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Abstract
In an in vitro study of antagonistic mangrove actinobacteria for its antifungal compounds to eliminate 
Fusarium oxysporum f. sp. lycopersici, the extracellular metabolites from the actinobacterium Kutzneria 
sp. strain TSII was documented. A total of 24 useful ligands were identified when profiled with Gas 
Chromatography-Mass Spectrometry after purification through silica gel column chromatography. 
Molecular modeling of Short-chain Dehydrogenases / Reductases (SDRs) was performed in the prime 
module of Schrodinger 2018-4 software using SDR of Bacillus anthracis as a template (PDB: 3I3OA). In 
silico studies utilizing the molecular docking of the 24 ligands with SDR responsible for pathogenicity, 
distributed on the membrane of the Fusarium oxysporum were carried out in Schrodinger 2018-4. 
Results were indicated as 1,4-Benzenedicarboxylic acid, Bis(2-ethylhexyl) ester, Spiro[Cyclopentane-
1,2’(1’H)-quinoxaline], Decanedioic acid, Didecyl ester with docking scores (Kcal/mol) of – 8.151, -7.231, - 
6.031 and low binding free energy (ΔGb) values (Kcal/mol) of – 68.11, -42.23, -79.41 respectively, relating 
to their potential use as antifungal agents in Fusarium wilt infections. As SDRs are involved in melanin 
biosynthesis, binding of these ligands may interfere with melanin biosynthetic pathways conferring 
pathogenicity to Fusarium oxysporum f. sp. lycopersici. Hence, the present research study uncovers 
in vitro antagonistic potential of marine actinobacterial metabolites towards the most devastating 
vascular wilt pathogen Fusarium oxysporum in tomatoes and identifies the probable involvement of 
SDR as the potential target in an in silico molecular docking approach.      
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INTRODUCTION
 Tomato forms a vital component of daily 
food intake as both raw and processed vegetables1. 
It is one of the heavily consumed horticulture 
crops worldwide and stands next to the potatoes. 
However, a profitable yield is often threatened 
by several fungal diseases. Among the potentially 
threatening fungal diseases, vascular wilt caused 
by the fungus Fusarium oxysporum f. sp. lycopersici 
(Sacc.) W.C. Snyder and H.N. Hansen (FOL) is a very 
serious fungal disease affecting the overall yield 
globally2. Disease incidence is favored by warmer 
temperatures (27°C to 28°C), acidic pH of soils 
(pH-5.0 to pH-5.6) and dry weather. Percentages 
of worldwide yield losses due to wilt were found 
within the range of 10% to 90%, alarming the need 
for intensive research to sustain the tomato yield3. 
This fungus can be isolated from both aerial and 
underground parts of the infected tomato plants. 
Infection to the newer hosts can be furnished by 
spores and hypha components carried over by dead 
plant materials, infested soils, and wind4. Tomato 
roots are the gateways for FOL. Following the entry, 
fungus proliferates internally along the cortex and 
publicize to different parts of the host through 
vascular bundles affecting the transportation of 
water to the aerial parts5. It produces characteristic 
obstruction of xylem vessels and secretes toxins 
such as Dehydrofusaric acids, Fusaric acids, and 
Lycomarasmins, responsible for the symptomatic 
wilt disease6,7. Though several fungicides have 
been chemically synthesized and routinely 
employed in tomato cultivations as effective 
against Fusarium oxysporum, it is quite challenging 
to neglect their negative impacts on the released 
environment. Continual application of these 
expensive and harmful chemical antifungals into 
the soil imparts fungicide resistance in Fusarium 
spp. and also may invariably eliminate non-target 
and beneficial native microbial communities of 
the cultivable lands8. In other words, soil fertility 
is affected by chemical pesticide implications. 
 An in vivo study performed by Singha et 
al., (2011)2, Piper betle leaf extracts were observed 
to be the source of antifungals for vascular wilt in 
tomatoes. Though the search for antifungals from 
plant resources may be cost-effective, plants are 
supposed to be the non-renewable resources. It is 
presumed that mangrove ecosystem because of its 
versatility of nutrients shall persist as an ecological 

