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ABSTRACT

Background: Rice genotypes exhibit notable diversity in grain zinc content, with wild types accumulating higher levels than cultivated
varieties, even in zinc-deficient soils. This study focuses on the wild rice genotype Karuppunel (Zn tolerant), along with cultivated
varieties CO51 (Zn responsive) and ADT39 (Zn sensitive). The research explores the relationship between the composition of organic
acids in root exudates, proton efflux and root length at various growth stages under both +Zn and -Zn conditions.

Methods: The experiment was conducted by growing rice genotypes Karuppunel, CO51 and ADT39 under two different zinc applied
conditions. Non target based metabolomics was done to study the alterations in organic acid composition in root exudates using LC-
MS/MS. Proton efflux was studied by the methodology given by Bashan et al. (1989) and root length was measured from the plant’s
base to the tip of the longest root. The data was analyzed by using Metaboanalyst 5.0 software and Origin Pro 2023b, version
10.0.5.157.

Result: By non-target metabolomics we identified 14 organic acids were identified in rice root exudates across growth stages in
response to zinc. Random Forest analysis’s variable importance plot consistently highlights nicotinic acid in Karuppunel, regardless
of zinc conditions. Karuppunel exhibits higher proton efflux of 4.23 and 5.12 ymole H* g fresh weight* h-* followed by CO51 i.e., 3.76
and 4.14 pymole H* g fresh weight* h* under +Zn and -Zn respectively, while ADT39 shows lower proton efflux. Despite varying zinc
conditions, root length increases across stages, with Karuppunel consistently having the highest length, particularly at grain-filling
of 16.65 cm under +Zn and 15.75 cm under -Zn. Understanding these physiological changes may contribute valuable insights for

breeders in designing zinc nutrient acquisition-focused breeding programs.

Key words: Karuppunel, Organic acids, Proton efflux, Root exudates, Root length.

INTRODUCTION

Rice (Oryza sativa L.) is crucial for maintaining worldwide
food security and serves as a fundamental dietary staple
for over half of the global population (Birla et al., 2017).
Nonetheless, the productivity of rice often faces hindrances
due to nutrient deficiencies, with Zinc (Zn) being particularly
essential as a micronutrient significant for optimal plant
growth and development (Palmer et al., 2009). Over 30% of
the world’s population experiences a deficiency of Zn in their
diet, leading to challenges such as impaired immune
system function, hindered growth and cognitive delays
(Midya et al., 2021).

A plant’s total photosynthetic products are secreted as
root exudates to an extent of approximately 50% (VanDam
and Bouwmeester, 2016). Root exudates, rich in primary
metabolites like sugars, organic acids and amino acids, play
a crucial role in nutrient acquisition, plant-soil feedback on
pathogen defense and reducing the reliance on fertilizers
and pesticides (Preece and Penuelas, 2020). The
composition of exudates is influenced by factors such as
plant genotype, growth phases, root traits, nutrient
availability and ecological conditions (Zhang et al., 2019).
Organic acids, predominant in root exudates, are
intermediates of the tricarboxylic acid cycle and are
induced by various environmental stresses, including
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micronutrient deficiencies such as iron, zinc, and
manganese (Martinez-Cuenca et al., 2013; Bandyopadhyay
et al., 2017; Rengel, 2015). Organic acids also play novel
roles, such as malate influencing primary root growth
during phosphorus deficiency in maize, acetic acid in
drought stress tolerance in Arabidopsis, and oxalate in
biotic stress tolerance (Lehner et al., 2008; Kim et al.,
2017; Mora-Macias et al., 2017).
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Proton efflux, the release of protons into the rhizosphere,
is a fundamental aspect of plant nutrient mobilization and
absorption, influencing rhizosphere pH. This process is
closely linked to vital physiological processes, including
mineral uptake and plant cell enlargement (Werner, 1992;
Bashan and Levanony, 1989). Proton efflux from roots is
associated with various conditions, such as root elongation,
geotropism, iron or phosphorus deficiencies, nutrient
availability and aluminum toxicity (Punpom et al., 2022).
Roots, capable of sensing environmental stimuli,
dynamically adjust their growth strategies in response to
biotic and abiotic stresses, involving changes in root
exudates, length, branching, growth direction and cell wall
compositions (Lamers et al., 2020; Muthert et al., 2020).
Understanding these dynamic root growth strategies and
their underlying mechanisms is crucial for enhancing crop
yield in future agricultural strategies. This study focused on
exploring the root exudation pattern of organic acids,
rhizospheric proton efflux, and root length in three rice
genotypes i.e., Karuppunel, CO51, ADT39 analyzing
correlations under +Zn and -Zn conditions.

