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Introduction 

Sesame (Sesamum indicum L.), popularly referred to as the 

"Queen of oilseed crops," is one of the ancient oilseed crops. 

Sesame seeds contain higher oil content in the range of 48 to 

55 % than other oilseeds like soybean (~20  %), groundnut 

(~45  %), sunflower (~40  %) and rapeseed (~40  %). Sesame 

oil contains up to 80 % polyunsaturated fatty acids, mainly 

oleic and linoleic acid(1,2), palmitic and stearic acid, with 

trace amounts of linolenic acid (3). Due to its higher content of 

unsaturated fatty acids, its consumption is linked to various 

health benefits, including anticancer, antihypertensive, anti-

ageing and cholesterol-lowering properties. Sesame seeds are 

rich in phosphorous, iron, magnesium, calcium, manganese, 

copper and zinc and contain high protein, vitamin B1 and 

dietary fibre. Sesame oil contains natural antioxidants, 

sesamin, sesamolin and tocopherol homologs (4). Sesame 

consumption has steadily increased due to its high nutritive 

value.  

 Globally, 12.81 million ha was under sesame 

cultivation in 2022, producing 6.55 million metric tons (5). 

Sudan is the largest producer of sesame, followed by 

Myanmar and India (5). Sesame is a tropical crop grown in 

various soils, but it thrives best in well-drained soils with light 

to medium textures. Sesame has a lower yield among oilseed 

crops and shows a poor response to inputs; therefore, it is an 

unattractive option for farmers (6). Sesame crops naturally 

adapted to dry conditions are highly vulnerable to 

waterlogging stress (7-9). Waterlogging may result from heavy 

rainfall, poor soil drainage, or inadequate irrigation 

management. Many tropical and subtropical zones have 

recently faced waterlogging due to global warming. 

Waterlogging has become a global issue due to unpredictable 

climatic changes, resulting in increasing incidences of heavy 

rainfall and flooding(10). Waterlogging affects over 17 million 

km2 of agricultural land annually resulting in annual losses of 

more than $74 USD billion (11, 12). Under changing climatic 

conditions, the frequency and intensity of heavy precipitation 

are projected to increase, further worsening waterlogging 

stress (13). Sesame is a very waterlogging-sensitive crop (14). 

Most sesame germplasm is susceptible to waterlogging at 

different crop developmental stages (15). 
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Abstract  

Sesame, the queen of oilseed crops, exhibits drought tolerance and has evolved to thrive in dry tracts. It is susceptible to waterlogging; 

even two to three days of waterlogging results in a sharp decline in yield. Evolving waterlogging-tolerant sesame varieties is the most cost-
effective approach to sustain sesame production under changing climatic conditions. Breeding for waterlogging tolerance in sesame is 

gaining momentum due to its significant impact on crop yield and quality. Recent studies have identified genotypes with varying 

tolerance levels, highlighting the importance of genetic diversity and selection methods. In conventional breeding, the selection of 

waterlogging-tolerant genotypes is an important step. No standard screening procedures are available to identify waterlogging-tolerant 
genotypes in sesame. High throughput screening techniques that combine fully automated robotic systems for imaging and data 

processing are required for in-depth research. Though appreciable improvement has been made in genomics and candidate genes / QTLs 

identified for waterlogging tolerance in sesame, integration of traditional breeding with molecular techniques is lacking. A 

multidisciplinary approach is required to develop waterlogging-tolerant sesame varieties. In this mini-review, an attempt has been made 
to document the physiological, morphological and biochemical response of the sesame to waterlogging and the challenges of screening 

and breeding sesame cultivars that are tolerant to waterlogging.  
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Morphological adaptations of sesame to waterlogging  

When soil becomes saturated with water, oxygen availability 

for plant roots is significantly reduced, leading to root 

damage(16, 17). Flooding stress reduces the number of roots 

and the length and volume of roots in sesame (7). In sesame, 

waterlogging stress adversely affected crop growth by 

limiting oxygen availability in the soil, leading to hypoxic and 

subsequently anoxic conditions (18). Under waterlogging 

stress, some plants form specialized morphological 

structures called adventitious roots, which enhance oxygen 

absorption and help plants overcome hypoxia (19). Under 

waterlogged conditions, primary roots cannot absorb water 

and nutrients, a function replaced by newly formed 

adventitious roots (20). The formation of adventitious roots 

was reported to be associated with the production of auxin, 

nitric oxide, ethylene and hydrogen peroxide (21). 

 In sesame, adventitious roots were developed in the 
water-logging resistant cultivars ZZM2541(15, 22) and 

Rajshahi Khoyeri (16). Another study reported adventitious 

root development above flooding levels in both tolerant and 

susceptible sesame cultivars, with the tolerant cultivars 

exhibiting more rapid and vigorous root development (23). 

Under hypoxic stress, primary roots perish and adventitious 

roots partially replace primary roots, further preserving the 

metabolic cycles and promoting healthy growth and 

development (24, 25). Aerenchyma formation is another 

mechanism by which plants adapt to waterlogging stress. 

Aerenchyma is a specialized tissue formed under waterlogged 

conditions and contains gas-filled channels to transfer 

oxygen from the shoots to the roots (26). Aerenchyma forms 

within 5 to 7 days of waterlogging (27). Two forms of 

aerenchyma tissues, schizogenous aerenchyma and 

lysigenous aerenchyma are reported in plants (28). In wetland 

species, schizogenous aerenchyma was observed in roots 

without cell death and lysigenous aerenchyma developed 

from programmed cell death and cell wall autolysis in 

response to flooding (29). The waterlogging tolerant sesame 

genotype ZZM2541 synthesized vast lysigenous aerenchyma 

tissues in the roots and aerenchymatous cells in the leaf vein 

epidermis under waterlogging conditions (15).  

Physiological and biochemical response of sesame to 

waterlogging 

Waterlogging leads to decreased oxygen levels in the 
rhizosphere, significantly impairing normal biochemical and 

physiological functioning. The photosynthetic rate gets 

reduced by waterlogging stress. In the early stage of 

waterlogging, there is a decrease in transpiration rate and 

stomatal conductance and an increase in CO2 diffusion 

resistance, affecting photosynthesis. In later stages of 

waterlogging, chlorophyll synthesis is reduced, leading to 

reduced light absorption and reduction in photosynthetic 

rate (30). Hence, the photosynthetic rate frequently indicates 

waterlogging tolerance (31). 