niche for a diverse group of microorganisms 
especially hosts a diverse group of actinobacteria 
with potentials to be explored9. Hence a search 
for antagonistic compounds among the natural 
resources especially from the pristine mangrove 
actinobacterial metabolites is an attracting choice 
of the study to fulfill the needs for novel antifungals 
to control Fusarium wilt of tomatoes. In the recent 
research set-up, numerous literatures narrate the 
production of antifungal compounds with pyrrole 
ring structures by a marine10 and rhizosphere 
soil11 actinobacteria belonging to the genus 
Streptomyces spp. Short-chain dehydrogenases/
reducatses (SDRs) are the essential enzymes 
of melanin biosynthetic pathways12. SDRs are 
responsible for the development of key virulent 
"factors" and contribute to the pathogenic 
behaviors such as appressorium formation, conidial 
germination, penetration, and propagation inside 
the host tissues13. Chemical fungicides such as 
Oxathiapiprolin and Famoxadone were assessed 
for their in vitro antagonism and in silico docking 
with SDRs of FOL. Antibacterial metabolites 
produced by Nocardiopsis dassonvillei, marine 
actinobacterium were docked with bacterial 
DNA gyrases and observed to have interfering 
potentials in silico14. At this juncture, studies 
caring for the exploration of antifungals to FOL 
from marine actinobacterial sources with the 
involvement of computational tools revealing 
SDRs as the novel antifungal targets have not 
been established yet. Hence, we conducted an 
investigation to test the antagonistic behavior 
associated with mangrove sediment inhabiting 
actinobacterial majority followed by identification 
of the participating antifungal metabolites using 
GCMS analysis and an in silico molecular docking 
tactics to carefully identify the effective metabolite 
capable of inhibiting Short-chain Dehydrogenase 
/ Reductase (SDR) in FOL.      

MATERIALS AND METHODS
Sample collection and processing
 Mangrove soil sediments (50g) were 
collected from the Muthupet mangrove ecosystem 
situated at the Southeast Coast of India (10° 20` 
N, 79° 35`E), Tamilnadu, India, at 5 cm depth using 
sterile sample collection containers and transferred 
immediately to the laboratory at the Department 
of Microbiology, Alagappa University, Karaikudi, 



  www.microbiologyjournal.org365Journal of Pure and Applied Microbiology

Vijay et al., J. Pure Appl. Microbiol., 14(1), 363-373 | March 2020 | https://doi.org/10.22207/JPAM.14.1.37

Tamilnadu, India. The mangrove sediments were 
air-dried for 34 h at 37°C to isolate the associated 
actinobacteria9. Vascular wilt affected tomato 
plants were collected in sterile polythene bags 
from agricultural fields located at the southern 
region of Tamilnadu, India and brought to the 
laboratory for the isolation of wilt fungus Fusarium 
oxysporum f. sp. lycopersici (FOL).  
Isolation of marine actinobacteria
 Pure and Distinct actinobacterial colonies 
were obtained using standard serial dilution 
and spread plating on Yeast Malt Agar (ISP2 - 
International Streptomyces Project 2 medium) 
plates supplemented with Nalidixic acid (100 
mg/l) (Himedia) and Nystatin (100U/L) (Himedia) 
to suppress the fungal and gram-negative bacterial 
growth. Plates were incubated at 28°C for 7 days 
to attain optimum growth of actinobacterial 
colonies9. Purified actinobacterial cultures were 
stored as 20% v/v glycerol stock cultures. Early 
log-phase cells of potential strain (TSII) were 
harvested from ISP2 medium and genomic DNA 
was extracted by adopting the protocol described 
in the Molecular Cloning: A Laboratory Manual19. 
16S rRNA gene was amplified specifically using 
the universal primers such as 27F and 1492R 
and sequenced in DNA sequencer (GeneAmp 
PCR System 9700, Applied Biosystems) at Xcelris, 
Ahmadabad, India. 
Isolation of Fusarium oxysporum f. sp. lycopersici
 Reference pathogenic fungal strain 
of Fusarium oxysporum f. sp. lycopersici MTCC 
10270 was procured from Microbial Type Culture 
Collection (MTCC), India. Test pathogenic strains of 
Fusarium oxysporum f. sp. lycopersici were isolated 
from infected tomato plant tissues on Potato 
dextrose agar (PDA) and the virulence of the test 
strains were assayed by challenging each fungal 
strain in 30 days old healthy tomato seedlings 
(from Indian PKM1 variety seeds) followed by 
detection of wilt symptoms and re-isolation of the 
same pathogen proving Koch postulates15. Purified 
spores and mycelium of virulent strains of FOL 
were stored as 20% v/v glycerol stock cultures.  
 Assaying the antagonism to FOL
Dual culture method
 The actinobacterial isolates were 
screened for their ability to inhibit the radial 
growth of FOL by employing dual culture method16 
with slight modification utilizing mixture of 50% 