MATERIALS AND METHODS
Experimental setup for the growth of rice genotypes with
responseto zinc

The pot experiment was conducted at the Tamil Nadu
Agricultural University in Coimbatore, India, using cement
tanks with local paddy wetland farm soil. Rice genotypes,
Karuppunel: 44 mg kg, CO51: 18 mg kg?, and ADT39: 12
mg kg, with varying grain Zn content, were utilized (Lavanya
et al.,, 2024). The Soil characteristics were as follows pH
(8.59), Electrical conductivity (0.21 Dsm™), Nitrogen (147.4
mg kg?), Phosphorus (27.2 mg kg?), Potassium (202.75
mg kg™), Zinc (2.02 mg kg™), Iron (2.51 mg kg*) and Organic
carbon (0.49 %). Puddled soil in tanks was used for direct
dibbling of paddy seeds, retaining two seedlings per hill
after 15 days. The experiment comprised two conditions:
(i) with basal application of zinc fertilizer at 25.00 kg ha* of
ZnSO, and foliar spray with 0.5% ZnSO, after 30 days of
sowing (+Zn) and (ii) without the application of ZnSO, (-
Zn). At vegetative, panicle initiation and grain-filling stages
plants were uprooted for sampling.

Collection of rice root exudates

Exudates of rice root were collected by uprooting and
washing the roots, sterilization was done with sodium
hypochlorite for 2 minutes, followed by a final rinse in sterile
distilled water. Plants were placed in bottles with extraction
buffer (0.01 M calcium sulfate) and exposed to sunlight for
2 hours. Collected exudates was filtered using Whatman
No. 42 filter paper and a 0.45-um membrane filter to remove
debris. The filtrate of the exudates was then fractionated
three times with equal parts of ethyl acetate. The combined
ethyl acetate fractions were dehydrated, dissolved in HPLC
grade methanol (Badri and Vivanco, 2009), and analyzed
using liquid chromatography-mass spectrophotometry.

Metabolite analysis of root exudates by liquid
chromatography-mass spectrophotometer

Root exudate samples were analyzed using a Liquid
Chromatography Mass Spectrometer (LC/MS, Shimadzu,
8040, Japan) with Electrospray lonization. Methanol-
dissolved samples were introduced via a syringe pump at
0.3 mL min. Scanning in positive and negative Q1 scan
modes covered m/z 10-700, with a source voltage of 4.8
kV and a scan speed of 7500 u s*. Capillary temperature
and sheath flow rate were maintained at 250 °C and 0.3
mL min?t. The column was washed with water and
methanol, equilibrated with acetonitrile and formic acid (pH
4.0), and set at a 50:50 (v/v) ratio, with a temperature of 35
°C. This solvent system served as the mobile phase at 0.3
mL min, with a total run time of 30 minutes (Gérka and
Wieczorek, 2017). Bioactive metabolites were identified
using the NIST mass spectral database library.

Measurement of proton efflux and root length

Proton efflux at different growth stages was measured by
delicately uprooting three plants, cleaning them, and
placing them in a nutrient solution. The solution contained
elements (Mm) K,SO, : 0.75; MgSO,: 0.65; KH,PO,: 0.1;
(NH,),SO,: 0.5; CaSO,: 0.5; H,BO,: 1x10% MnCL,.4H,0 :
1x10™; ZnS0O,.7H,0: 0.5x10"%;, CuSO,.5H,0 : 0.5x10%;
H,M00O,.H,O : 0.5x10% (Marschner et al., 1982). After a ten-
hour period in a controlled environment at a temperature
of 25+1°C, proton efflux was determined by titration with
0.01 M NaOH. The released protons were expressed as
micromoles of H* per gram of fresh weight per hour (umole
H* g fresh weight* h?). Root length (cm), measured from
the base to the tip of the longest root, was assessed
simultaneously.

Statistical analysis

Experiments, conducted with a minimum of three
replications, presented mean + standard deviation of three
replicates. Tukey's test at a 5% significance level determined
significant differences among treatments. Metabolic patterns
were visualized using a heatmap with Pearson distance
measure and Ward clustering. Variable importance plot for
random forest analysis was generated with Metabo-Analyst
5.0. Pearson correlation coefficient assessed the correlation
between proton efflux and root length. Graphs were created
using Origin Pro 2023b, version 10.0.5.157.

