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Abstract- A biosynthetic gene cluster (BGC) is a group of genes in a genome that collectively encode the enzymes responsible
for producing a specific natural product, such as a secondary metabolite or a bioactive compound with diverse biological
activities, including antibiotics, antifungals, antiviral agents. Understanding the structure and function of these biosynthetic
gene clusters is important for developing new pharmacological compounds. By studying these clusters, it would be beneficial
in identifying the potential targets for drug development and strategies to prevent the spread of antibiotic resistance. In this
study, we identified biosynthetic gene clusters in Panicum virgatum. The plant possess various medicinal properties. Using
KNApSAck database, we identified the secondary metabolites present in the plant. PlantiSMASH is a bioinformatics tool
that can be used to identify biosynthetic gene clusters (BGCs) in plant genomes. Using PlantiSMASH, BGCs in Panicum
virgatum genomes were predicted. This study gives an insights into the secondary metabolism of Panicum virgatum, and
identify potential targets for genetic engineering to improve the nutritional value or other properties of the plant. Hence,
the Biosynthetic gene clusters in Panicum virgatum offer a promising avenue for improving the productivity, nutritional
value, and health benefits.

Keywords: Biosynthetic Gene Cluster (BGC), Secondary metabolites, Panicum virgatum, PlantiSMASH, KNApSAck
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1. INTRODUCTION

Plants contain a pool of metabolites having diverse role in medicine and agriculture. Now a days, genome mining has provided a
great platform for the discovery of these natural products. The most valuable gift of this genome mining to scientific research is the
biosynthetic gene clusters (BGCs). In case of bacteria and fungi, the genes that are involved in the metabolic pathways of the
metabolites are found to be clustered and are termed as biosynthetic gene clusters (BGCs) (1-4). In BGCs, the whole genome
sequence of the organism is provided which then identify the natural molecules by extracting the structural, chemical, metabolism,
and expression data computationally. The discovery of the antiSMASH database, a genome mining platform, has opened up a hew
road for the discovery of natural compounds. This came into force in the year 2010 (5) and has been continuously developing each
year (6,7). The main purposes of this genome mining approach are to search the biosynthetic genes coding for the natural compounds
as well as to recognize novel metabolites. This can assist in large scale production of those particular strains industrially. Therefore,
this approach is well known as ‘gene cluster revolution’ (1).

Recently, it has been found that along with microbes, the biosynthetic pathways in plants are also highly clustered. The initial
studies on the gene clusters of cyclic hydroxamic acid 2,4-dihydroxy-1,4-benzoxazin-3-one (DIBOA) and avenacin (8,9) have
found around thirty plant BGCs (10,11). Most important thing is that all together, the clusters are found to code for a vast range of
metabolites like di and triterpenes, cyanogenic glucosides, cyclic hydroxamic acids, steroidal and benzylisoquinoline alkaloids, and
polyketides. In the model plant species, Arabidopsis thaliana, around four BGCs have been identified those are associated with
particular metabolites (12). Developments are ongoing in discovering the genomic sequences of plants at larger scales (13). The
complete genome sequence of around 100 plant species are available publicly. Hence, identification of BGCs is a key for the
discovery of novel plant natural products.

Tools for genome mining for microbes may not be suitable for plants since the genome of plants are more complicated, bigger,
variable and contain sequence for unique enzymes (14) (15,16). Therefore, scientist have introduced a special genome mining tool
for plants i.e. antiSMASH for plants or ‘plantiSMASH’ (plantiSMASH: automated identification, annotation and expression
analysis of plant biosynthetic gene clusters). It displays the presence of numerous complex biosynthetic loci in varied plant species.
Panicum virgatum L. is commonly known as ‘Switchgrass’, a perennial grass. It is basically used for soil conservation and forage.
It is also used as a source of biomass for biofuel production (7-10). Several studies on Switchgrass are there such as from roots and
leaves the stress-induced volatile terpene biosynthesis (11), Lignin biosynthesis (12), in generating Bioenergy feedstocks (13), and
in logistics also (14). In this study, we have identified the secondary metabolites present in this plant with their chemical structures.
Around 53 BGCs are found in Panicum virgatum. Hence, this study has opened up a new avenue for the discovery of novel natural
products in Switchgrass through in silico approach.
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2. MATERIALS AND METHODS
2.1. Identification of secondary metabolites present in the plant Panicum virgatum
To identify the secondary metabolites in Panicum virgatum (PV), “KNApSAck Family” database was used. After entering the web
page, there are various options present for the detection of the subject of interest such as core system, search engine, and graph
clustering. Not only these there are several different divisions and subdivisions of sections such as food and health, crude drug and
biological functional sp. search. For identification of the secondary compounds present in the plant PV, the protocol of Weber, et
al. was followed (17).
2.2. Identification of Biosynthetic gene clusters (BGCs) present in the plant Panicum virgatum