PDA + 50% ISP2 agar plates. A loopful of 7 days 
old actinobacterial cultures grown in ISP2 broth 
were line streaked on one side leaving 1 cm from 
the margin, and 6mm disc of fungal growth was 
placed at the center and incubated at 25±2°C 
for 7 days. Plates without antagonistic bacterial 
inoculum served as control. Antifungal activity 
was observed by the inhibition of mycelial growth 
of the fungal colony in the direction of actively 
growing actinobacteria. The level of inhibition 
was calculated by deducting the distance (mm) 
of fungal growth in the direction opposite to 
the antagonistic actinobacterial growth from 
the control fungal colony radius. The percentage 
of inhibition was calculated using the following 
formula:
 % of growth inhibition = (R - r) / R ×100
 Where ‘r’ is the radial growth of the 
fungal colony opposite the bacterial colony in mm 
and, R is the radial growth of the fungal pathogen 
in the control plate (without actinobacterial 
inoculum) in mm.
Agar well diffusion assay
 Reference and test pathogenic fungal 
cultures were spread evenly onto PDA plates using 
sterile cotton swabs. Agar wells were punched 
(about 6mm in diameter) on the inoculated plates 
and loaded with 100μl ethyl acetate (EtOAc) 
extracts of cell free supernatants (CFS) from 
actinobacterial isolates observed to exhibit growth 
inhibitory effects in dual culture method along 
with 100μl pure ethyl acetate serving as negative 
control loaded into an adjacent well and incubated 
at 28°C ± 1°C for 2 days. After incubation, the 
diameter of the zone of fungal growth inhibition 
was measured and expressed in millimeters 
(mm)17.
Determinat ion of  Minimum Inhibitory 
Concentration (MIC) of antifungals 
 In vitro Minimum Inhibitory Concentration 
(MIC) of ethyl acetate extracts inhibiting Fusarium 
oxysporum f. sp. lycopersici were determined in 
microtiter plate dilution technique18. Briefly, the 
spore suspension of FOL was adjusted to 1 × 104 
cells / mL by hemocytometric count and plate 
count on PDA. In a 96-well microtiter plate, 100µL 
of the extract was diluted to two folds in Potato 
Dextrose Broth (PDB) and 100µL of fungal spore 
suspension was added to each well followed by 
incubation at 27˚C for 3 days. Optimal fungal 
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growth and media background were determined 
by growing FOL without inhibitors (control) 
and without fungal spores (blank), respectively. 
Percentage of growth inhibition at MIC can be 
expressed using the formula:

% growth 
inhibition at  =           x100
MIC (% GI)                                                 

