Genome-wide analysis of cytochrome P450 genes of Macrophomina phaseolina: annotation and evolutionary relationships and structural analysis
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Novelty Statement
Macrophomina phaseolina is an important soil-borne plant pathogen infecting over five hundred crops and causing diseases of economic importance including damping-off, colour rot, charcoal rot, stem rot, root rot, and seedling blight. Cytochrome P450 (CYPs) is one of the indispensable enzyme families that regulate myriads of metabolic processes in living systems. Several in-silico studies have been documented on the Cyps of some important fungal species but this is, however, lacking in Macrophomina phaseolina. The results of this present study elucidated relevant information on the cyps of M. phaseolina that could be harnessed for its effective management.

Abstract
Cytochrome P450 (CYPs) are a haem-containing monooxygenases family of enzymes involved in the metabolism of vast wide groups of compounds.  Moreover, different aspects of fungal cytochrome p450 have been studied, such as their family diversity, catalytic versatility, P450 family enrichment, thermostable P450s, P450s as drug-target, and their values in biotechnology. The fungal organism Macrophomina phaseolina is an important plant pathogen with a wide host range capable of producing a vast array of enzymes that mediate its pathogenic lifestyle. In this study, CYP genes of Macrophomina phaseolina were retrieved, aligned, and phylogenetic analysis was carried out. Gene structure and motif elucidation were done, and the subcellular location of the CYPs was determined. The proteins were found to originate from a single ancestor and branched into three broad clades. 7 motifs were identified, and gene structure revealed both mono and poly-exonic genes belonging to three CYP clans. The majority of the cytochrome p450 proteins were found to be localized in the endomembrane system.  This study gives an insight into the gene structure, phylogenetic, protein motif, functional classification, and subcellular localization of cytochrome p450 proteins in Macrophomina phaseolina.
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Introduction
Cytochrome P450 (CYPs) are haem-containing monooxygenases family of enzymes (Kelly et al., 2009) involved in the metabolism of extensive diversity of both exogenous and endogenous compounds. Their ability to catalyze the regio-chemo- and stereospecific oxidation of a huge number of substrates under mild reaction circumstances makes them an important set of actors in xenobiotic degradation. They are actively involved in both primary and secondary metabolism, thereby enabling them to accomplish chemical transformations, (Chadha et al., 2018), exploiting compounds as main carbon and energy sources, cellular detoxification, etc., (Jossue et al., 2020). All living organisms belonging to the biological kingdom possess CYPs, and among these kingdoms, fungal CYPs is the most studied, and the different aspects of these enzymes, including their family diversity, catalytic versatility, P450 family enrichment, thermostable P450s, their use as drug-target and provision of biotechnologically valuable products has been known (Qhanya et al., 2015). The fitness and fecundity of fungi to various ecological niches can be attributed to the extensive participation of CYPs in a wide variety of physiological reactions (Chen et al., 2014). CYPs are made used by filamentous Fungi to produce a wide array of secondary metabolites that are important to biomedicine, agriculture, and industries. Extensions and functional variations of the fungal CYP families can be attributed to the evolution of fungal pathogenicity (Chen et al., 2014). Macrophomina phaseolina is a fungus that has been implicated as an important plant pathogen. It is soil-borne and has a very wide host range of approximately 500 cultivated and wild plant species globally (Kishore Babu et al., 2007). It causes damping-off, colour rot, charcoal rot, stem rot, root rot, and seedling blight in many important crops of economic significance. Macrophomina phaseolina secrets a wide array of enzymes that degrade the cell wall of plants by depolymerizing it, leading to the collapse of the overall plant structure (Marquez et al., 2018). Among these enzymes, pectinases, xylanases, cellulases and proteases have been identified as the significant enzymes secreted by this organism (Khan et al., 2017). Considering the importance of Macrophomina phaseolina to agriculture and the essential role CYPs play in the biology of fungi, it is therefore important to annotate and study the evolution of the CYPs in this organism which will help in both the commercial exploitation of these enzymes and in designing control measures. Although earlier studies on the CYPs of several important fungal species have been well documented (Moktali et al., 2012; Chen et al., 2014; Kgosiemang et al., 2014; Sello et al., 2015; Dauda et al.,2021a, 2022a, 2022b, 2022c) this subject has not been covered in this important plant pathogen. Hence, this study intends to perform a genome-wide study of the structure, phylogenetic analysis, and functional annotation of CYPs genes of Macrophomina phaseolina coupled with the classification and subcellular localization analysis of the CYP proteins with a broader aim to facilitate the classification/nomenclature and to understand the functional diversity and evolution of the P450s in this important plant pathogenic fungus. 
Methodology
Sequence retrieval 
The 318 cytochrome p450 protein sequence of Macrophomina phaseolina were retrieved from the Joint Genome Institute mycocosm the fungal genome database (mycocosm.jgi.doe.gov/pages/search-for-genes.jsf). 
Structural feature analysis of CYP protein sequence 
This was done based on the analysis of the sequences with the CYP signature in the JGI database (mycocosm.jgi.doe.gov/pages/search-for-genes.jsf). The CYPs conserved domains were further identified using the Conserved Domain Database to confirm the presence of CYP sequences in the retrieved sequence.
Phylogenetic analysis
The downloaded protein sequences in FASTA format were aligned using the multiple sequence alignment program MUSCLE® as implemented in MEGA X software (Kumar et al. 2018). The evolutionary history was inferred by using the Maximum Likelihood method and JTT matrix-based model (Jones et al., 1992). Initial tree(s) for the heuristic search were obtained automatically by applying Neighbor-Join and BioNJ algorithms to a matrix of pairwise distances estimated using the JTT model and then selecting the topology with a superior log-likelihood value. The tree is drawn to scale, with branch lengths measured in the number of substitutions per site. This analysis involved 318 amino acid sequences. There were a total of 2490 positions in the final dataset. Evolutionary analyses were conducted in MEGA X (Kumar et al., 2018) as described by Dauda et al. (2021b).
Gene structure analysis
The exon-intron structures for cytochrome P450 genes of Macrophomina phaseolina were analyzed using Gene Structure Display Server (GSDS 2.0) (http://gsds.gao-lab.org/) (Bo et al.,2015) the server graphically displayed the numbers and positions of exons and introns after loading the coding and genomic FASTA sequences.
Protein Motif Elucidation
The discovery of the motifs of cytochrome P450 genes of Macrophomina phaseolina was performed by an online server Multiple Expectation Maximization for Motif Elicitation (MEME) Suite (http://meme-suite.org/tools/meme) using the genomic sequence   (Bailey et al., 2009) which was set for 7 motifs.  The minimum width of the protein motif was 29 amino acids, while the maximum was 50 amino acids, respectively.
Identification of clans, families, and putative functions
Macrophomina phaseolina CYP protein sequences were blasted in the NCBI CDD site for the identification of their characteristic functional class. The identified proteins were further compared with the already characterized CYPs in the Fungal cytochrome P450 database (http://p450.riceblast.snu.ac.kr) for the determination of their family and clan. 
Subcellular Localization analysis
Sub-cellular localization analysis was carried out to obtain more understanding of the functional mechanism of P450 genes. This was done using the BUSCA integrative web server for predicting the subcellular localization of proteins in fungi http:busca.biocomp.unibo.it (Savojardo et al., 2018). For this, 318 cytochrome P450 protein sequences were used, and the analysis was done at the default settings of the server by setting the taxonomic origin of the inputted sequence to eukarya fungi 9-compartment.
 
