of root tips) through the Rootgraph program
(Cai et al., 2015).
Statistical analysis
The data obtained in both experiments were first
subjected to normality and variance homogeneity
tests, followed by analysis of variance (ANOVA).
The means were compared using Tukey’s test at p ≤
0.05 of significance using SISVAR software.
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Results
The first experiment evaluated shoot and root dry
weights, number of roots that crossed the mesh in
the angle ranges 0–30°, 30–60°, and 60–90 °, as well
as the RDR for both varieties subjected to control
and drought stress treatments under greenhouse

conditions. While both shoot and root dry weights
in both varieties were reduced under drought
stress, Catetão maintained a greater biomass when
compared to Mira. The root/shoot ratio remained
stable in Catetão, while a significant reduction was
observed in Mira (Table 1).

Table 1
Shoot and root dry weights and root/shoot ratio from Catetão and Mira varieties subjected to control and
drought treatment for 14 days
Varieties

Shoot
Cont.

Dro.
g pot

Catetão
Mira
C.V %

Root

16,09Aa
10,60Ab

Cont.

Dro.
g pot

-1

9,18Ba
7,58Bb

-1

14,62Aa
10,98Ab

7,31

9,87Ba
4,27Bb
14,52

Root/Shoot
Cont.
Dro.
-1
g pot
0,90Aa
1,07Aa
1,05Aa
0,55Bb
16,32

Means followed by the same capital letter between treatments and lowercase between varieties do not differ statistically by the
Tukey’s test at p ≤ 0.05 of significance. Cont. = Control; Dro. = Drought; Coefficient of Variation = C.V %.
a

The root systems of the Catetão and Mira
varieties were photographed (Figure 1). A clear
reduction was observed in the root biomass from
both varieties subjected to drought stress (Figure

1B and D). In order to quantify the number of roots
that crossed the basket mesh in the different angle
ranges, the nodal roots were counted and the ratio of
deep rooting was determined (Table 2).

Figure 1. Morphology of Catetão and Mira roots that crossed the mesh at the angles of 0 – 30°; 30 – 60° and 60 – 90°

Figure
1.subjected
Morphology
of Catetão
andtreatments
Mira roots
crossed the mesh at the angles of 0 – 30 °; 30 – 60 °
when
to control
and drought
for that
14 days.
and 60 – 90 ° when subjected to control and drought treatments for 14 days.
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Table 2
Number of roots from Catetão and Mira varieties that crossed the mesh at the angles of 0 – 30°; 30 – 60° and
60 – 90° when subjected to control and drought treatment during 14 days
Varieties
Catetão
Mira
C.V%

0 – 30 °

30 – 60 °

60 – 90 °

Cont.
Dro.
Number of roots
27,0Aa
16,7Ba
27,7Aa
7,0Bb
15,44

Cont.
Dro.
Number of roots
37,3Aa
25,3Ba
32,0Ab
11,7Bb
12,24

Cont.
Dro.
Number of roots
26,0Ba
33,3Aa
16,0Ab
4,3Bb
9,45

Means followed by the same capital letter between treatments and lowercase between varieties do not differ statistically by the
Tukey’s test at p ≤ 0.05 of significance. Cont. = Control; Dro. = Drought; Coefficient of Variation = C.V%.
a

At the 0–30° angle, Catetão and Mira varieties
did not differ among themselves when subjected
to control conditions (Table 2). Under drought
conditions, Catetão displayed a slight root reduction
of approximately 38%, while Mira exhibited 74%
root reduction. At the 30–60° angle, Catetão
produced a higher number of roots under the control
treatment as compared to Mira. A reduction in root
number was however observed in both varieties
when subjected to drought stress. The ratio of
reduction was as observed for the previous range.

At the 60–90° angle, Catetão displayed a
significant increase in root number under drought
stress (Table 2), while root number in Mira reduced
drastically by approximately 73%. The RDR was
calculated for both varieties based on these results,
as shown in Figure 2. Catetão showed an increase
of 53% in RDR when subjected to drought stress,
while Mira remained stable.