Control OD630 – Test OD630

Control OD630

Purification and Characterization of the 
antifungals
Bioassay guided fractionation
 Ethyl acetate extracts of actinobacteria 
exhibiting excellent antifungal activity against 
FOL in agar well diffusion assay was fractionated 
through thin layer chromatography (TLC) silica gel 
GF254 using Benzene: Dichloromethane: Methanol 
(6:2:2) as a solvent system and UV/iodine vapor 
as detection system and the active spots were 
identified by persistent antifungal activity in an 
autobiography assay on PDA. Briefly, the developed 
TLC plate was kept onto PDA plate surface already 
spread with test fungal isolates in such a way that 
the silica layer along with separated spots come 
in contact with the inoculated agar surface and 
the plates were incubated at 28°C for 48 h. After 
the detection of fungal growth inhibition in the 
respective compound spots of autobiography 
assay, the same solvent ration was used to collect 
the active spot as a separate fraction in silica gel 
column chromatography. Antifungal fractions were 
collected using a silica gel column (mesh size: 200 
to 400) with a linear gradient (% v/v) of Benzene 
and Dichloromethane. The active fractions were 
pooled and again subjected to silica gel column 
with linear gradients of chloroform and ethyl 
acetate. Purified fraction (eluted in Chloroform: 
ethyl acetate at 9:1) was further separated into 
its isomeric forms in HPLC equipped with ODS/
C18 column with linear gradient of chloroform 
and ethyl acetate (95% / 5%, V/V) and a flow rate 
of 0.5mL/min where Kirby Bauer disc diffusion 
assay was used to guide the antifungal activity of 
the elutes.
Gas Chromatography-Mass Spectral analysis
 Active antifungal compounds fractionated 
by HPLC (Shimadzu UFLC) were subjected to GC-
MS analysis to profile the list of volatile compounds 
whose m/z ratio were matched with library 
(WILEY 8 LIB) of compounds in conjunction with 

a literature search reporting antifungal properties 
previously11. In GC-MS, Fractions were injected 
into Gas chromatographic column (0.25µm 
thickness; 30 m length; 0.25mm internal diameter; 
capillary type column SH-Rxi-5Sil MS) with injector 
port temperature of 250°C, temperature of the 
column oven at 50°C with constant increment in 
the temperature of 6°C per min, hold time of 2 
min and temperature of detector port at 280°C. 
The entire procedure lasted for 40.33 minutes 
with development of Gas chromatogram and 
respective mass spectra using Quadrupole Mass 
Spectrometer (Shimadzu GCMS/QP 2020). 
Homology modeling and Molecular docking
 Homology modeling is a reasonable 
theoretical method, useful to predict the unknown 
3D structure by relying on the experimentally solved 
known 3D structure of the homologous protein. 
A Sequence of Short-chain Dehydrogenases/
Reductase (SDR) (FOXG_00472) in Fusarium 
oxysporum was retrieved from NCBI and modeled 
using dehydrogenase of Bacillus anthracis used 
as a template (PDB: 3I3OA)12. The model of 
SDR in Fusarium oxysporum was constructed by 
homology modeling through the prime module of 
Schrodinger 2018-4. The constructed SDR model 
was docked with 24 ligands profiled in GCMS 
analysis as antifungals using Schrodinger 2018-4.

RESULTS AND DISCUSSIONS
 Marine actinobacterial isolates were 
recovered from mangrove sediments collected 
at Muthupet mangrove ecosystem, India. All the 
isolates were purified by continuous subculture 
on ISP2 medium and stored in 20% v/v glycerols. 
Isolation of mangrove sediment-associated 
actinobacteria was well documented in numerous 
reports after the completion of International 
Streptomyces Project20,21,9.  The potential 
actinobacterial strain producing antifungals 
(TSII) was identified by 16S rRNA gene sequence 
homology using bioinformatics tool (NBLAST) as 
Kutzneria sp. and the sequence was submitted in 
GenBank at NCBI database with accession number 
MN565961.
 Several strains of Fusarium oxysporum 
were isolated from wilt infected tomato plant 
tissues associated with roots, root hairs, stem, 
twigs, leaves, and petioles. Virulence of the test 
strains was investigated in planta assays with 
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30 days old tomato seedlings and fulfilled the 
Koch postulates. Virulent fungal strains were 
identified by microscopic and macroscopic key 
morphological features of the fungal elements 
of Fusarium oxysporum resembling the reference 
strain of FOL MTCC 10270. 
 Cell free supernatant Kutzneria sp. strain 
TSII exhibited in vitro antagonism to the isolated 
test virulent strains of Fusarium oxysporum f. 
sp. lycopersici (FOL) and the reference strain of 
FOL MTCC 10270 in Dual culture and Agar well 
diffusion assays indicates the involvement of 
extracellular antifungal metabolites (Fig. 1). A 
prominent antifungal activity was observed with 
ethyl acetate extract of TSII with percentages 
of growth inhibition to test and reference FOL 
at the minimum inhibitory concentration (MIC) 
(0.78µL/100µL of culture broth) were 98.88± 
0.01, 98.02± 0.02, and 97.44± 0.01 respectively, 
indicating the solubility of antifungal metabolites 