RESULTS AND DISCUSSION
Analyzing organic acids in rice root exudates through
non-targeted metabolic profiling

A non-target based metabolomics was done to identify the
different organic acids in root exudates of three rice
genotypes viz., Zn tolerant Karuppunel, Zn responsive
CO51 and Zn sensitive ADT39 during plant growth stages.
We have identified 14 low molecular weight organic acids
in the root exudates of rice genotypes which are in 2 clusters
(Fig 1). The identified organic acids in this study are glutaric
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acid, butyric acid, amino butyric acid, isonicotinic acid,
propanoic acid, nicotinic acid, benzoic acid, malonic acid,
cyanuric acid, acetic acid, phosphoric acid, fumaric acid,
succinic acid and sebacic acid (Table 1). All these 14
organic acids are present in exudates of Karuppunel under
-Zn conditions at any stage of plant development. Most of
the organic acids are absent in ADT39 under Zn deficiency
conditions. Research report indicated that citrate, oxalate
and malate as the major organic acids in rice root exudates.
Many studies have been conducted to understand changes
in citric, oxalic and malic acids in response to variations in
plant physiological conditions. These fourteen organic
acids have not received widespread documentation or
analysis in the existing literature. Previous studies have
recorded the occurrence of these organic acids in rice
roots. The role of fumaric acid (Li et al., 2018), succinic
acid (Aulakh et al., 2001) and acetic acid (Bhattacharya et
al.,, 2013) in TCA cycle is well explained. Role of glutaric
acid in microbial sulphur and iron cycle in paddy is indicated
by Xiao et al. (2023). Sebacic acid has been shown to
present in root exudates in Nipponbare rice when the plant
experiences physiological stress (Duan et al., 2023). In
Arabadopsis thaliana increased hormone levels such as
indole acetic acid and gibberlic acid (El-bassiouny, 2005)
and the release of phosphorus (Pantigoso et al., 2022) by
nicotinic acid have been reported. The role of Malonic acid
is also reported in rice root exudates under conditions of
phosphorus deficiency (Tawarya et al., 2013).

The study conducted on rice genotypes Karuppunel,
CO51 and ADT39 demonstrated a clear separation of 14
organic acids into two groups, revealing metabolite differences
during growth stages. The organic acids in clusterl were
found at elevated levels in -Zn conditions in CO51. In the
cluster-1, glutaric acid, butyric acid, aminobutyric acid,
isonicotinic acid in sub cluster-1 whereas propanoic acid,
benzoic acid and nicotinic acid in subcluster-2. Under
cluster-2 the cyanuric acid, malonic acid, phosphoric acid,

in subcluster-1 whereas acetic acid, sebacic acid, fumaric
acid, succinic acid, in sub cluster-2 (Fig 1). Under Zn
deficiency stress, Karuppunel exhibited higher organic acid
secretion, indicating its adaptation to activate slowly available
Zn for increased absorption. In both +Zn and -Zn conditions,
Karuppunel surpassed CO51 and ADT39 in organic acid
composition in rhizosphere soil, suggesting a role in
releasing slowly available Zn. This aligns with previous
findings on age-related discrepancies in exudate quality
and quantity in rice and other plants. Such exudates
contribute to nutrient acquisition strategies (Li et al., 2018;
lannucci et al., 2021).

The random forest importance plot identified the key
metabolites with nicotinic acid having high mean decrease
accuracy value of 0.05 indicating the most influenced
metabolite followed by sebacic acid and glutaric acid (Fig 2)
in all the 3 rice genotypes. The significance of nicotinic acid
is suggested in literatures as its role in stress responses
and as a precursor for the biosynthesis of coenzymes
involved in various metabolic pathways are demonstrated
(Duitilleul et al., 2003; Pantingoso et al., 2022). Plants release
root exudates to facilitate either the direct solubilization of
nutrients or the growth of particular microbial communities
during specific developmental stages. These exudates play
a role in enhancing the function of beneficial microbes like
phosphate solubilizing bacteria and siderophore-releasing
bacteria, aiding in the mobilization of essential nutrients in
the soil (Banion et al., 2020). The presence of organic acids,
such as nicotinic acid identified in this study, may specifically
attract microbial communities that assist in releasing
siderophores, thereby aiding in the mobilization of zinc in
soil that would otherwise be unavailable to plants.