 Waterlogging at the seedling stage in sesame 

significantly increased the relative electric conductivity of the 

leaf while decreasing leaf water content and water-holding 

capacity (32). Waterlogging changed the photosynthetic 

pigment content and composition, directly affecting the 

photosynthetic rate. Waterlogging-tolerant sesame 

genotypes exhibited the highest chlorophyll under 

waterlogging, while genotypes poor in chlorophyll content 

were sensitive to waterlogging and had poor yields (3, 23). 

The content of the photosynthetic pigments, chlorophyll A, 

chlorophyll B and carotenoids, reduced appreciably under 

waterlogged conditions. This reduction in pigments 

decreases the photosynthetic capacity (33). Total chlorophyll 

content with increasing waterlogging duration was decreased 

in all 142 diverse sesame genotypes screened (23). The 

reduction was more pronounced in Chlorophyll B and was 

more significant in waterlogging-susceptible genotypes than 

intolerant ones. 

 In plants under normal conditions, there is a dynamic 

balance between producing Reactive oxygen species (ROS) 

and scavenging ROS (34). Waterlogging stress leads to 

insufficient oxygen, causing a rise in intracellular ROS (35, 36). 

This results in lipid peroxidation, protein degradation and 

enzyme inactivation, with excess ROS acting as signalling 

molecules in stressed plant cells. Hence, the ability of the 

plants to scavenge ROS and reduce harmful effects can be 

related to waterlogging tolerance (37, 38, 39). The ROS 

scavenging system is of two types: enzymatic and non-

enzymatic. The enzymatic system includes catalase, 

peroxidase and superoxide dismutase and the non-enzymatic 

system comprises ascorbic acid, glutathione peptides and 

carotenoids (40). Under waterlogging conditions in sesame, 

there is a sharp decline in superoxide dismutase, peroxidase 

and catalase activities (7). As a result, ROS cannot be 

effectively removed, disrupting the balance between ROS 

production and scavenging. This leads to free radical 

accumulation, increased cell permeability and eventual cell 

death (41, 42, 43).  

 Waterlogging-tolerant sesame genotypes exhibited the 

highest enzymatic antioxidant activities under waterlogging, 

while genotypes with poor enzymatic antioxidant activities 

were sensitive to waterlogging and had poor yields (3, 23). 

Higher enzymatic and non-enzymatic antioxidant activities 

were observed in the waterlogging tolerant sesame genotype 

EC377024, compared to the susceptible genotype IC129289

(18). Enzymatic antioxidants are crucial in plant survival 

during flooding and in preventing cell damage (38, 44, 45, 46). 

Waterlogging leads to a reduction in ascorbate in sesame 

(33). Activities of ascorbate peroxidase, which scavenges 

H2O2, monodehydroascorbate reductase and glutathione 

peroxidase, are responsible for Reactive Oxygen Species 

detoxification increased with increased stress duration. The 

coordinated interaction of the antioxidant defence system 

and glyoxalase systems plays a significant role in detoxifying 

Reactive Oxygen Species and methylglyoxal, which protect 

plants from oxidative stress and cell damage(33). 

Waterlogging-tolerant genotypes also showed increased 

proline, where proline acts as an osmolyte for osmotic 

adjustment and contributes to stabilizing cell structures and 

protecting membranes and proteins against ROS (46, 47).  

Effect of waterlogging on growth and yield attributes of 

sesame 

Waterlogging reduces growth and yield attributes in sesame, 

and even two to three days of waterlogging caused a decline 
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in output (48). Waterlogging in sesame reduced plant height, 

number of leaves, leaf area, biomass production, SPAD 

values, net photosynthesis, yield contributing parameters 

viz., capsule number per plant, seed number per capsule, 

1000-seed weight and seed yield. Poor drainage in sesame 

resulted in more than 44 percent yield loss (53), which can go 

up to 50-90 percent in severe cases (14, 15,16, 48-52). In 

sesame, the duration of waterlogging stress was reported to 

be more critical than the crop stage(33). It was reported that 

72  hrs of waterlogging was detrimental (3) and 48  hrs of 

water logging was commonly used for screening purposes (3, 

54) in pot culture experiments.  

 Sesame is affected by waterlogging at different 
developmental stages. Clear-cut evidence is unavailable 

regarding which stage of Sesamum, viz., early stage, flowering 

stage or maturity stage, is more sensitive to waterlogging. Many 

studies report waterlogging at early stages to destructively 

affect physiological, developmental and agronomical traits as 

plants cannot follow adaptive mechanisms, making them unfit 

for flooding. In contrast, another study reported the flowering 

stage as the most sensitive stage, which hardly withstand 

waterlogging (18, 51, 55, 56).  

Screening for waterlogging tolerance in sesame  

It is universally agreed that breeding for waterlogging 

tolerance and evolving waterlogging tolerant varieties is the 

most convenient method to cope with climate change (3, 17, 

57). In conventional plant breeding, screening and identifying 

parents with water-logging tolerance mechanisms is essential 

for utilizing them in hybridization programs. There are no 

standard phenotyping protocols for screening for 

waterlogging tolerance due to the variability of water logging 

stress and its compounding factors in plant response. Less 

effort has been made to screen, identify waterlogging-

tolerant sesame germplasm and develop sesame varieties 

tolerant to waterlogging (58). Most of the studies used pots in 

the tank, while others used field assays for screening for 

waterlogging. 

 In sesame, the length and weight of seedlings grown in 

Petri dishes under waterlogging and optimal conditions were 

used in laboratory assays to screen for waterlogging 

tolerance (3). When waterlogging is screened using pot 

culture experiments, seedling mortality, survival percentage 

and crop damage indices are used to assess the flooding-

tolerant genotypes. Other parameters like chlorophyll 

content, proline content and enzymatic antioxidant activities 

(SOD, POD, CAT) have been used in the early stages of the 

crop. At maturity, the plant height, leaf number, fresh and dry 

weight of shoot, branch number, pod number per plant, seed 

number per pod, 1000 seed weight and seed yield have been 

used as indices in sesame for screening (3). Since the number 

of branches per plant and thousand seed weights positively 

correlate with seed yield, these traits can serve as indirect 

indices to seed yield under waterlogging stress (3). 

