


2010. The modulation structure is validated extensively with various computational
of the redox state is the unique feature in the defense-respdoels. Finally, the active site pockets of the protein are pre-
sive pathway of chickpea plants upon Focl infection and th#icted and probable interaction partners have also been
judicial utilization of antioxidant machinery determines theextensively studied by the protein...protein interaction map.
resistance (Chatterjee et aD14 Gupta et al2013. The
wilt pathogen not only aects the root redox homeostasis
but also alters the redox state of shoot tissues and negativBlaterials and methods
regulates the photosynthetic machinery (Bhar e@l7h.

The signal transduction from root to shoot indicates th@lant material, fungal culture, and in planta

systemic defense response in this plant pathogen interpldnfection

It has been observed in a separate study that salicylic acid

accumulation in chickpea plants infected with Focl is correFhe wilt-susceptible (JG62) and resistant (WR315) chick-
lated with catalase enzyme induction. Two catalase isoforngea seeds were collected from the Indian Institute of Pulses
from the shoot (CAT IS and CAT 1IS) and one from the rooResearch (IIPR), Kanpur, Uttar Pradesh, India, and sown in a
(CAT R) are shown to be induced after Focl infection (Gayi:1 sand soil mixture. The plants were maintained uniformly
atridevi et al2012). Active oxygen radicals () are found  in optimum greenhouse conditions at 22...28 °C temperature,
to be present in chloroplast, mitochondria, and peroxisom&0% relative humidity, and 16:8 h day...night photoperiod
as well as in cytosol which is moditl into toxic HO, and  (Haware and Nen&982).

catalase utilizes this as a substrate without the help of an The culture ofr. oxysporunt. sp.cicerisracel (Focl)
external reductant (Bhar et 20173 Mhamdi et al2010.  was obtained from International Crops Research Institute
In chickpeas, the catalase enzyme is induced upon biotior the Semi-Arid Tropics (ICRISAT), Patancheru, India,
stress responses (ArdSc et24l09 Garca-Limones et al.. and the pure culture was maintained in half-strength potato
2002 Kaushal et al2011). Recently it has been observeddextrose agar (1/2 PDA) media at 25...28 °C in complete
that the colloidal nano molybdenum enhances the resistandarkness. The spores were collected after 21 days and stored
in chickpea plants by inducing superoxide dismutase (SOt S 70 °C for future use (Summerell et2003.

and catalase enzymes simultaneously (Taran @046). Surface sterilized seeds were sown in autoclaved sand soil
Salt stress is counteracted by nitric oxide-mediated catalasg@xture (1:1) and allowed to grow in a controlled environ-
and other antioxidative enzyme induction in chickpea plantment under optimum conditions. After 14...15 days the seed-
(Ahmad et al.2016). The structures of catalase enzymedings were taken and subjected to infection following the sick
from microorganisms have been established but the corseil method as described by Gupta et 2009. Both the
plete information from plant catalase is limited and chickinfected (JG62 and WR315) and mock-inoculated plantlets
pea catalase is merely sparse (Bertrand &0dl4 Bravo  were grown uniformly with regular watering and root sam-
et al.1995 Yamada et aR002). Although very common in ples were collected in the following days' post-inoculation
nature the actual folding and assembly pattern of catalagpPl), 1DPI, 2DPI, 3DPI, 4DPI, 7DPI and 12DPI.

enzyme is still elusive. Furthermore, this enzyme follows

a unique transcriptional control and post-transcriptionaDetermination of reactive oxygen species (ROS)

modi“ cation in response to dérent biotic stress responsesby confocal laser scanning microscopy

(Baker et al2023. Among all other forms of catalases, Ca .
catalase 4 is rare and still not fully characterized and hakhe hypersensitive ROS, singlet oxygen radicaJYQ
been reported to be present in chromosome 5 of the chickpleydroxyl radical (OH), peroxynitrite, alkyl peroxide, etc.
genome. The systematic expression analysis of redox-relatate detected through confocal laser scanning microscopy
transcripts and RNA-Seq mediated transcriptomics stud¢CLSM) by using aminophenyl fluorescein (APF) dye
demonstrated that the expression of catalase enzyme is dgnzo Life Sciences, USA). The 100 um sections from
matically increased in chickpeas upon Focl infection (Gupthoth the infected (2DPI, wilt susceptible JG62, and wilt
etal.2013 2017). Structural study of this important enzymeresistant WR315 plants) and mock-inoculated control
protein is very much essential for the investigation of manplants were stained with 10 uM loading solution in 10 mM
developmental and stress-responsive pathways in chickpeEPES bu er for 30 min. After incubation, the sections
plants. The proper structure prediction may also help us twere mounted on a grease-free slide with Keiserss gelatin
study the activation and inhibition of this protein by othersolution (Merck-Millipore, USA), and the freshly prepared
defense-responsive proteins in a proper way. The presesiides were observed in a confocal microscope (LSM 510
study focused on sequence retrieval and structure predictidfeta, Carl Zeiss) with the excitation energy 488 nm wave-
of the chickpea catalase 4 enzyme. Both the secondary alethgth and ‘Uorescence were recorded in 515 nm region.
tertiary structure is predicted and the three-dimensional (3D)he images were analyzed using LSM 510 Meta software.