Figure 2. Ratio of deep rooting from Catetão and Mira varieties when subjected to control and drought treatments for
Figure
2. Ratio of deep rooting from Catetão and Mira varieties when subjected to control and drought
14 days. Means followed by the same capital letter between treatments and lowercase between varieties do not differ
treatments for 14 days. Means followed by the same capital letter between treatments and lowercase between
statistically by the Tukey’s test at p ≤ 0.05 of significance. Coefficient of variation, C.V % = 8,93.
varieties do not differ statistically by the Tukey’s test at p ≤ 0.05 of significance. Coefficient of variation,
C.V % = 8,93.
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Physiological features were determined for each
variety from leaves + 2 from each variety subjected to
control and drought conditions (Figure 3). Relative
water content decreased in both varieties under
drought stress conditions (Figure 3A). However,
this decrease was significantly higher in Mira
(24%), while a reduction of approximately 12%

was observed in Catetão. An increase in electrolyte
leakage (EL) was observed only in the Mira variety
when subjected to drought stress and a similar trend
was also observed in lipid peroxidation, represented
by malondialdehyde (MDA) concentrations. EL
and MDA concentration remained stable in Catetão
(Figures 3B and C).

Relative water content (%)

Physiological parameters
100

A
Aa
Ba

80

Control
Drought

Aa
Bb

60
40
20
0

Electrolyte leakage (%)

50

B

40

Aa

30

Ab

20

Ab

Ba

10
0

MDA (nmol g-1 MF)

10

C

8
6
4

Aa

Ab

Aa
Ba

2
0

Catetão

Mira

Figure 3. Relative water content (RWC, %) (A), Electrolyte leakage (EL, %) (B) and malondialdehyde in rice leaves
content and
(RWC,
(A), Electrolyte
(EL,drought
%) (B)treatment
and malondialdehyde
in
+ Figure
2 (MDA,3.g-1Relative
MF) (C)water
from Catetão
Mira%)
varieties
subjected toleakage
control and
for 14 days. Error
-1
MF)
(C)
from
Catetão
and
Mira
varieties
subjected
to
control
and
drought
rice
leaves
+
2
(MDA,
g
bars indicate the means of four replicates. Means followed by the same capital letter between treatments and lowercase
treatment
for 14dodays.
Errorstatistically
bars indicate
theTukey’s
means test
of four
Means followed
by the
same capital
between
varieties
not differ
by the
at p ≤replicates.
0.05 of significance.
Coefficient
of variation,
C.V
letter
between
treatments
and
lowercase
between
varieties
do
not
differ
statistically
by
the
Tukey’s
test at p ≤
% = 2,82 (RWC), C.V % = 6,43 (EL) and C.V % = 10,88 (MDA).

0.05 of significance. Coefficient of variation, C.V % = 2,82 (RWC), C.V % = 6,43 (EL) and C.V % = 10,88
(MDA).
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The second experiment evaluated the root system
of plants subjected to osmotic stress. Both varieties
treated with 20% PEG 6000 exhibited a reduced
biomass of the root system and, consequently, a
reduction in almost every root feature evaluated.
Despite the observed reduced growth, the volume

and total length of primary roots were increased in
Catetão, compared to Mira, during drought stress
treatment (Figures 4A and B). The volume of
primary roots in Catetão more than doubled, when
compared to Mira (Figure 4A).

Primary roots
A
Aa
Ab

0,4

Ba

0,2

Bb

0,0

Catetão

Lateral roots

Ba

0,10

Ab

0,05
0,00

Nb. of Tips

400

Catetão

E

Bb

200

Bb

100
0

D

Mira

Aa
Ba

300
Ab

200

Bb

100
0

Aa

Ab

Catetão

400

Mira

300

Bb

50

5
Ba

Ba

100

500

Aa

Aa

Aa

0

C

0,15

B

150

Mira

Total Length (cm)

Volume (cm3)

0,20

Total Length (cm)

0,6

200

Control
Drought

Root Density

Volume (cm3)