Results
Sequence retrieval 
A total of 318 cytochrome P450 genes of Macrophomina phaseolina were retrieved from the joint genome institute.
Phylogenetic analysis 
The evolutionary studies performed during this study showed that there are 3 phylogenetic groups of cytochrome P450 proteins of Macrophomina phaseolina, which are indicated by different colours as illustrated on Figure 1. Group 1 (green bars) had the highest number of protein clusters consisting of a total of 140 protein families, this is followed by group 3 (red bars), which had 124 proteins, while group 2 (blue bars) had the least consisting of 54 protein family.
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Figure 1: Neighbor-joining unrooted phylogenetic tree of the 318 cytochrome p450 protein sequences from Macrophomina phaseolina. Pseudogene products are excluded due to large gaps in the sequences. Phylogenetic and molecular evolutionary analyses were conducted using MEGA X (Kumar et al., 2018)

Gene structure 
The exon-intron structure of the 318 genes presented in Figure 1 was analyzed by comparing their coding sequences with the corresponding genomic sequences using the online tool GSDS2.0 (http://gsds.gao-lab.org/Gsds).  The highest number of introns (10) was in the gene MPH07555 MPH03440, MPH00935 immediately follow this, and MPH01839, having 9 introns, respectively.
Motif analysis
MEME analysis of the 318 cytochrome p450 genes of Macrophomina phaseolina revealed the result of 7 motifs as shown in Figures 2 a and b. Motif 6 had the highest frequency of 236 sites with the highest amino acid width of 50. followed by motif 7 with 211 sites and a width of 29 amino acids, while motifs 1, 2, 3, 4, and 5 had 128, 124, 106, 56, and 143 sites, respectively. Motif 4 had the highest E-value, followed by motif 1.
Clans and families of cytochrome P450 in Macrophomina phaseolina
In Macrophomina phaseolina, three CYP clans were discovered, which were CYP533, CYP65 and CYP52, as presented in Table 1. All the CYP clans in this organism had one CYP family, where CYP533 had CYP64 family, CYP65 clan had CYP60, and CYP52 clan had CYP52 family, respectively. No clan was discovered for the CYP120 family.  However, the distribution of the CYP proteins in these respective families differed, with CYP60 having the highest number of proteins (27), followed by CYP64, which had 16 proteins, while CYP52 had 5 proteins while the CYP120 family had the least number of proteins (2).  
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Figure 2: Gene structure as obtained using the gene structure display server (GSDS).
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Figure 3b: Predicted conserved motifs of cytochrome P450 genes of Macrophomina phaseolina
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Figure 3a: Sequence Logo of the Seven Motifs predicted in the cytochrome P450 of Macrophomina phaseolina. The amino acid type and position are shown on the x-axis. The overall height of the amino acid stacks, plotted on the y-axis, indicates the sequence conservation at a given position, while the height of individual symbols within a stack indicates the relative frequency of a nucleotide base at that position.



