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ABSTRACT 

The leaf spot disease of Mentha arvensis, caused by Alternaria aternata, is a devastating foliar disease 
worldwide and leads to considerable economic losses. In this investigation, 2-dimensional gel 
electrophoresis (2-DE) was used to identify the membrane proteins potentially involved in M. arvensis - A. 
alternata interaction. Membrane proteins, isolated from leaves of control and infected plants, were 
analyzed by 2-DE and identified using mass spectrometry (MALDI TOF-TOF MS/MS). Our analysis 
identifed 21 differentially expressed membrane proteins including several interesting receptors and 
channel proteins. Of these identified proteins, 34% were found to be involved in plant defense responses. 
Leucine-rich repeat family protein/ protein kinase family protein which plays critical role in stress response 
and nucleotide-binding site-leucine-rich repeat (NBS-LRR) which is involved in detecting the advent of 
pathogen on plant surface were identified to be up-regulated in our study. Interestingly, AKT1-ike 
potassium channel protein which is known to play a crucial role in maintaining ion homeostasis within the 
cell was also upregulated in the infected sample. In addition, ADP ribolysation factor (ARF)-GTPase 
activating domain containing protein, a membrane trafficking protein, was also up-regulated in the 
current study. Protein-protein interaction network analysis followed by functional enrichment revealed 
that transmembrane ion transport-related proteins represented a major class in this network followed by 
nucleic acid binding proteins and proteins with kinase activities respectively. Together, our investigation 
identified several key defense-related proteins which are crucial sensors for detecting pathogen invasion 
and can serve as a potential resource to understand disease resistance mechanism in mint. 

Abbreviations: 2-DE, 2 dimensional gel electrophoresis; Arf, ADP-ribosylation factor, ATP, adenosine triphosphate; BSI, 
Botanical Survey of India; CAT, catalase; Dpi, days post infection; DTT, dithiothreitol; EDTA, ethylene di amino tetra ace 
tic aid; ERF1, ethylene response factor 1; EST, expressed sequence tag; GTP, guanosine triphosphate; HP, hydropathy: 
Hsfs, heat stress transcription factors; HSP70, heat shock protein 70; IEF, isoelectric focusing; IPG, immobilized pH gradi 
ent; LRR-RLKS, Leucine-rich repeat receptor-like kinases; MALDI TOF-TOF MS/MS, matrix assisted laser desorption ioniza 
tion- time of flight-tandem mass spectrometry; NBS-LRR, nucleotide-binding site-leucine-rich repeat; PCA, principal 
Component analysis; qRT-PCR, quantitative real time-polymerase chain reaction; RLK, receptor-like kinase; TMH, trans 
membrane helix; TMHMM, transmembrane hidden markov model. 
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Plant-pathogen interaction is a multifaceted process.' The plants' 
response to pathogen attack has long been an area of interest to 
plant biologists and phytopathologists. Recently, functional geno 
mic strategies, including transcriptomics and proteomics, during 
pathogen infections have generated enormous datasets. Proteo 
mics provide a direct evidence for identifying target proteins 
involved in defense responses. Deciphering the interaction of 
pathogens with their respective hosts on genomic, proteomic, and 
metabolomic levels is indispensable for designing novel strategies 
to combat disease. Several model microbial-host pathosystems are 
being studied in depth but some of the major disease systems 
remain poorly understood. The genus Mentha, also known as 
'mint', belongs to family Lamiaceae and has significant impact on 
the global as well as Indian economy. Mentha is known to produce 
essential oils containing various monoterpenoids, including 3 
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oxygenated monoterpenes (e.g. menthol), acyclic monoterpenes 
(eg., linalool) and 2-oxygenated monoterpenes (eg carvone). 
These constituents are being used in many pharmaceutical indus 
tries, cosmetics, and confectionaries. Currently, India is the major 
global producer of mint od and its derivatives in the world. How 
ever, mint cultivation is threatened by fungal infection which 
adversely affects both yield and overall quality of mint oil leading 
to severe economic losses. Fungal pathogens causing most serious 
loss includes Alternaria alternata, Puccinia menthae, Verticillium 
daliae, V. albo-atrum, Phoma strasseri, Erysiphae cichoracearum 
and Rhizoctonia solani. A. alternata causes leaf spot disea e in 
wild mint, Mentha arvensis which leads to signiicant econ omic 
losses, by inflicting heavy defoliation of the host.^It is reported that 
A. alternata infection reduces the essential oil yield by 55 to 75%, 
and is sometimes associated with a dual infection with P. menthae. 
The disease is most predominant in tropical countries such as lndia 
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Introduction 