 In a pot culture experiment on 20-day-old sesame 

seedlings, 30 genotypes were screened for waterlogging 

stress. Seedlings were subjected to waterlogging for 24, 48 

and 72  hrs and survival percentage was worked out. The wild 

species, Sesamum malabaricum recorded 100 percent 

seedling survival even after 72  hrs of waterlogging and was 

reported to be waterlogging tolerant (59). A new concept for 

evaluating sesame genotypes for waterlogging tolerance 

based on the ideotype concept following the MGIDI index was 

put forth (60). In the study, 40 sesame genotypes raised in 

pots were subjected to 72  hrs of waterlogging during the pre-

flowering stage and data on survival status was recorded, 

followed by calculation of stress tolerance and susceptibility 

indices along with grain yield to rank the 12 genotypes that 

survived 72  hrs of waterlogging.  

Challenges in screening for waterlogging 

Phenotyping for waterlogging tolerance is done in pot culture 

experiments or field studies. Very often, the experiments 

conducted under controlled conditions only simulate to 

some extent what happens initially in the field due to the 

intricacies of field trials (60, 61). Further, in later stages of crop 

growth, root growth and development get restricted in pots 

and pot culture studies become unfit for yield-related studies 

at later crop growth stages. Under field conditions, 

waterlogging tolerance is evaluated based on morphological 

and physiological traits or grain yield, which is simple and 

requires no specialized equipment. However, environmental 

factors can influence the precision and efficiency of field 

experiments and are difficult to control (62). Trained 

labourers usually do classical phenotypic scoring, which is 

time-consuming and subjective (63). Traditional phenotypic 

scoring during waterlogging stress is performed by visual 

scoring in greenhouses or field conditions, which is laborious, 

time-consuming and subject to errors, making phenotyping 

for waterlogging tolerance a big challenge. Accurate 

phenotyping is essential for breeders to identify and select 

parents/plants with improved waterlogging tolerance to 

accelerate the development of waterlogging-tolerant sesame 

varieties through conventional breeding.  

 Using high-throughput phenotyping and AI tools can 

help get accurate results. A detailed review of different 

phenotyping methods for waterlogging tolerance and the 

associated challenges was provided by (61). High-throughput 

phenotyping platforms use fully automatic robotic systems 

integrating high-throughput imaging systems, high-precision 

sensors and powerful data processing to collect and analyze 

phenotypic data (64). Such high throughput phenotyping 

provides new opportunities for in-depth research. High 

throughput phenotyping using imaging sensors that can be 

mounted on ground, aerial or even orbiting platforms and 

satellite imaging are the most popular choices of imaging in 

field conditions (3, 65). However, specialized platforms which 

are technically complex and costly are required. Throughput 

phenotyping platforms can detect and analyze plant traits 

such as root morphology, leaf morphology, dynamic growth, 

biomass and yield (66). Though its application to waterlogging 

tolerance is limited, high throughput phenotyping will likely 

become the future development trend. 

Breeding for waterlogging tolerance in sesame 

Minimal information is available on the breeding of 

waterlogging tolerance in sesame. As mentioned above, 

attempts have been made to screen sesame genotypes and 

identify waterlogging-tolerant ones based on the plants' 
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morphological, physiological, anatomical, molecular and 

biochemical responses. Development of adventitious roots, 

aerenchymatous cells, chlorophyll content, proline content, 

survival under waterlogging, yield and its related 

parameters, enzymatic antioxidant levels, etc., have been 

used to screen and identify waterlogging sesame genotypes.  

Selection of parents for waterlogging tolerance 

Cluster analysis of 24 Chinese sesame genotypes based on 

physiological parameters grouped Sesamum schinzianum, 

Zhushanbai, Zhongzhi No. 13 and Ganzhi No. 13 as 

waterlogging-tolerant (32). Another study reported that the 

sesame cultivar Zhongzhi No. 13 is waterlogging tolerant and 

can be used in breeding programs to enhance sesame 

production under waterlogging stress (9). In pot culture-based 

screening for physiological parameters like root volume, root 

length, root weight, leaf area per plant, SPAD value and 

antioxidant enzyme activities, the sesame genotype BD6980 

demonstrated higher resistance to waterlogging (53).  

 Thirty sesame genotypes were screened for 

waterlogging tolerance in a pot culture experiment at the 

seedling stage by flooding for 24, 48 and 72 hrs. While all the 

genotypes survived 24 and 48  hrs of waterlogging, only 17 

genotypes survived 72  hrs of waterlogging. Ten best genotypes 

viz., Ayali, S. malabaricum, SC 207, Thilarani, Thilak, GT10, SV2, 

TKG 308, TKG 22 and Rama with the highest survival 

percentages were forwarded to field trials. Flooding continued 

in the field for 72 hrs and biometrical traits were recorded. 

Among the ten genotypes, the native variety, Ayali, recorded 

the highest single-plant yield (67). Based on survival, the wild 

sesame, S. malabaricum was reported as flood-tolerant out of 

30 different sesame genotypes screened at the seedling stage 

(20 days after sowing) in a pot culture experiment (59). Through 

conventional breeding, these tolerant genotypes could serve as 

donor parents in developing waterlogging-tolerant sesame 

varieties. 

Recent developments in waterlogging tolerance studies 

in sesame 

In recent years, there has been an upsurge in data generation 

using genomics, transcriptomics, metabolomics and 

proteomics under waterlogging stress. RNA-seq-based analysis 

on samples collected at different periods post 15  hrs of water 

logging during flowering from tolerant and susceptible sesame 

cultivars found 9  hrs as the critical time point for the response 

of sesame to waterlogging stress and 66 candidate genes were 

explicitly identified for improving waterlogging tolerance in 

sesame (9). 

 The MYB gene family is one of the most significant 

transcription factors (TFs) influencing various biological 

processes within the plant kingdom. Five SIMYB genes were 

reported to be up-regulated in sesame under waterlogging. 

The gene SIMYB107 was the most induced one and had more 

than 22-fold increased gene expression, while SIMYB166, 

SIMYB155 and SIMYB 174 were down-regulated under 

waterlogging. Nearly 40 % of SIMYBs were linked to 

waterlogging stress responses, indicating their potential utility 

in augmenting the resilience of sesame plants under such 

waterlogging stress (68). The observation that more SIMYBs 

were modulated under waterlogging compared to drought 

underscores sesames' heightened vulnerability to 

waterlogging stress (9). By integrating RNA-seq data alongside 

quantitative reverse transcription polymerase chain reaction 

(qRT-PCR) analysis, it was established that SIMYBs function as 

crucial transcription factors orchestrating sesames' adaptive 

responses to both drought and waterlogging stresses (68).  