Fig. 1 Confocal laser scanning CONTROL 2 DPI

microscopy showing ROS accu-
mulation in susceptible (JG62)
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http://www.scfbioiitd.res.in/software/ through the neighbor-joining method and with the degree of

drugdesign/bappl.j9p(Singh et al2011). correlation 1, i.e. only the result showing direct interaction
with our target protein and/or proteins are visualized in the
Protein—protein interaction analysis pathway. Thus, the pathway generated is stringent, robust,

and statistically signitant.

Protein...protein interaction was analysed by Pathway Stu-

dio (Version-7.1) software package to determine the prolbtatistical analyses

able metabolic role and interaction partners of the catalase

enzyme. Firstly, the chickpea catalase protein sequenceAd the experiments have been validated through stringent
subjected to BLAST in TAIR databaseww.arabidopsis. statistical parameters. The wet lab experiment data were
org) analysis to hd out itsArabidopsishomologs. Then validated through GraphPad Prism (version 5.0) and Excel-
these homologs are used as input in Pathway Studio sofitat software packages. The experiments were performed in
ware to build the pathway. The pathway was constructeliplicates and expressed in terms of value = SD, standard




Redox signaling is another phenomenon that is intricately
associated with the defense signaling events in chickpeas
(Baxter et al.2014). In chickpeaFusariuminteraction
although both susceptible and resistant plants produce ROS
judicial utilization of this signaling component is paramount
to dense phenomenon (Chatterjee eR@l.4 Gupta et al.
2013.

The accumulation of catalase 4 to detoxify harmful
radical effects in chickpeas

The basal level expression of catalase 4 was measured in
both JG62 and WR315 plants but the accumulation level was
quite higher in WR315 compared to JG62 plants. A similar
pattern of expression was observed in both semi-quantitative
as well as gRT-PCR-based transcript accumulation studies.
After infection, the catalase 4 expression is induced in JG62
plants signi‘cantly. The level of accumulation is quite high
at 2DPI and remains the same till 7DPI and at 12DPI cata-
lase 4 stops expressing. It is probably due to the severity of
the infection, during the initial phase the susceptible (JG62)
plants tried to combat the disease but at the extreme pro-
gression of the disease, the plants fail to gear up the resist-
ance phenomenon. On the contrary resistant (WR315) plants
exhibit a largely consistent expressional pattern throughout
the infection time points and overall induction is also quite
higher as compared to the susceptible ones. The WR315
plants showed an expressional peak at 2DPI time points,
which gradually peaked down in further time points slightly
(Fig. 2). The result exhibits better antioxidant ability and
sustainable defense response in resistant chickpea plants.
The overall induction of the antioxidant system in chick-
peas is prevalent upon infection with otResariumstrains.
Focl is also reported to induce redox signaling and catalase
induction in JG62 and WR315 plants sigtethtly as a part
of defense induction (Gupta et @013. The mechanism
of catalase action in maintaining the redox homeostasis is
principally controlled by the calcium/calmodulin system as
cation-binding and calmodulin binding (CaMBD) domains
are found in dierent regions of wheat catalase 1 (TACAT1)
(Ghorbel et al2022). Despite the scavenging activity of
the catalase enzyme; it can also be involved in the judicial
activation of salicylic acid by creating reduction potential of
the cytosolic environment. Redox homeostasis is crucial for
physiology and stress response in plants which functions as
a *metabolic interfaceZ for acclimatizing to particular stress
responses (Foyer and NocRf)05). SA is known to interfere
with the catalase active site and alter its scavenging activity
1). More pathogenic and redox state of cell cytosol (Durner and Kled4€§6).
establishment within the host denotes more accumulation & chickpeaFusariuminteraction, catalase is found to accu-
ROS primarily. The resistant lines can successfully retarthulate signi‘tantly after infection which on one hand indi-
the pathogen from establishing within it (Gupta eR@D9. cates its attempt to maintain redox homeostasis, and on the




Table 2 Positive and negatively charged amino acid residues in Ca catalase 4

Name of the organism

Accession number

residues (Asp + Glu)