Plant's resistance to different stress factors is regulated by a complex signalling network which connects the individual 
signalling pathways, cnabling them to finc tunc their defencc responsc. For more than last two decadcs, glutathionc (GSH) 
is gradually gaining importance as a crucial player in this network. The present review summarizes the central role of GSH 
in modulating plant's de fence response to biotic stress, specially emphasizing the molecular mechanism of these regulations. 
Several transgenic approaches to constitutively enhance GSH levels have been followed and in most cases, these transgenic 
plants exhibited enhanced biotic stress tolerance. The post 2000 era envisaged a mechanistic approach in this field and GSH 
has been shown to modulate the defence signalling network by cross-communication with several stress-related 
phytohormones. GSH imparts stress tolerance against biotrophic infection via NPRI-dependent salicylic acid (SA) 
mediated pathway. GSH regulates SA accumulation at the level of isochorismate synthetase I (/CS)) expression and can 
also act in NPRI-independent pathway. A synergistic GSH-ethylene (ET) interplay during necrotrophic infection has also 
been reported. It has been demonstrated that GSH induces ET biosynthesis by modulating transcriptional and post 
transcriptional regulations of its key enzymes. The cross-talk of GSH with jasmonic acid (JA) and abscisic acid (ABA) in 
alleviating stress has been reported as well. However, mechanistic details of the interaction between GSH and JA or ABA 
signaling pathways are not elucidated in details. 

Plants in their natural environment are continuously 
being threatened by a range of stress factors, including 
invasion by microbial pathogens, herbivorous insects 
as well as various abiotic stress conditions. Being 
immobile, plants have to respond to each of these 
attackers in a rapid and effective way in order to 
ensure survival. Plant's resistance to different stress 

factors is a multifaceted regulatory network which 
links the various signalling pathways thus enabling 
them to fine tune their defence responses. Previous 
studies also envisaged that plant's responses to 
various stress factors are regulated by multiple 
signalling pathways. A perfect synchronization of 
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these pathways switches on the transcription of 
appropriate defence related genes and their 
downstream machinery ultimately helping the system 
to tide over unfavourable conditions. It has been well 
documented that an interconnecting signalling network. 
comprising the salicylic acid (SA), ethylene (ET) and 
jasmonic acid (JA) mediated signalling pathways. 
constitute the basic defence response strategy in plants 
(Glazebrook, 200S; Klessig et al., 2000; Loake and 
Grant, 2007; Pieterse et al., 2009; Thomma et al., 
1998; van Loon et al., 2006). Glutathione (GSH; -
glutamylcysteinyl glycine) is a low molecular weight 
non-protein tripeptide which is found in nearly all 
prokaryotic as well as eukaryotic cells. GSH 

represents the major pool of non-protein reduced 
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1. Introduction 
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Plant developmental biology is associated with various gene regulatory pathways involved in different phases of their life 
cycle. In course of development, growth and differentiation of different organs in plants are regulated by specific sets of 
gene expression. With the advances in genomic and bioinformatic techniques, particularly high-throughput sequencing 
technology. many transcriptional units with no protein-coding potential have been discovered. Previously thought io be the 
dark matters of genome, long non-coding RNAs (IncRNAs) are gradually gaining importance as crucial players in gene 

