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Abstract

This study focused on image-based analysis towards understanding root plasticity under drought and salt
stress in rice. Plant high resolution imaging and visualization (PHIV-Root Cell) tool was used in this
investigation to quantify root anatomical parameters from the cross section (s) of 14 indica rice
genotypes which included land races and elite rice cultivars. Quantitative data on root anatomical
parameters viz., total root area, exodermis area, cortex area, stellar area and stele lignification showed
significant variations between the genotypes. Rice landraces notably Cheriviruppu and Kallimadayan
showing larger root area, stelar and cortical area, are expected to have an increased water and nutrient
absorption capacity paving the way for drought tolerance. On the other hand, smaller root area and
lignified stele might be associated with salt tolerance in genotypes like Pokkali, Mundan, CSR27 and
TRY3.
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Introduction

Rice (Oryza sativa L.) is one of the important cereal crops and staple food for more than half
of world’s population (Vinci et al., 2023) 281, However, rice production is highly constrained
by biotic and abiotic stresses. Today’s agriculture is challenged by unpredictable climatic
conditions which necessitates improving crop’s resilience against environmental stresses
paving the way for improving agricultural productivity in terms of grain quality and quantity
(Haque et al., 2021) [*2,

Roots play a critical role in plant anchorage, absorption of water and nutrients, storage,
synthesis of hormones and metabolites etc., thus the overall functioning of the root system
significantly impact the development of the shoot system as well the productivity in
agricultural crops like rice (Koevoets et al., 2016) 9. Plant breeders, therefore explore roots
primarily for boosting vegetative growth and crop productivity (Henry et al., 2011; Kadam, et
al., 2017) '3 181 Apart from the above, root characteristics can enable plants resilience against
various abiotic stresses particularly drought and salt. Root phenotypic plasticity is the ability
of genotypes to adapt itself to challenging environments (O’Toole and Bland, 1987) 9, It is
the built-in genetic trait that confer the root’s ability to sustain plant growth, development and
productivity under biotic and abiotic stresses (Yamauchi et al., 1994, Wang and Yamauchi,
2006) [32 301 However, the plasticity of root anatomical and architectural parameters to
environmental cues is lesser understood. In this direction, understanding the anatomical and
architectural characteristics of roots becomes relevant in the context of evolving breeding
strategies for improving crops minimizing the impact of abiotic stresses (Gowda et al., 2011)
(11 Earlier studies emphasized root anatomical features viz., thickness of the cortical cells,
diameter of the cortical cells, number of cortical cell layers and increased root area towards an
improved absorption capacity. Specifically, stele diameter, xylem diameter and xylem area
were associated with water and nutrient transport functions (Wang et al., 2019) ., These
findings shed light on the plasticity of the anatomical features towards improving root’s
overall performance even under environmentally challenging situations. Higher the root and
stelar area manifests on improving nutrient and water absorption under drought stress (Kong et
al., 2017) 2%, Whereas, lesser root area was inturn associated with salt tolerance (Lupo et al.,
2021) 31,

Landraces are invaluable resources with an extensive genetic variability conferring an adaptive
role under different environmental conditions (Azeez et al., 2018) 1.
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Rice is endowed with a strong genetic base with several
genotypes adapted to varied agro-ecological situations
propelling discovery of robust root specific structural traits
towards improving the crop’s ability to withstand abiotic
stresses particularly, drought and salt. In this study, we
analyzed 14 Indica rice genotypes for the root anatomical
parameters viz., total root area, exodermis area, cortex area,
stelar area and its lignification and their association with
drought and salt stress using PHIV-RootCell (Lartaud et al.,
2015) 21, The insight gained on the root anatomical features
paves the way for identifying appropriate donor(s) in crop
breeding programs.