Table 1: Identified clans, families and putative functions of cytochrome   P450 in Macrophomina phaseolina

	Clan
	Family
	Putative Function
	Number of P450s

	CYP533
	CYP64
	Xenobiotic Metabolism
	16

	CYP65
	CYP60
	Secondary Metabolism
	27

	CYP52
	CYP52
	Xenobiotic Metabolism, Alkane inducible P450
	5

	
	CYP120
	Oxidation of fatty acids
	2



Subcellular Localization 
The subcellular prediction of cytochrome P450 proteins was carried out using the BUSCA integrative web server, as presented in figure 4. For this, it was discovered that the 318 cytochrome P450 proteins of Macrophomina phaseolina were localized within eight (8) subcellular compartments, which are the cytoplasm, endomembrane system, extracellular space, mitochondrial membrane, mitochondrion, nucleus, organelle membrane and plasma membrane. The Endomembrane system was discovered to have the highest cytochrome P450 proteins in this organism (151). Cytoplasm (63) followed this, while 39 were localized in organelle membrane, 29 in Mitochondrion, 24 in Extracellular space and 10 in Plasma membrane.



Figure 4: Prediction of Subcellular localization of Cytochrome P450 in Macrophomina phaseolina. Bars represent standard error at a 5 % probability level.

Discussion
The 318 Cytochrome P450 genes recovered in this organism reveals a high amount of these genes in this fungus showing the importance of this proteins in the survival of this fungus as they play important biological and physiological roles (Chen et al., 2014). This could be part of the factors that can enable this organism to overcome the host plant defence system to establish itself and mediate its damage which could eventually be the reason for its success as a pathogen of over 500 different plant species (Islam et al., 2012). M. phaseolina has a very large collection of hydrolytic enzymes that are able to degrade all the major components of the plant cell wall and cuticle, including cellulose, hemi-cellulose, pectin, lignin, and cutin. Also, research has shown that the cellulolytic activity of M. Phaseolina was found to be higher than that of other plant pathogenic fungi thereby making it an excellent pathogen adapted for its pathogenic lifestyle (Ramos et al., 2016).
The phylogenetic analysis of the Cytocrome P450 revealed 3 phylogenetic groups of the proteins in Macrophomina phaseolina. These proteins exhibit a monophyletic evolutionary trait with a common ancestor that has diverged over time into three broad clades. The clustering of this cytochrome p450 into three clades, each with many families indicates gene duplication and divergent evolution (Chen et al., 2014). This expansion and functional diversification of these cytochromes proteins explain the reasons for the broad host range of Macrophomina phaseolina, which includes plants in many orders and families, which are distributed in varied climatic regions of the world and its advanced pathogenicity wich is needed for  (Chen et al., 2014 and Sarr et al. 2014) as studies of cytochromes have well associated them with pathogenicity of fungi to plants (Chen et al., 2014). Each of the three clades is seen to have an irregular topology and pattern of distribution. This topology is similar to the reports of Machodo et al. (2018) who carried out a phylogenetic analysis of the Translation elongation factor-1 (TEF1-α), β-tubulin, Actin and calmodulin in Macrophomina phaseolina and discovered that each of these characters was separated into three broad clades thereby confirming a monophyly pattern with irregular distribution of the different families of whose evolution can also be attributed to gene duplication which is closely associated with the fungal lifestyle in their respective habitats. This can also provide useful information on fungal evolutionary adaptation to various ecological niches (Chen et al., 2014).
The exon-intron structure of the 318 genes presented in Figure 1 where the highest number of introns (10) was in the gene MPH07555, MPH03440, MPH00935 immediately follow this, and MPH01839, having 9 introns, respectively. Introns have been reported to regulate alternative splicing, a molecular mechanism that produces multiple variants of a protein from a single gene, enhances gene expression, regulates nonsense-mediated decay by recognizing premature mRNA targets, and participates in mRNA transport or chromatin assembly (Jo and Choi, 2015). Fifty (15%) of these genes are mono-exonic, while 75% are poly-exonic. There were 4 upstream/downstream. Upstream/downstream are functional elements involved in gene regulation by playing a significant role in post-transcriptional control particularly under stress conditions and at the translational level (Lawless et al., 2009). This can confer adaptational advantages to this pathogen thereby enabling it to cope with stress it comes in contact with in the host enabling this pathogen to broad host spectrum capability it has.