regulation during different developmental phases. Some ncRNAs, showing complenmentarity to microRNAs (miRNAS), are 
used as endogenous target mimics of specific miRNA family. A number of IncRNAs can also act as natural antisense 
transeripts to atenuate the expression of coding genes,. Although IncRNA-mediated regulations have extensively been 
studied in animals, plant IncRNA research is still in its initial phase. The present review highlights the regulatory mech 
anism and different physiological aspects of IncRNAs in plant development. In plants, IncRNAs are found to be associated 
with a number of plant developmental functions such as lateral root development, vemalization, photomorphogenesis. pollen development, fiber development and nodulation. Understanding these potent roles of IncRNAs in plant development 
can further provide novel tools for crop improvement programs in future. 

Keywords. Fiber development; long non-coding RNAs; nodule development; photomorphogenesis: pollen development: 
root development 
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Abbreviations: ABA, abscisic acid; APOLO, auxin-regulated promoter loop; ARE, auxin response factor; ASCO-RNA, 
alternative splicing competitor long non-coding RNA; CBP, cap-binding protein; eTM., endogenous target mimic; FLC. 
FLOWERING LOCUS C; FT, FLOWERING LOCUS T: HIDI, hidden treasure I: LDMAR, long day (LD)-specific male 
fertility associated RNA; lincRNA, long intergenic non-coding RNA; IncRNA, long non-coding RNA; miRNA, microRNAs; 
NAT, natural antisense transcript; ncRNA, non-coding RNA; NMD, nonsense-mediated-mRNA decay; NSR, nuclear speckle 
RNA-binding protein; PID, PINOID; PIF, phytochrome-interacting factor; PRCI, polycomb recessive complex 1; RBPI, 
RNA binding protein I; RdDM, RNA-dependent DNA methylation; siRNA, small interfering RNA; sncRNA, small non 
coding RNA; snRNA, small nuclear RNA; UBPI, ubiquitin specific protease 1; UPF, UP-frameshift protein 

The growth and development of plants under particular 
environmental conditions are delicately regulated by various 
signaling molecules. These signaling molecules are of two 
types: external and internal. The external signaling mole 
cules induce a change in the cellular gene expression leading 
to the development of internal signaling molecules. The 
internal signaling molecules can then act as an inducer for 
the second level of gene expression which promotes 

CHk ot 

downstream signaling cascade and initiates a particular 
developmental phenomenon. The role of sugars, proteins 
and lipid molecules as signal transducers in numerous sig 
naling pathways has been well deciphered. Nowadays, 
emerging evidence suggests the role of non-coding RNAS 
(ncRNAs) as important internal signaling modulators (Mo 
range 2008; Axtell 2013: Dong et al. 2016). The ncRNAS 
can be classified into two groups. One group comprises 
small non-coding RNAs (sncRNAs) and the other includes 
long non-coding RNAs (IncRNAs). The sncRNAs are 
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Abstract 
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Introduction 

ental 

Lectin proteins play an important role in biotic and abiotic stress responses in plants. Although the rice lectin protein 
Osr40c1 has been reported to be regulated by drought stress, the mechanism of its drought tolerance activity has not 
been studied so far. In this study, it is shown that expression of the Osr40ci gene correlates with the drought tolerance 
potential of various rice cultivars. Transgenic rice plants overexpressing Osr40c1 were significantly more tolerant to 
drought stress than the wild-type plants. Furthermore, ectopic expression of the Osr40c1 gene in tobacco yielded a 
similar reslt. Interestingly, the protein displayed a nucleo-cytoplasmic localization and was found to interact with 
a number of drought-responsive proteins such as S-adenosylmethionine synthase 2 (0sSAM2), stress-associated 
protein 8 (OsSAP8), DNA-binding protein MNB1B (OsMNB1B), and histone 4 (0sH4). Silencing of each of these pro 
tein partners led to drought sensitivity in otherwise tolerant Osr40c1-expressing transgenic tobacco lines indicating 
that these partners were crucial for the Osr40c1-mediated drought tolerance in planta. Moreover, the association of 
Osr40c1 with these partners occurred specifically under drought stress forming a multi-protein complex. Together, 
our findings delineate a novel role of Osr40c1 in imparting drought tolerance by regulating OsMNB1B, OsSAM2, and 
OsH4 proteins, which presumably enables OsSAP8 to induce downstream gene expression. 