 Upregulation of genes in the bZIP family (e.g., SibZIP03, 
SibZIP04, SibZIP30, SibZIP44 and SibZIP62) has been shown to 

play a crucial role in the metabolic reprogramming processes 

that occur under waterlogging stress conditions in sesame (69). 

A study mapped six QTLs (qEZ10CHL07, qEZ10ZCL07, 

qWH10CHL09, qWH10ZCL09, qEZ09ZCL13 and qWH09CHL15) 

for waterlogging stress tolerance with one QTL (qWH10CHL09) 

linked to the SSR marker (ZM428) being used in marker-

assisted selection (MAS) for waterlogging stress tolerance(14). 

Sesame WRKY TFs were explored to understand the structure 

and function of WRKY genes and it was concluded that 

manipulating these genes could help improve waterlogging 

tolerance (70).   

 The role of the ethylene response factor (ERF) in 

waterlogging stress has been well documented. In rice, 

overexpression of SUB1A, an ERF family member, increases 

submergence tolerance (71). Gene expression profile analysis 

in sesame revealed 26 SiERFs to be highly stimulated under 

waterlogging stress (57). Among the 26 SiERFs, SiERF23 and 

SiERF54 were the most induced by waterlogging stress, 

suggesting their potential for targeted improvement of sesame 

to waterlogging stress. Metabolomics study in the water 

logging tolerant sesame cultivar EC377024 at control and 48 h 

of waterlogging stress indicated significant accumulation of 

metabolites in fatty acid(decanoate), carbohydrate, amino 

acid, Shikimate, MEP (5-enolpyruvoylshikimate-3-phosphate) 

Krebs cycle and Xanthophyll pathways (18).  

 These multiomics studies were carried out 

independently and an integrated understanding of the 

complex features of waterlogging stress has not been attained 

(72). Convention breeding in sesame for waterlogging 

tolerance is not known. QTL mapping studies in sesame using 

bi-parental mapping populations or genome-wide association 

studies (GWAS) (13, 73) have identified several QTLs and 

candidate genes associated with waterlogging tolerance, 

providing valuable resources for Marker Assisted Selection in 

sesame breeding programs. Integrating traditional breeding 

with molecular techniques like MAS can accelerate the 

development of waterlogging-tolerant sesame varieties by 

improving selection precision for waterlogging tolerance traits 

(23, 74). Gene editing technologies such as CRISPR/Cas9 enable 

targeted modifications in specific genes associated with 

waterlogging tolerance. Deploying them in sesame can result 

in the development of sesame varieties with enhanced 

tolerance to waterlogging stress.  

 

Conclusion 

Sesame, though often referred to as Queen of Oilseeds, has 

been an orphan crop with hardly any support from science and 

industry and hence lags behind other oilseed crops regarding 

genetic improvement. In India, sesame is mainly cultivated as a 

rainfed crop. Climate change can lead to no rainfall, followed 
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by heavy and prolonged precipitation, resulting in devastating 

floods (75, 76). Developing waterlogging tolerant sesame 

cultivars is urgently needed to cope with the situation. The 

waterlogging signalling mechanism is not fully understood in 

plants. However, appreciable progress has been achieved in 

understanding the morphological/ physiological/and 

biochemical basis of waterlogging tolerance in sesame and 

identifying QTLs and candidate genes for waterlogging 

tolerance. Further, sesame is primarily cultivated in developing 

countries where resources are poor and access to advanced 

techniques is scarce. Hence, there is a need for international 

collaboration to exploit the full potential of sesame (6). Climate

-smart sesame cultivars can ensure the sustainability of the 

crop in the face of climate change. A multidisciplinary 

approach that combines traditional plant breeding, molecular 

techniques and advanced agronomic practices is needed to 

address the complexity of waterlogging stress and evolve 

water-logging-tolerant sesame to sustain sesame production 

during unpredictable climatic conditions. 

 

Acknowledgements  

The authors acknowledge the help of Mr. Jawahar Desigan 
(PG student) in the literature collection and citation of 

references. 

 

Authors' contributions 

CP, MM, MJ and GS conceived the idea and prepared the 

manuscript; CP, MPK, PG and RA reviewed and revised the 

manuscript. All authors read and approved the final 

manuscript. 

 

Compliance with ethical standards 

Conflict of interest: Authors do not have any conflict of 

interest to declare. 

Ethical issues: None 

 

References 

1. Ashri A. Sesame breeding. Pl Breeding Rev 1998;16:179–228. https://
doi.org/10.1002/9780470650110.ch5  

2. Bedigian D. Sesame: the genus Sesamum. Boca Raton:CRC press; 
2010.  

3. Habibullah M, Sarkar S, Islam MM, Ahmed KU, Rahman MZ, Awad 
MF, et al. Assessing the response of diverse sesame genotypes to 

waterlogging durations at different plant growth stages. Plants. 
2021;10(11):2294. https://doi.org/10.3390/plants10112294 

4. Brar GS, Ahuja K. Sesame: its culture, genetics, breeding and 

biochemistry. Ann Rev Pl Sci. 1979;1:245–313. 

5. Canton H. Food and agriculture organization of the United Nations-
FAO. In: Europa P. The Europa directory of international 

organizations London: Routledge; 2021. p. 297–305. https://
doi.org/10.4324/9781003179900-41  

6. Rauf S, Basharat T, Gebeyehu A, Elsafy M, Rahmatov M, Ortiz R, et al. 

Sesame, an underutilized oil seed crop: breeding achievements and 
future challenges. Plants. 2024;13(18):2662. https://doi.org/10.3390/

plants13182662  

7. Huashan L, Fanting M, Qinghua Y, Jinfeng H, Chunli W, Wentao D. 

Effect of waterlogging on the growth and anti-oxidative enzyme 
activity of sesame root system. Plant Physiol Comm. 2005;41(1):45–7. 

8. Gong H, Zhao F, Pei W, Meng Q. Advances in sesame (Sesamum 
indicum L.) germplasm resources and molecular biology research. J 

Plant Genet Resour. 2016;17(3):517–22. 