Materials and Methods

Plant material and growing conditions

A total fourteen rice genotypes, comprising landraces
(Mundan, Kuthiru, Arikayama, Cheriviruppu, Odiyan,
Orpandy, Pokkali, Kallimadayan) and cultivars (CSR27,
ASD16, CO52, FL478, IR64, TRY3) were included in this
investigation. The experiment was carried out in a controlled
greenhouse under hydroponics system using Yoshida nutrient
solution (Yoshida et al., 1976) 33, Three replications of each
genotype were raised in plastic net cups along with perlite as
supporting medium for 28 days.

Root anatomy and fluorescent imaging
After 28 days, free-hand cross sections (CS) of the
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adventitious roots in all 14 genotypes were done at 7 to 8 mm
above the root tip. The root cross section was stained using
0.1% berberine hemisulphate for 1 hour followed by 0.5%
aniline blue counterstaining for additional 1 hour (Brundrett et
al., 1988) . The samples were visualized and documented at
10 x magnification using epifluorescence microscope Nikon
Eclipse-Vi-L fitted with blue filter (UV-2A excitation: 330
nm - 380 nm).

PHIV-Root Cell based quantitative analysis of root
anatomical parameters

Root cross-sectional images were analyzed for root
anatomical traits in all 14 rice genotypes using plant high
resolution imaging and visualization (PHIV-RootCell)
software (Lartaud et al., 2015) [ Combined with an
appropriate root staining technique for image acquisition,
PHIV-RootCell program facilitates supervised measurements
of rice root cross section for the following anatomical
parameters viz., total root area, root exodermis area, cortex
area and stelar area. To ensure precision and reproducibility,
cross-sectional images in replicates were subjected to image
analysis using PHIV-Root Cell. In addition, lignification of
the of the stelar region was quantified based on the
fluorescence intensity captured from the stelar area and
analyzed with Image J software (Bankhead 2014) ! with
green filter option. The work methodology is presented as an
illustration in Figure 1.
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Fig 1: The schematic work flow includes, a) culturing rice in hydroponics b) selection of the adventitious root c) sectioning of root and
fluorescent staining d) image acquisition and analysis using PHIV-RootCell and Image J software’s

Statistical analysis

The Student’s t-test and Ducan’s multiple range test (DMRT)
were performed for total root area, exodermis area, cortex
area, stelar area and stele lignification using WASP-web Agri
Stat Package.

Result and discussion

Developmental plasticity is tissue/organs adaptive response
via functional, physiological and genetic changes under
drought and salt stress in order to sustain plant growth,
development and productivity. Landraces are locally adapted
genotypes evolved with genetic capabilities to endure biotic
and abiotic stresses. This study was into characterizing the
root anatomical features among 14 indica rice genotypes,
which included locally adapted landraces with varied

responses to abiotic stresses and, high yielding rice cultivars.
The primary interest was to appreciate the differences in
anatomical parameters based on root cross sections viz., total
root area and area explicitly under root exodermis, cortex and
stele as well as stelar lignification. Here, we analyzed the
differences in anatomical features between the landraces and
cultivars looking for developmental cues that enabled their
successful adaptation under drought and salt stresses. Among
the 14 genotypes, Mundan, Kuthiru, Arikayama,
Cheriviruppu, Odiyan, Orpandy, Pokkali, Kallimadayan
belong to landraces and, elite rice cultivars include CSR27,
ASD16, CO52, FL478, IR64, TRY3. Fluorescent stained root
CS images in replicates were analyzed by PHIV-RootCell as
well as ImageJ software (Fig 2a and 2b).
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Fig 2: a) Representative image of rice root cross section stained with fluorescent dye and analyzed by Image J b) Fluorescent stained root cross
section subjected to supervised image analysis by PHIV- Root Cell

Quantification of anatomical
genotypes using PHIV-Root Cell
Root diameter and area promotes root penetrance and
drought tolerance

Root diameter is one of structural characteristics that
determines plant's ability to access water and nutrients from
the soil, especially under drought situations. Increased root
diameter is associated with better root penetration through
dense layers of soil (Clark et al., 2008) 1. The root size
impacts it’s ability to penetrate strong soil layers in turn how
root diameter affects root growth pressure and the mechanism
of soil deformation during penetration (Materechera et al.,
1992) 1. Beyond root diameter, analyzing root cross-
sectional area can be an important parameter in understanding
roots efficiency of performance under abiotic stress.