Proton efflux in rice genotypes with response to zinc

Proton efflux patterns in rice genotypes (Fig 3) was
assessed and among the genotypes Karuppunel showed
highest proton efflux during all growth stages followed by
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G1: Karuppunel, G2: CO51, G3: ADT39; T1: +Zn, T2: -Zn; S1: Vegetative stage, S2: Panicle
initiation stage, S3: Grain filling stage.
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Fig 1. Heat map analysis showing abundance of organic acid metabolites with response to zinc in rice genotypes during stages of growth.
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Fig 2: Random forest variable importance plot of organic acids.

CO51 and ADT39. The -Zn condition showed highest proton
efflux. Also, proton efflux increased until panicle initiation
stage and a declined subsequently during grain filling
stage. Karuppunel showed higher proton efflux of 4.23 and
5.12 y mole H* g fresh weight? h'* during panicle initiation
stage, under +Zn and -Zn conditions respectively. Similar
findings have been reported in cassava, where the Fe and
Al-tolerant genotype KU50 released more protons
compared to the Fe and Al-sensitive RY9 cultivar
(Armatmontree et al., 2022 and Punpom et al., 2022).

Root length measurement in rice genotypes with
response to zinc

The measurements of root elongation are illustrated in Fig
4. Across all genotypes, there was a rise in the length of
roots as the plants underwent growth. When compared with
Zn nutritional status the root length was higher in +Zn
conditions than -Zn conditions. The Karuppunel genotype
extended the root length from vegetative stage to grain filling
stage under +Zn and -Zn conditions viz., 13.23 cm to 16.65
cm and 10.66 cm to 15.75 cm followed by CO51, 12.02 cm
to 15.94 cm and 10.54 cm to 14.34 cm. The lowest root
length was shown by ADT39 i.e., 9.03 cm to 13.75 cm and
8.56 cm to 10.25 cm. These differences of root length
suggest the difference in Zn nutrient acquisition pattern
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Fig 3: Proton efflux measured in the root zone of Karuppunel, CO51 and ADT39 during stages of growth under -Zn and +Zn conditions.
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Fig 4: Root length of Karuppunel, CO51 and ADT39 during stages of growth under -Zn and +Zn conditions.
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Fig 5: Correlation between the proton efflux and root length of the rice genotypes during different growth stages with
response to applied zinc.

among the rice genotypes. Similar results were reported in
rice (Liu et al., 2006; Gu et al., 2023). These distinctions
underscore genotype-specific responses to zinc availability,
indicating that genetic factors play a crucial role in root length
modulation under different zinc regimes.

Correlation between proton efflux and root length

The correlation analyses investigating proton efflux and root
length indicated a positive association between the length
of roots and proton efflux at every growth stage in rice
genotypes (Fig 5). The correlation coefficient (r value) ranged
from 0.083 to 0.98. A distinctly pronounced positive correlation
was identified specifically in the panicle initiation stage of
plant growth. This correlation underscores the complex
connection between rhizospheric ionic properties, as
indicated by proton efflux and the development of roots.
The proton efflux of roots has been found to correlate with
plant age, ATPase inhibitors, and various other factors
(Bashan et al., 1989). Amooaghaie et al. (2002) highlighted
a positive relationship between the release of protons and
the elongation of wheat roots. A similar interrelationship
was reported by Wang et al. (2020) in wheat, where H*
influx influenced root activity and pH, impacting wheat plant
growth.

CONCLUSION

In conclusion, this study delves into the intricate interplay
of underground plant traits, focusing on organic acids in root
exudates, proton efflux and root length in response to varying
zinc conditions in rice genotypes (Karuppunel, CO51,
ADT39). Variations in metabolite composition across
growth stages suggest genotypic differences in zinc

accumulation efficiency due to inherent variations in zinc
availability. The heightened organic acid secretion in low
zinc conditions, particularly in wild-type Karuppunel,
indicates an adaptive strategy for enhanced zinc
absorption, with nicotinic acid playing a significant role in
stress responses and coenzyme biosynthesis. Nicotinic
acid secretion by plants could potentially facilitate the
attraction of specific microbial communities involved in both
the mobilization and remobilization of zinc, thereby making
it accessible for uptake by the plant. Patterns in proton
efflux and root length highlight inherent genotypic disparities
in ion transport regulation and root development, with
increased proton efflux under zinc deficiency suggesting a
compensatory mechanism for nutrient uptake. The direct
correlation between proton efflux and root length
underscores the impact of rhizospheric ionic properties on
root growth. While further studies are needed for a
comprehensive explanation, these findings contribute to
understanding the variation in zinc use efficiency among
rice genotypes, aiming to enhance zinc nutrition in cultivated
rice varieties through plant breeding programs.
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