9. Wang L, Li D, Zhang Y, Gao Y, Yu J, Wei X, et al. Tolerant and 
susceptible sesame genotypes reveal waterlogging stress response 

patterns. PloS One. 2016;11(3):e0149912. https://doi.org/10.1371/

journal.pone.0149912  

10. Van Nguyen L, Takahashi R, Githiri SM, Rodriguez TO, Tsutsumi N, 
Kajihara S, et al. Mapping quantitative trait loci for root 
development under hypoxia conditions in soybean (Glycine max L. 

Merr.). Theor App Gen. 2017;130:743–55. https://doi.org/10.1007/

s00122-016-2847-3  

11. Shabala S. Physiological and cellular aspects of phytotoxicity 
tolerance in plants: the role of membrane transporters and 

implications for crop breeding for waterlogging tolerance. New 
Phytol. 2011;190(2):289–98. https://doi.org/10.1111/j.1469-

8137.2010.03575.x 

12. Voesenek L, Sasidharan R. Ethylene–and oxygen signalling-drive 
plant survival during flooding. Plant Biol. 2013;15(3):426–35. https://

doi.org/10.1111/plb.12014  

13. Wei X, Gong H, Yu J, Liu P, Wang L, Zhang Y, et al. SesameFG: an 
integrated database for the functional genomics of sesame. Sci Rep. 

2017;7(1):2342. https://doi.org/10.1038/s41598-017-02586-3  

14. Wang L, Zhang Y, Qi X, Li D, Wei W, Zhang X. Global gene expression 
responses to waterlogging in roots of sesame (Sesamum indicum 
L.). Acta Physiol Plant. 2012;34:2241–9. https://doi.org/10.1007/

s11738-012-1024-9  

15. Wei W, Li D, Wang L, Ding X, Zhang Y, Gao Y, et al. Morpho-
anatomical and physiological responses to waterlogging of sesame 

(Sesamum indicum L.). Plant Sci. 2013;208:102–11. https://

doi.org/10.1016/j.plantsci.2013.03.014 

16. Islam M, Khatoon M. Waterlogged tolerance of sesame genotypes 
on the basis of morpho-anatomical features and yield. Bangladesh 
J Nuclear Agric. 2020:33–4. 

17. Gracia M, Mansour E, Casas A, Lasa J, Medina B, Cano JLM, et al. 
Progress in the Spanish national barley breeding program. Span J 
Agric Res. 2012;10(3):741–51. https://doi.org/10.5424/sjar/2012103-

2613  

18. Shah A, Gadol N, Priya G, Mishra P, Rao M, Singh NK, et al. Morpho-
physiological and metabolites alteration in the susceptible and 

tolerant genotypes of sesame under waterlogging stress and post-
waterlogging recovery. Pl Stress. 2024;11:100361. https://

doi.org/10.1016/j.stress.2024.100361  

19. Parolin P. Morphological and physiological adjustments to 
waterlogging and drought in seedlings of Amazonian floodplain 

trees. Oecologia. 2001;128:326–35. https://doi.org/10.1007/

s004420100660  

20. Qi X, Li Q, Shen J, Qian C, Xu X, Xu Q, et al. Sugar enhances 
waterlogging-induced adventitious root formation in cucumber by 
promoting auxin transport and signalling. Plant, Cell  Environ. 

2020;43(6):1545–57. https://doi.org/10.1111/pce.13738  

21. Xu X, Chen M, Ji J, Xu Q, Qi X, Chen X. Comparative RNA-seq based 
transcriptome profiling of waterlogging response in cucumber 

hypocotyls reveals novel insights into the de novo adventitious root 

primordia initiation. BMC Pl Bio. 2017;17:1–13. https://
doi.org/10.1186/s12870-017-1081-8 

22. Xu F, Wang X, Zhang X. Chlorophyll fluorescence, photosynthetic 
and morphological characteristics of waterlogged sesame 

seedlings. Agric Sci Techno. 2017;18(4):596–601. 

23. Chugh V, Mishra V, Sharma V, Kumar M, Ghorbel M, Kumar H, et al. 
Deciphering Physio-biochemical basis of tolerance mechanism for 

sesame (Sesamum indicum L.) genotypes under waterlogging stress 

https://doi.org/10.1002/9780470650110.ch5
https://doi.org/10.1002/9780470650110.ch5
https://doi.org/10.3390/plants10112294
https://doi.org/10.4324/9781003179900-41
https://doi.org/10.4324/9781003179900-41
https://doi.org/10.3390/plants13182662
https://doi.org/10.3390/plants13182662
https://doi.org/10.1371/journal.pone.0149912
https://doi.org/10.1371/journal.pone.0149912
https://doi.org/10.1007/s00122-016-2847-3
https://doi.org/10.1007/s00122-016-2847-3
https://doi.org/10.1111/j.1469-8137.2010.03575.x
https://doi.org/10.1111/j.1469-8137.2010.03575.x
https://doi.org/10.1111/plb.12014
https://doi.org/10.1111/plb.12014
https://doi.org/10.1038/s41598-017-02586-3
https://doi.org/10.1007/s11738-012-1024-9
https://doi.org/10.1007/s11738-012-1024-9
https://doi.org/10.1016/j.plantsci.2013.03.014
https://doi.org/10.1016/j.plantsci.2013.03.014
https://doi.org/10.5424/sjar/2012103-2613
https://doi.org/10.5424/sjar/2012103-2613
https://doi.org/10.1016/j.stress.2024.100361
https://doi.org/10.1016/j.stress.2024.100361
https://doi.org/10.1007/s004420100660
https://doi.org/10.1007/s004420100660
https://doi.org/10.1111/pce.13738
https://doi.org/10.1186/s12870-017-1081-8
https://doi.org/10.1186/s12870-017-1081-8


 PARAMESWARI ET AL  6     

https://plantsciencetoday.online 

at early vegetative stage. Plants. 2024;13(4):501. https://

doi.org/10.3390/plants13040501  

24. Xu X, Ji J, Ma X, Xu Q, Qi X, Chen X. Comparative proteomic analysis 
provides insight into the key proteins involved in cucumber 
(Cucumis sativus L.) adventitious root emergence under 

waterlogging stress. Fron Plant Sci. 2016;7:1515. https://

doi.org/10.3389/fpls.2016.01515  

25. Lin Chen LC, Sauter M. Polar auxin transport determines 
adventitious root emergence and growth in rice. Frontiers in plant 

science. 2019;10:444 https://doi.org/10.3389/fpls.2019.00444  

26. Drew M, Saglio P, Pradet A. Larger adenylate energy charge and 
ATP/ADP ratios in aerenchymatous roots of Zea mays in anaerobic 
media as a consequence of improved internal oxygen transport. 