0,8

Catetão

F

4
3

Mira

Aa
Ba

2

Ab
Bb

1

Catetão

Mira

0

Catetão

Mira

Figure 4.
4. Root
Root features
andand
Mira
varieties
subjected
to control
and drought
treatments
for 7 days.
Figure
featuresfrom
fromCatetão
Catetão
Mira
varieties
subjected
to control
and drought
treatments
for 7
Drought
stress
was
applied
with
20%
PEG
6000.
Lateral
root
density
represents
the
ratio
between
root
tips
and total
days. Drought stress was applied with 20% PEG 6000. Lateral root density represents the ratio between
root
length for each variety. Means followed by the same uppercase letter between treatments and lowercase letter between
tips
and total length for each variety. Means followed by the same uppercase letter between treatments and
varieties do not differ statistically by the Tukey’s test at p ≤ 0.05 significance. Coefficients of variation from primary
lowercase letter between varieties do not differ statistically by the Tukey’s test at p ≤ 0.05 significance.
roots are C.V % = 6,06 (volume) and C.V % = 6,75 (total length). Coefficients of variation from lateral roots are C.V
Coefficients
of variation from primary roots are C.V % = 6,06 (volume) and C.V % = 6,75 (total length).
% = 9,60 (volume); C.V % = 3,86 (total length); C.V % = 2,80 (number of tips) and C.V % = 7,18 (root density).
Coefficients of variation from lateral roots are C.V % = 9,60 (volume); C.V % = 3,86 (total length); C.V % =
2,80 (number of tips) and C.V % = 7,18 (root density).

The lateral roots showed a reduction in volume and total length for both varieties subjected to
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The lateral roots showed a reduction in volume
and total length for both varieties subjected to
drought stress, compared with the control condition
(Figures 4C and D). However, under drought stress,
Catetão behaved differently by increasing its root
volume and total root length, as compared to Mira.
Intriguingly, Catetão showed a greater capability to
branch under drought stress, whereas Mira exhibited
an opposite behavior (Figure 4E). Lateral root
density, which represents the ratio of the number of
tips to the total length of roots, increased in both
varieties. However, this increase was significantly
higher for the Catetão variety (Figure 4F).

Discussion
Upland rice varieties tolerant to drought stress
have been studied by several research groups in Brazil
and around the world. Terra, Leal, Borém and Rangel
(2013), identified a line named 51, obtained from
crossing Bico Ganga Curto with Chorinho cultivars,
to be tolerant to drought stress. Productivity in this
line remained stable when subjected to control and
drought conditions. Another study was conducted
by Tonello et al. (2016), where three upland rice
varieties subjected to different climate and soil
variations were evaluated over five agricultural
years. This study identified BRS Primavera cultivar
as the most stable and productive in successive
years of cultivation under different environmental
conditions. The analysis of yield characteristics
has been performed in these studies and can be
considered essential in identifying drought tolerant
varieties. Currently, however, several studies have
attempted to determine the characteristics directly
involved in drought tolerance. Among them, root
architecture diversity in rice has been a solid basis
for drought tolerance research (Wu & Cheng, 2014).
Root biomass is an important yield predictor
in rice and is directly responsible for achieving a
greater tolerance to drought stress (Comas, Becker,
Cruz, Byrne, & Dierig, 2013). The observed results
suggest that Catetão has the potential to invest