(Table 1). The investigation of Harikrishnan 
and Shanmugaiah, (2012)17

, strongly support 
our findings in a way the ethyl acetate extract 
of culture filtrate from Streptomyces sp., an 
actinobacterium showed a marked broad-
spectrum antifungal activity towards Fusarium 
udum, Fusarium oxysporum, and Alternaria 
alternata and Macrophomina phaseolina, with 
inhibition of conidial and mycelial growth along 
with the germination of sclerotium.
 The extract was fractionated through TLC 
silica gel GF254 using Benzene: Dichloromethane: 
Methanol (6:2:2) as a solvent system and UV/
iodine vapor as detection system and the active 
spot (Rf value: 0.83) was identified by persistent 
antifungal activity in an autobiography assay on 
PDA. Antifungal fractions collected using silica 
gel column with a linear gradient of Benzene and 
Dichloromethane at 6:4 were pooled and further 
eluted in Chloroform: ethyl acetate at 9:1. This 

Fig. 1. GC-MS chromatogram represents the elution of Decanedioic acid, Didecyl ester at Rt (Retention time) of 36.65 
min, 1,4-Benzenedicarboxylic acid, Bis(2-ethyl hexyl) ester at Rt of 37.47 min and Spiro [Cyclopentane-1,2'(1'H)-
quinoxaline] at Rt of 39.06 min. Dashed lines drawn across specific elution peaks represent Decanedioic acid, 
Didecyl ester, 1,4-Benzenedicarboxylic acid, Bis(2-ethyl hexyl) ester and spiro [Cyclopentane-1,2'(1'H)-quinoxaline] 
at respective retention time. 

Table 1. Representation of antagonistic activity of marine actinobacteria to virulent strains of FOL  
       
 Antagonism to Fusarium oxysporum f. sp. lycopersici (FOL)      
  

   Strain MTCC10270    Strain MFOL    Strain NFOL
  

Isolate DZFGI DCM  MIC  DZFGI DCM  MIC DZFGI DCM  MIC 
ID (mm) (% GI) (% GI) (mm) (% GI)  (%GI) (mm) (%GI) (%GI)

TSII 47 94.44 ± 0.02 97.44± 0.01 49 99.22 ± 0.02 98.88± 0.01 50 94.44± 0.05 98.02± 0.02

Note: DZFGI-Diameters of the zone of fungal growth inhibition (DZFGI) measured in agar well diffusion assay; DCM-Dual Culture 
Method; MIC- Minimum Inhibitory Concentration; % GI-Percentage of fungal growth inhibition. Observed values for percentage 
of growth inhibitions are significantly different by LSD test, values are means ± SD (n = 6–10). 
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partially purified fraction was further separated 
into its isomeric forms in HPLC equipped with ODS/
C18 column with linear gradients of chloroform 
and ethyl acetate where Kirby Bauer disc diffusion 
assay was used to guide the antifungal activity of 
the elutes. GCMS profiling of HPLC purified active 
fractions from TSII was performed in Shimadzu 
GCMS/QP2020 and resulted in 24 bioactive 
metabolites whose m/z ratio, retention time and 
molecular formula were matched with compounds 
available with Wiley Library (Version 8.0) (Fig. 
1). Of these, eight compounds were found to 
be antimicrobials reported in earlier studies as 
follows and might be responsible for the in vitro 
antagonism to FOL (Table 2.). 
 The previous report of Velikorodov et 
al., (2012)22, evaluated in vitro antifungal activity 
of carbamate-functionalized spiro compounds 
against dermatophytic fungi such as Microsporum 
canis and Trichophyton rubrum. However, the 
functionalized Spiro compounds were found 
to exhibit fungistatic properties. Glucosamine-
6-phosphate synthases and Methionyl tRNA 
synthetases are the key enzymes in the pathway 
of cell wall chitin synthesis and aminoacylation of 
tRNA synthesis in fungi. These enzymes were the 
antifungal targets in an in silico virtual screening 
by Sapnakumari et al., (2017)23, who identified 
spirooxindoles for their ability to inhibit methionyl 
tRNA synthetase (PDB ID: 1PFV) and glucosamine-
6-phosphate synthase (PDB ID: 1JXA) enzymes 
which was supported by in vitro antagonism by 