Planta. 1985;165:51–8. https://doi.org/10.1007/BF00392211  

27. Thomson C, Armstrong W, Waters I, Greenway H. Aerenchyma 
formation and associated oxygen movement in seminal and nodal 

roots of wheat. Plant, Cell Environ. 1990;13(4):395–403. https://

doi.org/10.1111/j.1365-3040.1990.tb02144.x 

28. Jackson M, Armstrong W. Formation of aerenchyma and the 
processes of plant ventilation in relation to soil flooding and 
submergence. Plant Bio. 1999;1(03):274–87. https://

doi.org/10.1055/s-2007-978516 

29. Evans DE. Aerenchyma formation. New Phyto. 2004;161(1):35–49. 
https://doi.org/10.1046/j.1469-8137.2003.00907.x 

30. Grzesiak MT, Janowiak F, Szczyrek P, Kaczanowska K, Ostrowska A, 
Rut G, et al. Impact of soil compaction stress combined with 
drought or waterlogging on physiological and biochemical markers 

in two maize hybrids. Acta Physio Plant. 2016;38:1–15. 1https://
doi.org/10.1007/s11738-016-2128-4  

31. Dickin E, Wright D. The effects of winter waterlogging and summer 
drought on the growth and yield of winter wheat (Triticum aestivum 
L.). Europ J Agron. 2008;28(3):234–44. https://doi.org/10.1016/

j.eja.2007.07.010 

32. Pan Hua PH, Zhou HongYing ZH, Sun Jian SJ, Yan TingXian YT, Rao 
YueLiang RY, Yan XiaoWen YX, et al. Study on difference in response 

of different genotypic sesame seedlings to waterlogging stress. Acta 
Agric Jiangxi. 2015;27(1):24–7. 

33. Anee TI, Nahar K, Rahman A, Mahmud JA, Bhuiyan TF, Alam MU, et 
al. Oxidative damage and antioxidant defense in Sesamum indicum 
after different waterlogging durations. Plants. 2019;8(7):196. 

https://doi.org/10.3390/plants8070196  

34. Miller G, Shulaev V, Mittler R. Reactive oxygen signaling and abiotic 
stress. Physiologia plantarum. 2008;133(3):481–9. https://

doi.org/10.1111/j.1399-3054.2008.01090.X 

35. Bailey-Serres J, Chang R. Sensing and signalling in response to 
oxygen deprivation in plants and other organisms. Ann Botany. 

2005;96(4):507–18. https://doi.org/10.1093/aob/mci206  

36. Pucciariello C, Parlanti S, Banti V, Novi G, Perata P. Reactive oxygen 
species-driven transcription in Arabidopsis under oxygen 

deprivation. Plant Physiol. 2012;159(1):184–96. https://
doi.org/10.1104/pp.111.191122  

37. Dumanović J, Nepovimova E, Natić M, Kuča K, Jaćević V. The 
significance of reactive oxygen species and antioxidant defense 
system in plants: A concise overview. Fron Plant Sci. 

2021;11:552969. https://doi.org/10.3389/fpls.2020.552969 

38. Sairam R, Kumutha D, Ezhilmathi K, Deshmukh P, Srivastava G. 
Physiology and biochemistry of waterlogging tolerance in plants. 

Biol Plantarum. 2008;52:401–12. https://doi.org/10.1007/s10535-
008-0084-6  

39. Jaiswal A, Srivastava J. Changes in reactive oxygen scavenging 
systems and protein profiles in maize roots in response to nitric oxide 
under waterlogging stress. Ind J Biochem Biophy.2018;55:26–33. 

40. Komatsu S, Shirasaka N, Sakata K. 'Omics' techniques for 

identifying flooding–response mechanisms in soybean. J Proteo. 
2013;93:169–78. https://doi.org/10.1016/j.jprot.2012.12.016  

41. Zhang XiaoQin ZX, Wu KeLi WK, Xue DaWei XD. Effects of 
waterlogging stress on antioxidative enzyme system in different 

barley genotypes. J Zhejiang Uni. 2009;35:315–320.  

42. Xie R, Zheng L, Jiao Y, Huang X. Understanding physiological and 
molecular mechanisms of citrus rootstock seedlings in response to 

root zone hypoxia by RNA-Seq. Environ Exp Bot. 2021;192:104647. 

https://doi.org/10.1016/j.envexpbot.2021.104647 

43. Zhao T, Pan X, Ou Z, Li Q. Comprehensive evaluation of 
waterlogging tolerance of eleven Canna cultivars at flowering stage. 
Sci Hortic. 2022;296:110890. https://doi.org/10.1016/

j.scienta.2022.110890 

44. Wang R, He P, Shao L, Zhang B, Li G. Responses of antioxidation 
system of Cynodon dactylon to recirculated landfill leachate 

irrigation. J Appl Ecol. 2005;16(5):933–8. 

45. Hossain Z, López-Climent MF, Arbona V, Pérez-Clemente RM, Gómez
-Cadenas A. Modulation of the antioxidant system in citrus under 

waterlogging and subsequent drainage. J Pl Physiol. 2009;166
(13):1391–404. https://doi.org/10.1016/j.jplph.2009.02.012  

46. Xu F-y, Wang X-l, Wu Q-x, Zhang X-r, Wang L-h. Physiological 
responses differences of different genotype sesames to flooding 
stress. Adv J Food Sci Technol. 2012;4(6):352–6. 

47. Steffens B, Kovalev A, Gorb SN, Sauter M. Emerging roots alter 
epidermal cell fate through mechanical and reactive oxygen species 
signaling. The Plant Cell. 2012;24(8):3296–306. https://

doi.org/10.1105/tpc.112.101790  

48. Ucan K, Kıllı F, Gençoğlan C, Merdun H. Effect of irrigation frequency 
and amount on water use efficiency and yield of sesame (Sesamum 

indicum L.) under field conditions. Field Crops Res. 2007;101(3):249–
58. https://doi.org/10.1016/j.fcr.2006.11.011  

49. Mensah J, Obadoni B, Eruotor P, Onome-Irieguna F. Simulated 
flooding and drought effects on germination, growth and yield 
parameters of sesame (Sesamum indicum L.). African Journal of 

biotechnology. 2006;5(13):1249–53.  