The result of motif analysis as sown in figure 2 a and b revealed that motif 6 and 7 had the higest frequency with higest number of amino acids. This means that motifs 7 and 6 are more vastly distributed than the others as found in almost all genomic sequences. It also shows that they are more conserved than the others. This is closely The variation in the E-value, amino acid width and sites does not have a regular pattern as it can be seen that the motif with the highest E-value had 128 sites and a width of 50. This reveals a low level of sequence semblance, as reported by Yu et al. (2014), although most of the sequences contain almost all the seven motifs indicating that they are conserved.
Three CYP clans were discovered in this analysis which were CYP533, CYP65 and CYP52, as presented in Table 1. All the CYP clans in this organism had one CYP family, where CYP533 had CYP64 family, CYP65 clan had CYP60, and CYP52 clan had CYP52 family, respectively. No clan was discovered for the CYP120 family. Cytochrome P450s from the CYP52 family have been reported to participate in the assimilation of alkanes and fatty acids (Jossue et al., 2020). They catalyze a rate-limiting step in the hydroxylation of n-alkanes and fatty acids—which are then further metabolized via the β-oxidation pathway. The CYP60 family have been thought to be one member of the CYPs clusters that mediate in the pathway of the synthesis of aflatoxin in Aspergillus flavus and A. parasiticus. CYP102A1, also known as P450 BM3, is a fatty acid hydroxylase that is believed to be formed by the fusion of a cytoplasmic P450 (N-terminus) to a soluble CPR through a flexible peptide linker region, is an evolutionary adaptation of the eukaryotic class II system and has a much higher catalytic rate than the eukaryotic class II enzymes. BM3 and related enzymes catalyze rapid oxidation of fatty acids near the ω-methyl group (typically hydroxylation at ω-1 to ω-3 positions). However, notwithstanding being expansively studied to comprehend its molecular properties, BM3’s physiological role remains unclear. However, propositions have been made about its participation in the metabolism of toxic unsaturated fatty acids derived from plants (Paul, 2015) which could be why this pathogen is successful over a wide host range of plants.
As presented in Figure 4, it was discovered that the 318 cytochrome P450 proteins of Macrophomina phaseolina were localized within eight (8) subcellular compartments, which are the cytoplasm, endomembrane system, extracellular space, mitochondrial membrane, mitochondrion, nucleus, organelle membrane and plasma membrane with te endomembrane system having te highest concentration of Cytochrome P450 in this organism. This could be because an endomembrane system is a group of membranes that are connected directly or through vesicular transport, enabling them to exchange materials, thereby forming a single functional and developmental unit (Smith, 1997), and the organelles of the endomembrane system in eukaryotes consist of the nuclear membrane, endoplasmic reticulum, Golgi apparatus, lysosomes, vesicles, endosomes and plasma membrane.  
The concentration of these proteins in this system could also possibly be because cytochrome P450 (CYPs) are family of enzymes (Kelly et al., 2009) that are involved in the metabolism of extensive diversity of both exogenous and endogenous compounds, and this system is the predominant location where active synthesis, packaging and transportation of substances occur in the cell. Mitochondrial membrane and Nucleus had only 1 cytochrome P450 protein localized in them, respectively. This pattern of cytochrome p450 proteins distribution is further proof indicating how this plant pathogen is well adapted for its parasitic lifestyle as most of this enzyme system goes into either synthesis, packaging or transportation of substances that are either endogenous or exogenous.
Conclusion
Macrophomina phaseolina is an important plant pathogen estimated to affect over 500 species of cultivated and wild plants. This study has revealed an enormous number of cytochrome p450 genes (318) in Macrophomina phaseolina originating from a single ancestor into three phylogenetic groups with 140, 123 and 54 members in each family. Their gene structure and protein motif analysis revealed an irregular pattern showing the varied diversity of these proteins, which could offer this organism such an ability. Three CYP clans were discovered are CYP533, CYP52 and CYP64, each having one family, respectively. Also, CYP120 with an unidentified clan was discovered. It was found that 151 CYP proteins in this organism were concentrated in the endomembrane system. The findings from this study will provide a basis for the biotechnological exploitation of these enzymes and provide the basis for further functional molecular research on the management of this plant pathogen.
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