chemically synthesised spirooxindoles. Similarly, 
Wu et al., (2015)24, have also contributed synthetic 
spirooxindole derivatives for antifungal activity 
against phytopathogenic fungi including Fusarium 
graminearum. Synthetic spiro [cyclopropane‐1, 
4′‐pyrazol‐3‐one] derivatives were found to have 
inhibitory effects on Candida albicans and shall 
serve as leads for anticandidal drugs25. Spiro 
pyrrolidines were synthesized and assayed for 
antibacterial and antifungal activities26. Though the 
enlisted reports describe the antifungal potential 
of synthetic compounds with a spiro ring system, 
we report for the first time a similar group of 
spiro compound, SPIRO[Cyclopentane-1,2’(1’H)-
Quinoxaline], from marine Kutzneria sp. strain TSII 
sp. with antifungal activity against FOL. 
 Ren  et  a l . ,  ( 2019) 27,  h ave  a l so 
identified the antifungal activity of Phenol, 2, 
4-Bis (1,1-Dimethylethyl)- from Pseudomonas 
fluorescens towards several phytopathogenic 
fungi including Fusarium oxysporum. In parallel, 
Antifungal activity of Phenol, 2,4-Bis(1,1-
Dimethylethyl)-, pyrrolizidines and fatty acid 
esters produced by Streptomyces sp. from the 
rhizosphere of Opuntia stricta11 correlates the 
antifungal potential of Phenol, 2,4-Bis(1,1-
Dimethylethyl)-, and fatty acid methyl esters 
observed in our findings. Anticandidal and 
antibacterial activity was observed in the ink of 
squid Loligo duvauceli due to the presence of bis(2-
ethylhexyl) phthalate (BEHP) in a study carried 
out by Girija et al., (2014)28 relating the possible 
antimicrobial efficacy of Phthalates documented 
in our GCMS data.  
 Wang et al., (2012)29, observed the 
production of Benzeneacetic acid, 2-propenyl ester 
in addition to 3-phenyllactic acid by the lactic acid 
bacterium Lactobacillus plantarum from Koumiss 
with broad-spectrum antifungal activity against F. 
oxysporum, Penicillium citrinum and P. drechsleri. 
Fatty acid methyl esters such as Octadecanoic 
acid, methyl esters and hexadecanols extracted 
from marine macroalgae were the antifungals 
to Fusarium oxysporum and Fusarium solani30. 
Thus the earlier reports stand as added evidence 
indicating the sensitivity of FOL to the fatty acids 
present in the extract of Kutzneria sp. TSII.    
 Melanin biosynthesis is essential 
to contribute pathogenicity to many plant 
pathogenic fungi. Several commercial fungicides 

Fig. 2A. Modeled 3D structure of SDR protein 
(FOXG_00472) in Fusarium oxysporum f. sp. lycopersici 
(FOL) using prime module of Schrodinger 2018-4
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target enzymes of the melanin biosynthetic 
pathway especially the class of Short-chain 
Dehydrogenases / Reductases (SDRs)13. Molecular 
docking studies are recently taking birth to 
investigate the probable interaction of FOL SDR 
with commercial fungicides like Famoxadone 
12. However, our study finds novelty through 
molecular docking of actinobacterially synthesized 
antifungal compounds against the modeled SDR 
(FOXG_00472) of FOL. Sequence of Short-chain 
dehydrogenases/reductase (SDR) (FOXG_00472) 
in Fusarium oxysporum was retrieved from NCBI 
and modeled using SDR of Bacillus anthracis 
as a template (PDB: 3I3OA) since the template 
exhibited highest similarity index of 52.02% 
and query coverage of 97%. A total of 24 useful 
ligands have been detected in GCMS analysis 
and were docked with the modeled protein 
SDR of FOL (FOXG_00472). Among the 24 
compounds docked, 1, 4-Benzenedicarboxylic acid, 
Bis(2-ethylhexyl) ester - FOXG_00472 complex, 
Spiro [Cyclopentane-1,2’(1’H)-quinoxaline] - 
FOXG_00472 and Decanedioic acid, Didecyl ester 
- FOXG_00472 have the docking scores (Kcal/