50. Saha R, Ahmed F, Mokarroma N, Rohman M, Golder P. Physiological 
and biochemical changes in waterlog tolerant sesame genotypes. 

SAARC J Agric. 2016;14(2):31–45. https://doi.org/10.3329/
sja.v14i2.31243   

51. Anee TI, Biswas PK, Hasanuzzaman M. Changes in morpho-
physiological and yield attributes of Sesamum indicum under 
waterlogging at different growth stages. J Bangla Acad Sci. 2022;46

(2). https://doi.org/10.3329/jbas.v46i2.63415  

52. Sun J, Zhang X, Zhang Y, Wang L, Huang B. Effects of waterlogging 
on leaf protective enzyme activities and seed yield of sesame at 

different growth stages. Chin J Appl Environ Biol. 2009;15(6):790–5. 
https://doi.org/10.3724/SP.J.1145.2009.00790 

53. Saha R, Ahmed B, Aziz M, Hossain M. Screening of sesame 
genotypes for waterlogging tolerance. Bangladesh Agron J. 2010;13
(1):83–93. 

54. Jatav NC, Choudhary R, Kushwaha AS, Chaturvedi S. Unlocking the 
genetic variations in sesame (Sesamum indicum L.) germplasm for 
waterlogging tolerance. J Oilseeds Res. 2021;38(3):295–9, 

55. Zaman MSU, Malik AI, Kaur P, Ribalta FM, Erskine W. Waterlogging 
tolerance at germination in field pea: variability, genetic control and 
indirect selection. Fron Pl Sci. 2019;10:953. https://doi.org/10.3389/

fpls.2019.00953  

56. Subbaiah CC, Sachs MM. Altered patterns of sucrose synthase 
phosphorylation and localization precede callose induction and 

root tip death in anoxic maize seedlings. Plant Physio. 2001;125
(2):585–94. https://doi.org/10.1104/pp.125.2.585  

57. Abaza GMSM, Awaad HA, Attia ZM, Abdel-Lateif KS, Gomaa MA, 
Abaza SMSM, et al. Inducing potential mutants in bread wheat using 

https://plantsciencetoday.online
https://doi.org/10.3390/plants13040501
https://doi.org/10.3390/plants13040501
https://doi.org/10.3389/fpls.2016.01515
https://doi.org/10.3389/fpls.2016.01515
https://doi.org/10.3389/fpls.2019.00444
https://doi.org/10.1007/BF00392211
https://doi.org/10.1055/s-2007-978516
https://doi.org/10.1055/s-2007-978516
https://doi.org/10.1007/s11738-016-2128-4
https://doi.org/10.1007/s11738-016-2128-4
https://doi.org/10.1016/j.eja.2007.07.010
https://doi.org/10.1016/j.eja.2007.07.010
https://doi.org/10.3390/plants8070196
https://doi.org/10.1111/j.1399-3054.2008.01090.x
https://doi.org/10.1111/j.1399-3054.2008.01090.x
https://doi.org/10.1093/aob/mci206
https://doi.org/10.1104/pp.111.191122
https://doi.org/10.1104/pp.111.191122
https://doi.org/10.3389/fpls.2020.552969
https://doi.org/10.1007/s10535-008-0084-6
https://doi.org/10.1007/s10535-008-0084-6
https://nopr.niscpr.res.in/handle/123456789/34
https://doi.org/10.1016/j.jprot.2012.12.016
https://doi.org/10.1016/j.envexpbot.2021.104647
https://doi.org/10.1016/j.scienta.2022.110890
https://doi.org/10.1016/j.scienta.2022.110890
https://doi.org/10.1016/j.jplph.2009.02.012
https://doi.org/10.1105/tpc.112.101790
https://doi.org/10.1105/tpc.112.101790
https://doi.org/10.1016/j.fcr.2006.11.011
https://doi.org/10.3329/sja.v14i2.31243
https://doi.org/10.3329/sja.v14i2.31243
https://doi.org/10.3329/jbas.v46i2.63415
https://doi.org/10.3724/SP.J.1145.2009.00790
https://doi.org/10.3389/fpls.2019.00953
https://doi.org/10.3389/fpls.2019.00953
https://doi.org/10.1104/pp.125.2.585


7 

Plant Science Today, ISSN 2348-1900 (online) 

different doses of certain physical and chemical mutagens. Plant 

Breed Biotech. 2020;8:252–64. https://doi.org/10.9787/
pbb.2020.8.3.252 

58. Yadav R, Kalia S, Rangan P, Pradheep K, Rao GP, Kaur V, et al. 
Current research trends and prospects for yield and quality 

improvement in sesame, an important oilseed crop. Fron Pl Sci. 

2022;13:863521. https://doi.org/10.3389/fpls.2022.863521 

59. Athul V, Bindu M. Screening of Sesame genotypes for Waterlogging 
Tolerance.In: Proceedings of National Seminar on Biodiversity 

Conservation and Farming Systems for Wetland Ecology; 2017 Feb 22-
23; Kerala, India. Kerala: NSBC; 2017 [cited 2024 Sep 10] p.259–60  

60. Ahsan AFMS, Alam Z, Ahmed F, Akter S, Khan MAH. Selection of 
waterlogging tolerant sesame genotypes (Sesamum indicum L.) 

from a dataset using the MGIDI index. Data in Brief. 2024;53:110176. 

https://doi.org/10.1016/j.dib.2024.110176  

61. Langan P, Bernád V, Walsh J, Henchy J, Khodaeiaminjan M, 
Mangina E, et al. Phenotyping for waterlogging tolerance in crops: 

current trends and future prospects. J Exp Bot. 2022;73(15):5149–
69. https://doi.org/10.1093/jxb/erac243  

62. Xu Z, Ye L, Shen Q, Zhang G. Advances in the study of waterlogging 
tolerance in plants. J Integ Agric. 2024;23(9):2877. https://

doi.org/10.1016/j.jia.2023.12.028  

63. Negrão S, Julkowska MM. Plant phenotyping. eLS. 2020:1-14. 
https://doi.org/10.1002/9780470015902.a0028894 

64. Yang FF, Tao L, Wang QY, Du MZ, Yang TL, Liu DZ, et al. Rapid 
determination of leaf water content for monitoring waterlogging in 
winter wheat based on hyperspectral parameters. J Integ Agric. 