Keywords: Drought, lectin, histone 4, OsMNB1B, Osr40c1. S-adenosyimethionine synthase 2, stress-associated proten 8. 

Rice isa staple food crop in most ofthe countries of Southeast 
Asia (Cassman et al., 2003; Seck et al., 2012). Generally, rice 
is cultivated in irrigted land and requires a higher amount 
of water compared with other crops (Mohanty et al., 2013). 
Rice cul1vation is hampered when the plants are exposed 
to a period of water deficiency due to an insuficient water 
supply or uncertainty of rainfall. In addition, plants are al-
ways exposed to a plethora of environnental challenges. 

any 

Among them, drought stress has serious impacts on sev 
eral physiological functions of plants. It inhibits growch and 
hampers seed development (Atkinson and Urwin. 2012:,You 
et al., 2014). Therefore, the production of large bomass or 
high grain yield under water deficit or drought stress con 
ditions has always been a major challenge. During drought. 
plants regulate several metabolie pathways involved with en 
zyme activity, alteration in ditferent metabolite leves, and 
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A BSTRA C T 

Drought is among the most important abiotic stress factors that affect 
crop productivity resulting in significant yield losses (Hu and Xiang. 
2014). The changing climatic conditions like irregularity and insuffi 
ciency of rainfall adversely affect plant growth, development and pro 
ductivity. Plants have evolved a highly sophisticated adaptive 
mechanism to combat drought stress. In-depth analysis of drought 
tolerance mechanisn suggests an intricate crosstalk between different 
signalling cascades in plants (Datts ct al.. 2020). The drought stress 
response in plants is regulated by two distinct signalling pathways - the 
abscisic acid (ABA)-dependent and ABA-independent pathways. Several 
important transcription factors (TFs) such as myelocytomatosis onco 
gene (MYC), myeloblastosis oncogene (MYB), basic leucine zipper 
(bZIP), NAM, ATAF, and cUC (NAC) and dehydration responsive 
element binding (DREB) function in both the pathways and are highly 
accumulated in response to drought stress. These TFs are known to 
modulate downstream osmotic stress-responsive genes to render stress 

tolerance (Nakashia el a. 20((9; A{kins00 3d Ci in 

0098-8472/© 2020 Elsevier B.V. All rights reserved. 

With the changing climatic conditions, drought has become one of the most threatening abiotic stress factors that 
adversely affect rice cultivation and productivity. Although the involvement of the jacalin domain-containing 
protein, OsSalT, has been reported in drought and salinity tolerance, its functional mechanism still remains 
largely unexplored. In this study, expression of the OsSalT gene was found to be positively correlated with the 
drought tolerance potential with its higher transcript abundance in the tolerant indica rice cultivar, Vandana, and 
lower abundance in the susceptible cultivar, MTU1010. Moreover, the overexpression of OsSalT gene in rice and 
its ectopic expression in tobacco significantly improved drought stress tolerance in the transgenic lines. The 
transgenic lines exhibited significantly improved growth and higher osmolyte accumulation over the wild-type 
(WT) plants under drought stress. Fascinatingly, the yeast two-hybrid and bimolecular fluorescence comple 
mentation (BiFC) analyses confirmed the interaction of OsSalT protein with two interesting transcription factors 
(TFS), OsNACI and OsDREB2A. In silico analysis followed by yeast two-hybrid assay further revealed that the 
OsSalT protein interacted with the C-terminal domains of both OsDREB2A and OsNACI leading to their acti 
vation. This triggered the induction of their downstream drought-responsive genes. Together, this study 
unravelled a novel model for OsSalT-mediated regulation of drought tolerance in plants. 
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). 