mol) of – 8.151, -7.231, - 6.031 and the lowest 
binding free energy (ΔGbind) value (Kcal/mol) of – 
68.11, - 42.33 and -79.41 respectively (Table 3). 
2D and 3D structures of modeled FOXG_00472 
alone and ligand-FOXG_00472 complexes were 
represented in Fig 2A; 2B; 2C. Changes occurred 
at active site region of modeled SDR protein 
(FOXG_00472) during the interaction of the 1, 
4-Benzenedicarboxylic acid, Bis(2-ethylhexyl) 
ester especially in the residues such as Ile66, Ser192. 
Similarly, changes were also common upon the 
interaction of Spiro [Cyclopentane-1, 2’(1’H)-
quinoxaline] with FOXG_00472 in the residues 
of Gly236, Gln145. In case of interaction between 
Decanedioic acid, Didecyl ester and FOXG_00472, 
changes can be detectable in the residues such 
as Asn141, Gly67, Val238. Hence, the interaction of 
three docked ligands [1, 4-Benzenedicarboxylic 
acid, Bis(2-ethylhexyl) ester, Spiro [Cyclopentane-
1,2’(1’H)-quinoxaline] and Decanedioic acid, 
Didecyl ester] with the modeled SDR of FOL 
may synchronously inhibit melanin biosynthesis 
relating to the antifungal action of the ligands 
explored from marine actinobacterium Kutzneria 

Fig. 2B. Molecular Docking of actinobacterially synthesized ligands with modeled SDR protein FOXG_00472 in 
Fusarium oxysporum f. sp. lycopersici (FOL). (A) 2D structure of FOXG_00472-1,4-Benzenedicarboxylic acid, Bis ( 
2-ethyhexyl) ester complex showing the interacting aminoacid residues. (B) 3D structure of FOXG_00472- ligand 
complex showing the interaction of 1, 4-Benzenedicarboxylic acid, Bis(2-ethylhexyl) ester at the active site of 
modeled SDR protein FOXG_00472. (C) 2D structure of FOXG_00472 – Spiro [Cyclopentane-1,2’(1’H)-quinoxaline] 
complex showing the interacting aminoacid residues. (D) 3D structure of FOXG_00472 – ligand complex showing 
the interaction of Spiro [Cyclopentane-1,2’(1’H)-quinoxaline] at the active site of modeled SDR protein FOXG_00472
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Fig. 2C. Molecular Docking of actinobacterially synthesized ligands with modeled SDR protein FOXG_00472 in 
Fusarium oxysporum f.sp. lycopersici (FOL). (A) 2D structure of FOXG_00472- Decanedioic acid, Didecyl ester 
complex showing the interacting aminoacid residues. (B) 3D structure of FOXG_00472 – ligands complex showing 
the interaction of Decanedioic acid, Didecyl ester at the active site of modeled SDR protein FOXG_00472

sp. Further studies encompassing the development 
of antifungal formulations and application in field 
trials may explore novel alternatives for chemical 
fungicide use in tomato cultivations.  

CONCLUSION
 The present investigation deals with the 
effective in vitro antagonistic potential of marine 
actinobacterium Kutzneria sp. strain TSII through 
the secretion of antifungal compounds targeting 
Short-chain Dehydrogenases/Reductases of 
fungal melanin biosynthetic pathway and exerting 
inhibitory effects in an in silico study. Furthermore, 

this study uncovers potential metabolome of 
marine actinobacteria having antifungal products 
which shall be applied as biocontrol formulates 
to control fungal pests like Fusarium oxysporum 
in agriculture. On the birth of this investigation, 
we conclude that these bioactive compounds 
may replace the usage of chemically synthesized 
fungicides for eco-friendly and sustainable crop 
protection.
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Decanedioic acid, Didecyl ester -6.031 -80.819 -57.471 Asn141, Gly67,  -79.41
    Val238
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