in its root system when under drought stress, a
characteristic which may contribute to the deepening
of the root system in the soil profile (Figure 1 and
Table 2).
The hypothesis of root deepening was verified
by separating the roots that crossed the mesh
at three classes of root angles, according to the
method developed by Uga (2012). Catetão showed
an increase in the number of roots that crossed the
mesh in the range of 60–90°, as well as in the RDR
(Figure 2). These two features indicate that this
variety produced deeper roots at a smaller angle in
relation to the main root axis. A deep root system is
currently considered as one of the most promising
mechanisms of drought escape. Manschadi,
Christopher, deVoil and Hammer (2006), observed
that root architecture differed markedly among
analyzed wheat genotypes. SeriM82 presented
with a more uniform rooting pattern as well as
greater root length and depth when compared to the
standard wheat variety Hartog. This characteristic
could potentially contribute to increased access to
water from deep soil layers during the grain filling
phase in drought tolerant varieties.
Uga, Kitomi, Ishikawa and Yano (2015),
have demonstrated that root angle determination
and evaluation is an important method in the
identification of rice and maize genotypes tolerant
to drought stress. A study on rice by Kato, Abe,
Kamoshita and Yamagishi (2006), investigated
genotypic variation in root growth angle. A pool
of 12 upland rice cultivars was analyzed using
the basket method under irrigated conditions. The
results showed that constitutive root growth, which
is genetically determined, is important for deep root
development under intermittent drought conditions
during the reproductive stage.
In the present study, Catetão exhibited
constitutive root growth and improved deep root
ratio under drought stress. This behavior favors a
plastic root response by increasing the number of
roots that cross the mesh at 60–90°, compared with
429
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other angle ranges, in response to drought. Similar
results were also observed by Uga, Okuno and Yano
(2011), as well as, by Rich and Watt (2013).
The varieties were evaluated for RWC, EL and
MDA (Figure 3). The reduction of RWC is common
in plants subjected to drought stress, as observed by
Xiong et al. (2012) and Goodarzian Ghahfarokhi
et al. (2015). However, tolerant varieties had
a tendency to present a small reduction of this
parameter, as observed for Catetão.
The stability of EL and MDA contributed to
the maintenance of membrane integrity and to a
low production of reactive oxygen species (ROS).
This result is in agreement with the available
literature on different plant species, which reports
that plants with better water status have a lower
rate of membrane damage and lipid peroxidation
(Basu, Roychoudhury, Saha, & Sengupta, 2010;
Mirzaee, Moeini, & Ghanati, 2013). The recorded
physiological features demonstrated that the Catetão
variety developed mechanisms to tolerate drought
stress, while Mira displayed a higher susceptibility
towards drought conditions.
The determination of root features has been of
fundamental importance to quantify the size of the
root system and thus evaluate the capacity of water
and nutrient uptake by plants (Kano, Inukai, Kitano,
& Yamauchi, 2011). Previous studies have suggested
that increased lateral root emission under stress
could be important features involved in drought
tolerance (Gowda, Henry, Yamauchi, Shashidhar,
& Serraj, 2011; Comas et al., 2013). Other studies
using transgenic lines have also showed how these
features are fundamental for increasing drought
stress tolerance in rice and maintain production in
adverse environments (Werner et al., 2010; Redillas
et al., 2012).
Increasing knowledge on root attributes that may
affect water uptake under stress may help breeders
elucidate genotype versus environment interactions
and point to important characteristics related to
drought tolerance and crop production (Serraj et al.,

2011; Ali et al., 2015). Henry, Cal, Batoto, Torres
and Serraj (2012), have demonstrated that the
increase in lateral root emission could partly explain
the differences in water uptake by tolerant varieties
subjected to drought stress. Rice improvement
programs have determined that deep rooting is a
target trait (Gowda et al., 2011).
The first experiment investigated the root system
architecture in soil conditions using the basket
method. The varieties showed marked differences
in their respective root system architecture under
drought stress. We also analyzed the physiological
features, which suggest that the Catetão variety is
more tolerant to drought stress. From the results
obtained, we carried out a second experiment, which
aimed to further analyze the alterations observed in
the root system, by promoting drought stress using
20% PEG in the nutritive solution. This experiment
investigated the root system and quantified different
root features (Figure 4). The Catetão variety was
shown to have a naturally greater root biomass
from primary and lateral roots and is also able to
increase lateral root emission under drought stress.
The diversity in root morphology and architecture
observed in our study is of paramount importance for
plant survival, maintenance of membrane stability,
and productivity under adverse environmental
conditions.

Conclusions
The Catetão variety demonstrated the ability
to deepen their root system and displayed more
favorable physiological features during drought
stress. The increase in lateral root emission and
root density in Catetão could contribute to the
mechanism of drought escape.
The Mira variety displayed unfavorable
physiological features and a reduction in all
analyzed root features during drought stress.
The combination of high RDR and lateral root
emission observed in Catetão under drought stress
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may be considered important predictors for the
selection of drought tolerant varieties.
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