To identify the Biosynthetic gene clusters (BGCs) present in PV, PlantiSMASH database was used. After entering the
database search engine with the plant name or NCBI accession number, all the BGCs present in the plants are displayed. Not only
this but also the details of size, location, and other details of all BGCs can be accessed through this database (15).
2.3. Determination of secondary metabolic mediated pathway
To analyze the secondary metabolite-mediated pathway, the ‘Kyoto Encyclopedia of Genes and Genomes’ database was used. AS
per the protocol by Ma et al., several metabolisms involved in a secondary metabolite-mediated pathway were studied through this
database (16).

3. RESULTS

3.1. Identification of novel secondary metabolites of Panicum virgatum

First of all, we investigated the types of secondary metabolites present in Panicum virgatum through our in silico study (KNApSAck

Family). Interestingly, a total of six secondary metabolites were found in PV (Table 1). Their structures are represented in figure 1.
Table 1: List of secondary metabolites found in Panicum virgatum as per the in silico study through KNApSAcK.

SI. No. C_ID CASID Metabolites Molecular formula
1 C00000152 7400-08-0 p-Coumaric acid CoHsO03

2 C00000615 501-16-6 Caffeic acid CoHsO4

3 C00002720 73263-62-4 5-O-Caffeoylshikimic acid C16H160s

4 C00007280 30802-00-7 p-Coumaroyl CoA C30H42N7018P3S

5 C00007281 53034-79-0 Caffeoyl-CoA C30Ha2N7019P3S

6 C00056037 196496-50-1 4-Coumaroylshikimate Ci6H1607
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Figure 1. Chemical structure of secondary metabolites found in Panicum virgatum. (a) p-Coumaric acid, (b) Caffeic acid, (c) 5-
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f. 4-Coumaroylshikimate

O-Caffeaylshikimic acid, (d) p-Coumaroyl CoA, (e) Caffeoyl-CoA, (f) 4-Coumaroylshikimate.

3.2. Biosynthetic Gene Clusters (BGCs) analysis of Panicum virgatum

After finding the novel metabolites through our in silico study (Figure 1, Table 1), we searched for the potential biosynthetic gene
clusters in Panicum virgatum. Interestingly, a total of fifty-three BGCs were identified (Figure 2, Table 2). Those BGCs are enlisted

in Table 2, with their location, size, and CD-HIT Clusters details.

In the table 2, the number of CD-HIT clusters for each gene cluster signifies the number of functionally different protein (sub)
families it encodes. This can be used to highlight gene clusters with complex architectures that produce diverse types of enzymes
related to specialized metabolite biosynthesis. An example can be seen with Panicum virgatum, containing a predicted saccharide

cluster in the chromosome with 3 CD-HIT clusters as depicted in Fig. 2. The legend of each cluster is represented in table 3.