Lectins are a family of carbohydrate-binding proteins that specif 
ically recognize sugar moieties (\n Jeslle a! r D. 
Lectins are known to play diverse roles in plant defence, in addition to is 
involvement in various other physiological phenomena. For example, 
lectin proteins were found to be induced in response to heat shock in cell 
suspension cultures (Spadero Tank and Etzler, t; uct 
1996). Another ricin-B containing lectin protein, Osr40c1, was reported 
to impart drought stress tolerance in rice (sahw' ). Again, 
transgenic Thai rice cultivars ectopically expressing snowdrop lectin 
exhibited resistance to sap-sucking insects ( ). 

ASAL, a novel lectin from garlic, provided resistance against 
phloem-limited viruses in rice (S.aha e* ot., 0). In addition, a large 
number of pattern recognition receptors in plants were reported to 
contain lectin domains that were essential for pathogen recognition and 

defence (Kaku er a, 000; Rellende rt l. 0). 

). 

Plant lectins usually constitute a heterogeneous group that has been 
classified into 7 subfamilies based on their structure and evolutionary 
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ABSTRACT 

Glutathione imparts stress tolerance against Alternaria brassicicola infection via miRNA mediated gene regulation 

Glutathione (GSH) is well known to play a crucial role in imparting resistance against various pathogen invasions. Nevertheless, the role of GSH in regulating miRNA-mediated defense response is yet to be explored. To decipher the GSH-mediated regulation of miRNA expression during necrotrophic infection in Arabidopsis thaliana, wild-type Col-0 and AtECS1, the transgenic line exhibiting enhanced GSH content, were infected with necrotrophic pathogen Alternaria brassicicola. AtECS1 plants exhibited enhanced resistance as compared to wild-type. MiRNA next-generation sequencing (NGS) was performed to com pare the miRNA expression in Col-0 and AtECS1 leaves. Under control condition, differentially expressed 96 known miRNAs and 17 novel miRNAS viz. ath-miR8167f, ath-miR1886.3, ath-miR3932b-5p, etc. were identified. However, under infected condition, 73 known and 43 novel differentially expressed miRNAs viz. ath-miRS652, ath-miR160b, ath-miR865-5p, etc. were identified. Functional annotation and enrich ment analysis revealed that several miRNAs that target defense-related genes like leucine-rich repeat protein kinase, MYB transcription factors, TCP8, etc. were down regulated in the AtECS1 line, which, in turn, relieves the repression of their target gene expression, leading to resistance against infection. Together, the present investigation suggests that GSH plays a decisive role in modulating the miRNA-mediated regulation of defense-related genes during pathogen invasion. 

Introduction 
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In plant defense signaling network, glutathione (GSH) is gain 
ing massive importance in disease resistance by plaving 
a central role in regulating the defense signaling network in plants. In the earlier studies, it was shown that over-expression of GSH biosynthesis genes and increased GSH level can induce 
the expression of different disease-responsive genes, thus imparting stress tolerance.- Earlier, it was shown that GSH 
deficient mutant pad2.1 was susceptible toward pathogen attack. Exogenous application of GSH can also induce disease 
resistance in plants by activating NPR1 -mediated SA signaling 
pathway, corroborating the regulatory role of GSH during 
biotic stress responses in plants. !4 

MicroRNAs (miRNAs) are a group of regulatory molecules 
with 21-24 nucleotides length and help in gene regulation by 
sequence-specific cleavage or translational repression of their 
target gene. Several families of miRNAs have been identified 
from different plant species during pathogen attack, and their disease-responsive role has been investigated.° However, 
GSH-mediated regulation of any miRNAs during disease pro 
gression in plants is not studied so far. Alternaria brassicicola is 
a devastating necrotrophic fungal pathogen that causes dark 
spot disease in Brassicaceae family. However, the role of GSH 
in regulating miRNA-mediated defense strategies in this 
pathosystem is still unexplored. In this study, our aim is to 