Total number of negatively chargedotal number of posi-
tively charged residues

(Arg+Lys)
Cicer arietinum XP_004500877 60 58
Medicago truncatula XP_013462277 58 55
Lotus japonicus AAR84578 61 57
Cajanus cajan XP_020234650 61 58
Glycine max NP_001237571 61 58
Cajanus cajan XP_020216439 62 60
Gynostemma pentaphyllum AlA61608 60 58
Glycine max NP_001240021 61 58
Cajanus cajan KYP47797 60 57
Vigna radiata NP_001304079 61 58
Vicia faba AFD29285 59 55
Pisum sativum BAH37035 59 55
Vigna radiata ADZ45555 61 58
Prunus persica CAD42908 62 59
Theobroma cacao EQOY15259 60 58
Ziziphus jujuba NP_001310800 61 58
Salix matsudana AJE26131 60 57
Prunus persica XP_007209948 61 59
Herrania umbratica XP_021284532 59 58
Glycine max NP_001235974 62 59
Phaseolus vulgaris AGV54297 60 58
Gossypium hirsutum NP_001314123 61 56
Arachis ipaensis XP_016167161 61 58
Arachis duranensis XP_015934030 61 58

2006). This

Three-dimensional structures of Ca catalase 4
protein also helps in hormonal cross-talk events in responaad validation of the model

to plant defense (Robert-Seilaniantz e&l11). Detailed
analyses of the motif structure of catalase enzyme havkhe secondary structure of the Ca catalase 4 demonstrates
been performed in sugarcane (ScCatl) and found thesleat 18 helices are present in Ca catalase 4 and the protein
motifs are directly connected with disease resistance (Walso contains 10 pleated sheets. The helix near the N
et al.2023). terminal region spreads from 35 to 46th amino acid and that
MEME predicts a wider array of motifs with a distinct near the C terminal region stretches from 468 to 478th amino
logo of identi“cation. For this particular protein, MEME acid. The pleated sheets are intermittently buried in the
predicts three motifs, motif | (121st to 128th amino acidprotein structure in a zigzag fashion (Supplementary Fig. 1).
p value =3.7e+001), motif Il (450th to 455th amino acid, The 3D structure was predicted by CPH Model and
p value =5.2e+001), and motif Il (238th to 253rd aminothe PDB was validated stringently with @irent compu-
acid, p value = 1.4e+002) with log likelihood ratio 43, 34 tational techniques (Ficha). The server used the default
and 81 respectively. The relative entropy values are 31.Best-match template for the model prediction. The catalase
24.2, and 58.3 respectively for motifs I, Il, and Il ().  chain A fromBacillus pumilugaccession: 4QOL_A) was
These motifs confm the protein as stress-responsive cataused in this case with the query coverage of 95% and e value
lase protein. 3eS138. Firstly, Ramachandran plot analysis of the protein
structure with RAMPAGE was performed to identify the
signi“cance of the structure and percentage of outlier amino
acids. This analysis is the primary validation of any protein
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scoring function based on four characteristics with statistical
signi“cance. The torsion angle potential of three consecu-
tive amino acids was calculated based on their local geom-
etry. C , as well as all-atom potential, has been calculated
along with the salvation potential. QMEANG6 demonstrates
5b). QMEAN is a SWISS MODEL additional two parameters; agreement of the predicted sec-
workplace that is used widely to evaluate the predicted 3Dndary structure and solvent accessibility of the total model
structure of the protein (Arnold et @006 Benkert et al. (Fig. 5c...e). The analyses showed that the Z score of the
2008 Bordoli et al.2009. QMEAN4 is a global linear predicted protein lies>1 in both QMEAN4 and QMEANG







Fig. 6 Energy minimized model
of Ca catalase 4 using YASARA
force “eld,a start and end point
energy state of Ca catalase 4,

b energy minimized model of
Ca catalase (front view), ared
energy minimized model of Ca
catalase (back view)

exhibited by the software. It also interprets the cellular pro-
cesses and gene interactions of the target protein and its all

7a...c). Additionally, the contact potential of the Ca capossible metabolic involvements. In this study, the possible
alase 4 protein was analysed in a window value of S 58.998teractions of all three catalase homologs, catalase 1 (Cat1),
(red) to +58.999 (blue) to verify the potentiality of Ca cata-catalase 2 (Cat2), and catalase 3 (Cat3) have been investi-

lase 4 in protein...protein binding (Fid). gated. All the isoforms of catalases are found to activate sim-

ilar pathways. LSD 1, GBF1 (G BOX BINDING FACTOR
Protein—protein interaction network demonstrates 1), and MEK 1 are found to be activated by both CAT2 and
the possible interactions of Ca catalase 4 CAT3 (Kaurilind and Brosch2017 Llorca et al2015 Xing

etal.2007). GBF1 inhibits the CAT2 expression during leaf
A protein...protein interaction study using Pathway Studsenescence by binding with the promoter of the CAT2 gene
(Version 7.1) revealed the interaction of the protein with(Llorca et al.2015. The redox state of the cell is maintained
other proteins and also with small molecules. The softwargy both of these proteins as a principal function in oxida-
predicts the interactions with the degree of freedom 1 i.etive stress tolerance. CAT2 has a positive interaction with
only the direct interactions with the target protein will beGR1 and LOX1, which indicates its role in pathogenesis
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