Table 2: Biosynthetic Gene clusters and their details in Panicum virgatum

Cluster Type of metabolites Location Size (kb) CD-HIT
Clusters
Cluster 1 Saccharide 2196872 — 2232128 35.26 3
Cluster 2 Terpene 16301953 — 16552887 250.93 4
Cluster 3 Saccharide 50212613 — 50467538 254.93 4
Cluster 4 Putative 52689816 — 52807526 117.71 4
Cluster 5 Saccharide 52870634 — 52923784 53.15 3
Cluster 6 Saccharide 61277895 — 61360091 82.20 4
Cluster 7 Terpene 66344610 — 66509550 164.94 3
Cluster 8 Terpene 71100351 — 71192875 92.52 3
Cluster 9 Saccharide 23693629 — 23783321 89.69 3
Cluster 10 Putative 25688406 — 25891203 202.80 5
Cluster 11 Terpene 40130922 — 40221592 90.67 3
Cluster 12 Saccharide-Terpene 67391985 — 67753211 361.23 5
Cluster 13 Saccharide 68016557 — 68154613 138.06 3
Cluster 14 Saccharide 69810590 — 69905799 95.21 3
Cluster 15 Putative 74619574 — 74851784 232.21 4
Cluster 16 Saccharide 61810255 — 61888027 77.77 3
Cluster 17 Putative 2209644 — 2290091 80.45 4
Cluster 18 Saccharide-Terpene 20745796 — 21066743 320.95 3
Cluster 19 Terpene 56513575 — 56659662 146.09 4
Cluster 20 Putative 3178568 — 3320497 141.93 5
Cluster 21 Terpene 12363497 — 12744451 380.95 4
Cluster 22 Saccharide-Terpene 19747332 — 19945495 198.16 5
Cluster 23 Saccharide-Terpene 22403374 — 22576175 172.80 5
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Cluster 24 Polyketide 54820989 — 55061029 240.04 5
Cluster 25 Saccharide 69018376 — 69088333 69.96 3
Cluster 26 Lignan-Alkaloid 56178228 — 56350065 171.84 3
Cluster 27 Terpene 9508472 — 9618651 110.18 3
Cluster 28 Putative 47351443 — 47463092 111.65 6
Cluster 29 Terpene 53983647 — 54156072 172.43 3
Cluster 30 Terpene 39663750 — 39771897 108.15 3
Cluster 31 Alkaloid 49643003 — 49948561 305.56 4
Cluster 32 Saccharide 17255228 — 17373788 118.56 3
Cluster 33 Saccharide 18114999 — 18306185 191.19 3
Cluster 34 Polyketide 20771942 — 21003825 231.88 4
Cluster 35 Lignan 24977166 — 25461974 484.81 4
Cluster 36 Terpene 40077589 — 40584062 506.47 3
Cluster 37 Lignan 2903099 — 2950638 47.54 3
Cluster 38 Saccharide 12244836 — 12354840 110.00 3
Cluster 39 Saccharide 24990865 — 25058503 67.64 3
Cluster 40 Lignan 43890404 — 44009109 118.70 4
Cluster 41 Saccharide-Alkaloid 51186199 — 51298355 112.16 3
Cluster 42 Lignan 1162828 — 1222364 59.54 3
Cluster 43 Saccharide 14362566 — 14413834 51.27 3
Cluster 44 Polyketide 16168880 — 16312724 143.84 3
Cluster 45 Saccharide-Polyketide 9455839 — 9687341 231.50 6
Cluster 46 Saccharide-Polyketide 24061492 — 24171183 109.69 3
Cluster 47 Saccharide 42210215 — 42327302 117.09 5
Cluster 48 Lignan 5214821 — 5260670 45.85 3
Cluster 49 Polyketide 10763597 — 10837503 73.91 3
Cluster 50 Putative 22875320 — 22964668 89.35 4
Cluster 51 Saccharide-Alkaloid 44637564 — 44957188 319.62 5
Cluster 52 Saccharide-Terpene 11796647 — 11944119 147.47 3
Cluster 53 Saccharide 6982 — 26299 19.32 3
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Figure 2: 53 Biosynthetic Gene clusters in different locations in the chromosome of Panicum virgatum. The legend of each
cluster is represented in table 3.

Table 3: The Legends of Biosynthetic Gene clusters found in Panicum virgatum

Cluster | Legend

1 Glycosyltransferase Ml Methyltransferase Il (Other) Biosynthetic Genes Ml Other Genes
2 Il Cytochrome 450 Terpene synthase Il (Other) Biosynthetic Genes Ml Other Genes
3 [l Cytochrome 450 Glycosyltransferase Il BAHD acyltransferase Fatty acid desaturase
Il (Other) Biosynthetic Genes [l Other Genes
4 M Methyltransferase Ml scl acyltransferase Fatty acid desaturase Il (Other) Biosynthetic Genes