'Equal Contribution 

OPEN ACCESS 

Taylor & Francis 

Materials and methods 
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dissect the role of different miRNAs during A. brassicola infec tion in A rabidopsis and their regulation by GSH. Our study 
identified several stress-responsive miRNAS that are regulated 
by GSH during pathogen attack. 
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Plant material and growth condition and pathogen 
inoculation 

The transgenic A. thaliana line (AtECSI) overexpressing l.e 
yECS gene and exhibiting enhanced GSH content developed earlier and Columbia-0 (Col-0) served as wild-type were used 
here. Plants were grown in Murashige and Skoog (MS) media and maintained in a growth chamber (22°C under 16 h light/ 
8 h dark cycles), l0 

Spore suspension of A. brassicicola strain MTCC No. 2102, 
obtained from MTCC Chandigarh, India, was used to inoculate 
leaves following van Wees et al.." For mock treatment, S ul. 
droplets of water was used. Infection was scores at 5 dpi. 

CONTACT Sharmila Chattopadhyay sharmila@icb.res.in Plant Biology Laboratory, Organic and Medicinal Chemistry Division, CSIR-Indian Institute of Chemical Biology, Kolkata India 

To determine disease severity in Col-0 and AtECSI plants, 
4 weeks old Col-0 (CC), infected Col-0 (CI), AtECSI, and 
infected AtECSI (AI) plants were used for trypan blue 
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1 | INTRODUCTION 

Abstract 
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Iron (Fe) is an essential micronutrient for plant growth and development. 
Because of its physicochemical properties, Fe plays a cruclal role in 
regulating numerous cellular responses. This micronutrient coordinates 
metalloprotein active sites modulating the enzymatic reactions for 

Glutathione (GSH) is known to regulate iron (Fe) deficiency response in plants but its 
involvement in modulating subcellular Fe homoeostasis remains elusive. In this study. 
we report that the GSH-deficient mutants, cad2-1 and pad2-1 displayed increased 

sensitivity to Fe deficiency with significant downregulation of the vacuolar Fe exporters, 
AtNRAMP3 and AtNRAMP4, and the chloroplast Fe importer, AtPIC1. Moreover, the 
pad2-1 mutant accumulated higher Fe levels in vacuoles but lower Fe levels in 
chloroplasts compared to wild type (Columbia ecotype [Col-o) under Fe limited 
conditions. Exogenous GSH treatment enhanced chloroplast Fe contents in Col-0 but 
failed to do so in the nramp3nramp4 double mutants demonstrating that GSH plays a 
role in modulating subcellular Fe homoeostasis. Pharmacological experiments, mutant 
analysis, and promoter assays revealed that this regulation involves the transcriptional 
activation of Fe transporter genes by a GSH-S-nitrosoglutathione (GSNO) module. The 
Fe responsive bHLH transcription factors (TFs), AtbHLH29, AtbHLH38, and AtbHLH101 
were found to interact with the promoters of these genes, which were, in turn, activated 
via S-nitrosylation (SNO). Taken together, the present study highlights the role of the 
GSH-GSNO module in regulating subcellular Fe homoeostasis by transcriptional 
activation of the Fe transporters AtNRAMP3, AtNRAMP4, and AtPIC1 via SNO of bHLH 
TEs during Fe deficiency. 

GSNO, Iron deflciency, NRAMP, PIC 
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different metabolic pathways (Briat et al., ":). Although Fe is found 
abundantly in the earth's crust, it is usually present in an oxidized form, 
and its avallability to plants is limited. Fe deficiency in plants causes 
chlorosis and perturbs the photosynthetic and mitochondrial electron 
transport systems. Therefore, Fe deficiency is a challenging issue for 
plant growth, development, and productivity. 

2022 John Wiley & Sons Ltd 
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