In this direction, the total root cross-sectional area in 14 rice
genotypes revealed statistically significant differences,
Cheriviruppu and Kallimadayan registered highest root cross-
sectional area whereas, rice cultivar TRY3 had the lowest root

parameters of 14 rice

cross-sectional area (Fig 3a). This suggests that Cheriviruppu
and Kallimadayan may possess a higher nutrient absorption
ability and better survival under drought compared as
compared to the rest of the genotypes.

To further analyze the root plasticity in response to salt stress,
we identified seven genotypes well known for their salt
tolerance and susceptibility. Accordingly, group (A) consisted
of Mundan, Pokkali, CSR27 and TRY3 which fall under high
and moderately salt tolerant category and group (B) consisted
of ASD16, CO52, IR64 falling under salt susceptible
category. Analysis of the root cross-sectional area within the
subset of genotypes suggests that the tolerant group showed
reduced root area as compared to the susceptible group (Fig
3b). Thus, a lesser cross-sectional area observed in group (A)
is indicative of salt tolerance based on the study in grapes.
Wherein, a narrow root area and decreased root density
reduces water and nutrient absorption as well as sodium ions
favoring salt exclusion thus enabling the plant salt tolerant
(Lupo et al., 2021) 31,
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Fig 3: a) Quantification of total root area from the root cross section in all 14 rice genotypes. Data presents means + SE (N=4). Different letter
labels indicate that means are statistically significant (p<0.05) as determined by Duncan's Multiple Range Test (DMRT). 3b) Comparison of total
root area between salt tolerant (A) and susceptible (B) groups, data presents mean + SE (N=3 or 4)
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Cortex area in improving oxygenation under drought
stress

In roots, cortex is predominantly composed of thin-walled,
undifferentiated parenchyma cells located between the
exodermis and endodermis regions and, primarily functions in
storage and transport of food and nutrients (Lopez et al.,
2017) %2, Besides, oxidative stress resulted in the growth of
the cortex in response to abiotic stress (Cui et al., 2015) [,
Rice roots, with high cortex-to-stele ratio (CSR) and
aerenchyma-to-cortex ratio (ACR) play an important role in
efficient oxygen delivery, thus cortical enlargement protects

https://www.thepharmajournal.com

against mild but not acute stresses. Overall, cortical expansion
is considered an important for crops to deal with drought
stress (Wang et al., 2019) B,

Significant changes in cortical area were recorded across the
14 genotypes with Kallimadayan having the largest area and
TRY3 showing the smallest. Other genotypes with an
increased area under cortex include Mundan, Cheriviruppu,
Pokkali and ASD16. The above genotypes with highest cortex
area, may benefit from efficient oxygen transport and
protection against mild stressors, underscoring the role of
cortex in plant resilience and adaptability (Fig. 4).
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Fig 4: Quantification of cortex area from the root cross section in all

14 rice genotypes. Data presents means + SE (N=4). Different letter labels

indicate that means are statistically significant (p<0.05) as determined by Duncan's Multiple Range Test (DMRT)

Stelar area improves the water retention ability under
drought stress

The stele constitutes the inner core of the root system and
plays an important function in absorption and transport of
water and solutes from soil (Foster et al., 1959) [ Roots
characterized by a wider stelar area and suberized/lignified
endodermis may hold more water in water-stressed conditions
(Jeong et al., 2013) 31, The larger stelar area is accompanied
by larger xylem vessels thus enhancing the water transport
capacity (Burton et al., 2012) . Rice mutants with larger
stele diameter and more of stelar cells were related to higher
grain yield during drought stress conditions (Kadam et al.,
2015) (471,

Among the 14 genotypes investigated, highest stele area was
recorded in Kallimadayan followed by Mundan, Cheriviruppu
and FL478. The lowest stele area was observed in rice
cultivar TRY3. Kallimadayan with a significant increase in
stelar area might be having an improved water retention
capacity leading to drought tolerance and better survival
under stress. Thus, a larger stelar area appears to be a useful
feature and can be considered important for the plant's ability
to survive under water limiting environment (Fig. 5).