[l Other Genes

5 Glycosyltransferase . CoA-ligase .Cel\u\ose synthase-like . (Other) Biosynthetic Genes
M Other Genes

6 . Cytochrome 450 Glycosyltransferase . (Other) Biosynthetic Genes . Other Genes
7 . Cytochrome 450 Terpene synthase . (Other) Biosynthetic Genes . Other Genes
8 [l Cytochrome 450 Terpene synthase [l (Other) Biosynthetic Genes [ Other Genes
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9 Glycosyltransferase . Methyltransferase . BAHD acyltransferase . (Other) Biosynthetic Genes
M Other Genes
10 M COesterase M 5cl acyltransferase Oxidoreductase [l (Other) Biosynthetic Genes
M Other Genes
ll Ml Cytochrome 450 Terpene synthase M CoA-ligase Il (Other) Biosynthetic Genes
M Other Genes
12 I Cytochrome 450 Terpene synthase Glycosyltransferase Il Methyltransferase
. Epimerase . (Other) Biosynthetic Genes . Other Genes
13 Glycosyltransferase . Lipoxygenase . (Other) Biosynthetic Genes . Other Genes
14 Glycosyltransferase Dioxygenase [l (Other) Biosynthetic Genes [l Other Genes
15 Ml COesterase Oxidoreductase [ Aminotransferase [l (Other) Biosynthetic Genes
M Other Genes
16 Glycosyltransferase [l Methyltransferase B scl acyltransferase [l (Other) Biosynthetic Genes
Ml Other Genes
17 . BAHD acyltransferase .Sc\ acyltransferase Oxidoreductase . (Other) Biosynthetic Genes
M other Genes
18 Ml Cytochrome 450 Terpene synthase Glycosyltransferase Il (Other) Biosynthetic Genes
[l Other Genes
19 i
. Cytochrome 450 Terpene synthase . BAHD acyltransferase . Scl acyltransferase
[l (Other) Biosynthetic Genes [l Other Genes
20 o o
Il Cytochrome 450 Terpene synthase M epimerase M Coa-ligase
Il (Other) Biosynthetic Genes M Other Genes
21 .Cytochrome 450 Terpene synthase . Epimerase . (Other) Biosynthetic Genes
M Other Genes
ycosyltransferase atosynthase ethyltransferase cl acyltransferase
22 Glycosyltransf Ketosynth Methyltransf Scl acyltransf
[l (Other) Biosynthetic Genes [ other Genes
23 Glycosyltransferase B 5cl acyltransferase Dioxygenase [ PRISE enzymes
[l (Other) Biosynthetic Genes [l Other Genes
24 Ketosynthase B COesterase B Methyltransferase M Epimerase
[l (Other) Biosynthetic Genes [l Other Genes
25 Glycosyltransferase . Lipoxygenase . (Other) Biosynthetic Geneas . Other Genes
26 [l Pictet-Spengler enzyme (Bet vi)  [BAHD acyltransferase [l Dirigent enzymes B (Other) Blosynthetic Genes
[l Other Genes
27 : ' !
B Cytochrome 450 Terpene synthase [l (Other) Biosynthetic Genes B Other Genes
28 [l Cytochrome 450 B COesterase Oxidoreductase [ (Cther) Biosynthetic Genes
[l Other Genes
29 Terpene synthase .Sc\ acyltransferase Oxidoreductase . (Other) Biosynthetic Genes
[l Other Genes
30 . Cytochrome 450 Terpene synthase . COesterase . (Other) Biosynthetic Genes
[l Other Genes
31 [l Methyltransferase [ strictosidine synthase-like B cellulose synthase-like [l (Other) Biosynthetic Genes
[l Other Genes
32 Glycosyltransferase Oxidoreductase B Aminotransferase [l (Other) Biosynthetic Genes
B Other Genes
33 Glycosyltransferase . Methyltransferase Oxidoreductase . (Other) Biosynthetic Genes
B Other Genes
34 Ketosynthase [l Methyltransferase [l BAHD acyltransferase [ (Other) Biosynthetic Genes
[l Other Genes
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35 [l Cytochrome 450
[l (Other) Biosynthetic Genes

[l Methyltransferase
[l Other Genes

. Scl acyltransferase . Dirigent enzymes

B Cytochrome 450
. (Other) Biosynthetic Genes

36 Terpene synthase [l Vethyltransferase Il (Other) Biosynthetic Genes [l Other Genes

37 . Methyltransferase Dioxygenase . Dirigent enzymes . (Other) Blosynthetic Genes
[l Other Genes

38 B Cytochrome 450 Glycosyltransferase W 2mino oxidase [l (Other) Biosynthetic Genes
[l Other Genes

39 Glycosyltransferase B vethyltransferase Fatty acid desaturase [l (Other) Biosynthetic Genes
[l Other Genes

40 [l Methyltransferase B Co-ligase W Dirigent enzymes [l (Other) Biosynthetic Genes
W Other Genes

41 Glycosyltransferase Strictosidine synthase-like Il (Other) Biosynthetic Genes M Other Genes

42 . Methyltransferase Dioxygenase . Dirigent enzymes . (Other) Biosynthetic Genes
M other Genes

43 [l Cytochrome 450 Glycosyltransferase B COesterase [l (Other) Biosynthetic Genes
[l Other Genes

44 Ketosynthase Oxidoreductase Dioxygenase . (Other) Biosynthetic Genes
[l Other Genes

45 . Cytochrome 450 Glycosyltransferase Ketosynthase . BAHD acyltransferase

Dioxygenase [l (Other) Biosynthetic Genes [l Other Genes
46 Glycosyltransferase Ketosynthase [l (Other) Biosynthetic Genes [l Other Genes
47