2021;20(10):2613–26. https://doi.org/10.1016/S2095-3119(20)63306-8 

65. Li L, Zhang Q, Huang D. A review of imaging techniques for plant 
phenotyping. Sensors. 2014;14(11):20078–111. https://

doi.org/10.3390/s141120078 

66. Lobos GA, Camargo AV, Del Pozo A, Araus JL, Ortiz R, Doonan JH. 
Plant phenotyping and phenomics for plant breeding. Frontiers 

Media SA; 2017. https://doi.org/10.3389/978-2-88945-532-4 

67. Sreepriya S. Evaluation of sesame genotypes for tolerance to 
waterlogging. MSc. [Thesis].  Vellanikkara: College of Agriculture; 

2016. Available from: https://krishikosh.egranth.ac.in/
items/74e0b601-df52-4386-ae06-34f9a0f8070f 

68. Mmadi MA, Dossa K, Wang L, Zhou R, Wang Y, Cisse N, et al. 
Functional characterization of the versatile MYB gene family 
uncovered their important roles in plant development and 

responses to drought and waterlogging in sesame. Genes. 2017;8
(12):362. https://doi.org/10.3390/genes8120362 

69. Wang Y, Zhang Y, Zhou R, Dossa K, Yu J, Li D, et al. Identification and 
characterization of the bZIP transcription factor family and its 
expression in response to abiotic stresses in sesame. PLoS One. 

2018;13(7):e0200850. https://doi.org/10.1371/journal.pone.0200850 

70. Li D, Liu P, Yu J, Wang L, Dossa K, Zhang Y, et al. Genome-wide 
analysis of WRKY gene family in the sesame genome and 

identification of the WRKY genes involved in responses to abiotic 
stresses. BMC Plant Biol. 2017;17:1–19. https://doi.org/10.1186/

s12870-017-1099-y 

71. Jung K-H, Seo Y-S, Walia H, Cao P, Fukao T, Canlas PE, et al. The 
submergence tolerance regulator Sub1A mediates stress-responsive 

expression of AP2/ERF transcription factors. Pl Physiol. 2010;152

(3):1674–92. https://doi.org/10.1104/pp.109.152157  

72. Pazhamala LT, Kudapa H, Weckwerth W, Millar AH, Varshney RK. 
Systems biology for crop improvement. Pl Gen. 2021;14(2):e20098. 
https://doi.org/10.1002/tpg2.20098 

73. Yan Z, Lin W, Dong-Hua L, Yuan G, Hai L, Xiu Z. Mapping of sesame 
waterlogging tolerance QTL and identification of excellent 
waterlogging tolerant germplasm. Sci Agric Sinica. 2014;47(3):422–

30. https://doi.org/10.3864/j.issn.0578-1752.2014.03.002 

74. Bashir H, Zafar S, Rehman R, Khalid M, Amjad I. Breeding potential 
of sesame for waterlogging stress in Asia. Biol Agric Sci Res J. 

2023;2023(1):10. https://doi.org/10.54112/basrj.v2023i1.10  

75. Tabari H. Climate change impact on flood and extreme 
precipitation increases with water availability. Scientific Rep. 

2020;10(1):13768. https://doi.org/10.1038/s41598-020-70816-2  

76. Attia A, El-Hendawy S, Al-Suhaibani N, Tahir MU, Mubushar M, dos 
Santos Vianna M, et al. Sensitivity of the DSSAT model in simulating 

maize yield and soil carbon dynamics in arid Mediterranean 
climate: Effect of soil, genotype and crop management. Field Crops 

Res. 2021;260:107981. https://doi.org/10.1016/j.fcr.2020.107981  

 

Additional information 

Peer review: Publisher  thanks Sectional Editor and the other anonymous 
reviewers for their contribution to the peer review of this work. 

Reprints & permissions information is available at https://
horizonepublishing.com/journals/index.php/PST/open_access_policy 

Publisher’s Note: Horizon e-Publishing Group remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations. 

Indexing: Plant Science Today, published by Horizon e-Publishing Group, is 
covered by Scopus, Web of Science, BIOSIS Previews, Clarivate Analytics, 
NAAS, UGC Care, etc 
See https://horizonepublishing.com/journals/index.php/PST/
indexing_abstracting 

Copyright: © The Author(s). This is an open-access article distributed under 
the terms of the Creative Commons Attribution License, which permits 
unrestricted use, distribution and reproduction in any medium, provided the 
original author and source are credited (https://creativecommons.org/
licenses/by/4.0/) 

Publisher information:  Plant Science Today is published by HORIZON e-
Publishing Group with support from Empirion Publishers Private Limited, 
Thiruvananthapuram, India. 

https://doi.org/10.9787/PBB.2020.8.3.252
https://doi.org/10.9787/PBB.2020.8.3.252
https://doi.org/10.3389/fpls.2022.863521
https://doi.org/10.1016/j.dib.2024.110176
https://doi.org/10.1093/jxb/erac243
https://doi.org/10.1016/j.jia.2023.12.028
https://doi.org/10.1016/j.jia.2023.12.028
https://doi.org/10.1002/9780470015902.a0028894
https://doi.org/10.1016/S2095-3119(20)63306-8
https://doi.org/10.3390/s141120078
https://doi.org/10.3390/s141120078
https://doi.org/10.3389/978-2-88945-532-4
https://krishikosh.egranth.ac.in/items/74e0b601-df52-4386-ae06-34f9a0f8070f
https://krishikosh.egranth.ac.in/items/74e0b601-df52-4386-ae06-34f9a0f8070f
https://doi.org/10.3390/genes8120362
https://doi.org/10.1371/journal.pone.0200850
https://doi.org/10.1186/s12870-017-1099-y
https://doi.org/10.1186/s12870-017-1099-y
https://doi.org/10.1104/pp.109.152157
https://doi.org/10.1002/tpg2.20098
https://doi.org/10.3864/j.issn.0578-1752.2014.03.002
https://doi.org/10.3864/j.issn.0578-1752.2014.03.002
https://doi.org/10.3864/j.issn.0578-1752.2014.03.002
https://doi.org/10.54112/basrj.v2023i1.10
https://doi.org/10.1038/s41598-020-70816-2
https://doi.org/10.1016/j.fcr.2020.107981
https://horizonepublishing.com/journals/index.php/PST/open_access_policy
https://horizonepublishing.com/journals/index.php/PST/open_access_policy
https://horizonepublishing.com/journals/index.php/PST/indexing_abstracting
https://horizonepublishing.com/journals/index.php/PST/indexing_abstracting
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