Stele lignification confers salt tolerance
The stelar region is made up of several structural

compartments starting from the endodermis, pericycle,
protoxylem, metaxylem, phloem, and parenchymatous stelar
cells. According to Dixon and Barross (2019) 1, lignification
adds mechanical strength, stiffness, and hydrophobicity to
these cells. The root endodermis which surrounds the root
vasculature, regulates the ionic balance via regulating the
movement of water and solutes through the apoplastic route
(Enstone et al., 2003) [, Besides, lignification of xylem leads
to strengthening of the xylem walls favoring high hydrolytic
conductivity from the root to the shoot system. Lignification
into the inner core of the stele confers resistance to the
movement of water and solutes into the xylem vessels. The
intensity of the stelar lignification measured in terms of pixels
can be used to predict the lignin deposition within the stele.
Among the 14 genotypes, a differential lignification pattern
was observed, genotypes viz.,, CSR27, Orpandy, Kuthiru,
FL478, and Kallimadayan showed a significant lignin
deposition, on the other hand rice cultivar CO52 was poorly
lignified. The above genotypes demonstrating higher stelar
lignification were known for their moderate level of salt
tolerance whereas, elite rice cultivar CO52 was known for its
sensitivity to salt stress. This goes well with the earlier report
that lignin deposition, particularly on the endodermis and
metaxylem were associated with the trait of salt tolerance
(Aybeke 2016) M (Fig.6).
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Fig 5: Quantification of total stelar area from the root cross section

in all 14 rice genotypes. Data presents means + SE (N=4). Different letter

labels indicate that means are statistically significant (p<0.05) as determined by Duncan's Multiple Range Test (DMRT).
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Fig 6: Quantification of stelar lignification from the root cross section in all 14 rice genotypes. Data presents means + SE (N=4). Different letter
labels indicate that means are statistically significant (p<0.05) as determined by Duncan's Multiple Range Test (DMRT).

Exodermis in the interface of soil and roots

The external layer of roots comprises of the following, the
epidermis, exodermis and sclerenchyma. The casparian strips
on the cell walls of the exodermis, is a specialized root tissue
and serves as an impermeable barrier (Hose et al., 2001) 241,
It protects roots from infections and, regulates water,
preventing excessive loss by diffusion while promoting water
replenishment (Ma et al., 2003; Soukup et al., 2007) 24 27,
Furthermore, the exodermis regulates the radial flow of water

and nutrients as well as adaptation to external stressors
(Enstone et al., 2003) Pl Thus, exodermis is important for
root function, protection and adaptation to environmental
challenges (Kamula et al., 1994) (8l Among the 14 rice
genotypes, CO52, CSR27, Cheriviruppu and FL478 showed
highest area under exodermis thus preventing excessive water
loss conferring a barrier mechanism in the interface of soil
and roots (Fig.7).
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Fig 7: Quantification of exodermis area from root the cross section in all 14 rice genotypes. Data presents means + SE (N=4). Different letter
labels indicate that means are statistically significant (p<0.05) as determined by Duncan's Multiple Range Test (DMRT).

Conclusion

This research explored the anatomical variations in root cross
sections of 14 indica rice genotypes. The total root area and
that of the individual anatomical parameters viz., exodermis,
cortex and stele varied with individual rice genotypes as an
adaptive response to abiotic stresses such as drought and salt.
Screening rice genotypes based on the anatomical parameters
can serve as a phenotyping tool for plant breeders and
researchers to identify the right genotype of choice towards
developing crop varieties better adapted to abiotic stress
conditions.  Landraces  Mundan,  Cheriviruppu and
Kallimadayan with favorable anatomical traits viz., increased
area under cortex and larger and lignified stelar region and as
compared to others genotypes can be utilized as donors in
crop improvement programs.
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