Glycosyltransferase

[l Other Genes

B 5l acyltransferase Dioxygenase

48 [l COesterase

[l Other Genes

M Epimerase

[l Dirigent enzymes

B (Other) Biosynthetic Genes

49 Ketosynthase
[l Other Genes

[l COesterase

Dioxygenase [l (Other) Biosynthetic Genes

Glycosyltransferase

50 [l Cytochrome 450 [l Vethyltransferase [l (Other) Biosynthetic Genes [l Other Genes
51 . Cytochrome 450 . Pictet-Spengler enzyme (Bet v1) Glycosyltransferase . BAHD acyltransferase
[l (Other) Biosynthetic Genes [l other Genes
52 [l Cytochrome 450 Terpene synthase Glycosyltransferase [l (Other) Biosynthetic Genes
[l Other Genes
53

B (Other) Biosynthetic Genes

B Other Genes

3.3. Secondary metabolite-mediated biosynthesis pathway in Panicum virgatum

After finding the novel secondary metabolites in Panicum virgatum along with their BGCs, we analyzed the Biosynthetic pathways
of secondary metabolites through KEGG pathway study. Secondary metabolite-mediated biosynthesis pathway of Caffeic acid, 5-
O-Caffeoylshikimic acid, p-Coumaroyl CoA, caffeoyl-CoA, and 4-Coumaroylshikimate are represented in figure 3, 4, 5, 6, and 7
respectively.
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Figure 4: Secondary metabolite-mediated biosynthesis pathway of 5-O-Caffeoylshikimic acid
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Figure 7: Secondary metabolite-mediated biosynthesis pathway of 4-Coumaroylshikimate

From our analysis, we found that caffeic acid is involved in glyoxylate cycle, threonine biosynthesis, histidine biosynthesis,
phenylalanine biosynthesis, and beta-Carotene biosynthesis. oumaroyl coa is associated with tryptophan biosynthesis, jasmonic
acid biosynthesis, ascorbate biosynthesis, and cysteine biosynthesis. Caffeoyl-CoA is found to be involved in glyoxylate cycle,
castasterone biosynthesis, ethylene biosynthesis, and abscisic acid biosynthesis. Finally, Coumaroylshikimate is found to be
involved in glyoxylate cycle, valine/isoleucine biosynthesis, shikimate pathway, and monolignol biosynthesis.

4. DISCUSSION

This in silico study identified 6 novel metabolites in Panicum virgatum. This was calculated through the latest release of the
KNApSAcK Core DB, which contains 101,500 species-metabolite relationships involving 50,048 metabolites and 20,741 species
(18). With the use of this database and protocol by Watts et al, we tried to estimate the total number of secondary metabolites (six)
and their chemical structures (19). Additionally, understanding the metabolic pathways are also very important for analyzing their
metabolic networks in plants (20). KEGG pathway database has the existence of all over 223,300 plant species available on Earth
and expected metabolites from 136,436 to 367,328 (21). Our BGCs study using PlantiSMASH found a wide variety of candidate
BGCs across the plant taxonomy. A recent investigation utilized PlantiSMASH to examine recovered genome bins from Lake
Stechlin in north-east Germany for the presence of secondary metabolites (22). After conducting a detailed examination of the
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BGCs within individual genome bins, researchers discovered an unclassified bacterium containing a polyketide synthase (PKS)
cluster. This cluster exhibited three associated domains related to the enediynes polyketides pathway. Enediynes polyketides are a
type of secondary metabolite known for their remarkable anticancer and antibiotic properties, primarily attributed to the cytotoxic
characteristics of their enediyne core (23). The majority of these molecules are believed to be advantageous. Within the BGCs,
there are clusters of thiopeptides that encode antibiotics, and several of these antibiotics exhibit structural resemblances to
compounds currently undergoing clinical trials (24).

5. CONCLUSION

Secondary metabolites (SMs) have played a crucial role in pharmaceuticals, research, and the industry, offering extensive
possibilities for expanding our comprehension of chemical diversity and the functions of these metabolites. Numerous studies have
uncovered a wealth of biosynthetic gene clusters (BGCs) responsible for both known and potentially undiscovered SMs. These
findings reinforce the idea that rich biodiversity often correlates with a wide range of chemical diversity. In the future, there is
expected to be further advancements in bioinformatics software to overcome current limitations in genome mining, metagenomic
data analysis, and compound characterization. Additionally, new or improved techniques for culturing and screening may emerge
to explore the vast array of SMs.

We observed novel metabolites in Panicum virgatum. However, further in vitro and in vivo studies of these compounds are required
to confirm these results. In addition, several vegetal sources might be further studied or characterized in order to analyze their
potential against several diseases.
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