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ABSTRACT

The papaya (Carica papaya) fruit is considered to be a miracle fruit contains zinc (Zn) and iron (Fe) in abundant amount. The zinc and iron regulated transporter like protein (ZIP) in plants are known to be critically involved in uptake, transport and cellular homeostasis of Zn and Fe. However, comprehensive characterization and role of ZIP family in papaya plant is still missing. In the present study, nine members of ZIP transporter were identified in the papaya genome. The genes were named accordingly as CpZIP1 to CpZIP9. Sequence analysis shows that they putatively encode proteins of 343 to 486 amino acid length with six to nine transmembrane (TM) domains. Phylogenetically, the ZIP genes were clustered into four subfamilies similar to the ZIP family in Arabidopsis thaliana. Gene ontology (GO) analysis shows the processes of transmembrane transport, divalent inorganic cation transport, metal ion transport, inorganic molecular entity transmembrane transporter activity are highly enriched among all the Papaya ZIP genes. Gene expression analysis indicates five out of nine ZIP members are sharply up-regulated during the fruiting stage whereas three genes (CpZIP2, CpZIP5 and CpZIP7) exhibited moderate level of expression. Homology modeling revealed amino acid-like isoleucine, histidine, leucine, glycine, valine are highly conserved among ZIP genes. Mutational sensitivity assay indicates the ZIP proteins in papaya are not sensitive to mutation and are highly stable.  The result of our study contributes to the first comprehensive information about phylogenetic relationship, putative functional divergence of ZIP family genes in papaya. 
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1. INTRODUCTION

The Carica papaya is an evergreen plant that originated from Central America and Mexico. India is the world’s largest papaya producer, contributing over 40% of the world’s total papaya production. This wonder fruit is packed with a broad spectrum of phytochemicals, including polysaccharides, vitamins, minerals, enzymes, proteins, glycosides, saponins, flavonoids, and phytosterols (Eziuche, 2023). These bioactive compounds in papaya have pharmacological properties and demonstrate its importance as neutraceuticals (kumarasinghe, 2024). 
The zinc (Zn) and iron (Fe) are important catalytic elements for many enzymes and also plays role in stabilizing various protein motifs. Several reports suggest that the absorption and homeostasis of Zn and Fe are tightly regulated by Zinc and iron-regulated transporter-like proteins (ZIP). Thus, ZIP family proteins play a vital role for the availability of Zn and Fe to the plants. The ZIP transporters also indirectly maintain several metabolic processes and greatly contribute to growth, development, and resistance to abiotic stress (Tina et al. 2017). Fu et al. (2017) reported the complementation of Zn and Fe deficient mutants of yeast with ZIP genes. The ZIP genes are also reported to play a key role in organ development, auxin signaling, embryogenesis, vascular bundle development and trichome formation in plants (Dezar et al. 2011; Hu et al. 2012; Turchi et al. 2013; Krishna et al. 2020). The Genome-wide Identification and Functional Analysis of RNAi Gene families in Papaya was carried out, however there is scarce of literature regarding ZIP family genes in C. papaya (Ahmed et al. 2024). Considering its importance, identification and functional characterization of ZIP family members have been carried out in many plants like Arabidopsis thaliana (Ciarbelli et al. 2008; Lin et al. 2009), Setaria italica (Chai et al. 2018), Zea mays (Javelle et al. 2011), Solanum lycopersicum (Zhang et al. 2014). Though papaya contain high amount of Zn and Fe, charactrisation and biological function of ZIP genes in papaya have not been reported so far. In the present investigation, we identified and characterized the ZIP family genes across the Papaya genome. We also studied their expression pattern during the fruiting stage. Our study will provide a new insight and understanding about the ZIP family genes in C. papaya and will open new avenues in improving quality traits in the fruiting plants.

2. MATERIAL AND METHODS

2.1 Genome-wide identification of zip gene family in C. papaya

 To identify ZIP family members in C. papaya, candidate ZIP genes from A. thaliana and O. sativa were retrieved from the NCBI database. The sequences thus retrieved were again cross-checked with the Arabidopsis Information Resource (https://www.arabidopsis.org) (Berardini et al. 2016) and Rice Genome Annotation Project (http://rice.plantbiology.msu.edu/) (Kawahara et al. 2013). The selected sequences were sorted manually and redundant sequences were removed. The reference ZIP proteins thus obtained were used to run a BLAST search against the C. papaya database (http://plantgdb.org/CpGDB).  The results were filtered at a score value of ≥100 and an e value of ≤e⁻¹0. The non- redundant and non-overlapped sequences were further analysed for the presence of ZIP domains using the SMART tool (http://smart.embl-heidelberg.de) (Letunic et al. 2004). The sequence lacking the ZIP domain was discarded. 

2.2 Multiple sequence alignment and phylogenetic analysis of zip gene

 Multiple sequence analysis of C. papaya ZIP sequences (CpZIP) were performed using T-Coffee alignment tool (http://tcoffee.crg.cat/apps/tcoffee) with default parameters. To gain further insight into the evolutionary relationship, a phylogenetic tree was constructed for the ZIP sequences of C. papaya, A. thaliana, and O. sativa using MEGA 7.0 software (Kumar et al. 2016). 
2.3 Exon- intron structure analysis, identification of conserved motifs
To understand gene structure, exon/intron organisation was analysed using full length coding DNA sequences (CDs) and corresponding genomic DNA sequences (GDs). The diagram of exon-intron structures was generated using GSDS software 2.0 (Hu et al. 2015). The motif annotation was carried out using the MEME suite version 4.11.2. The TM segment of the proteins was identified by using TMHMM. Sub-cellular localization for each protein was predicted using the sub-cellular localization predictor tool ProtComp V 9.0 (http://www.softberry.com/). The signal peptides were identified by using the SignalP v4.1 server. The isoelectric point (pI), molecular weight (Mw), amino acid length, and instability index (with >40 as unstable) of each ZIP member were predicted using ExPASy ProtParam tool.
 2.4 RNA extraction and Expression analysis of ZIP genes
[bookmark: _Hlk216867456]Total RNA was isolated from the leaf of young and fruiting plants using the Qiagen RNeasy plant mini kit according to the manufacturer’s instruction. The RNA was subjected to cDNAs synthesis using Qiagen QuantiTect reverse transcription kit. The specific primers were designed for CpZIP genes by using the NCBI primer BLAST tool (https://www.ncbi.nlm.nih.gov/tools/primer-blast/) (Supplementary Table S1).  ACTIN2 gene was used as a reference gene (GenBank Accession number JQ678785) with Forward primer (5’TTTCCAAGGGTGAGTATGATGAG3’) and Reverse primer (5’ACACAGGACACAAAAGCCAACTA3’). Semi quantitative reverse transcription PCR was performed containing 10µl of iTaq Universal SYBR Green Supermix dye, 2 μL cDNA, 1 μl (1 μM) gene specific primers, 7μl of sterile distilled water in a final volume of 20 μL.  The protocol followed was 94°C for 4min, followed by final denaturation at 94°C for 30 s, annealing at 54°C for 1 min, extension at 72◦C for 30 s with 30 cycles, and final extension at 72°C for 6 min.

2.5 Functional annotation of zip genes
2.5.1 Gene Ontology (GO) analysis
The functional information such as molecular function, biological process, the cellular component was predicted by assessing different semantic similarity measures of gene ontology (GO) using high precession software BLAST2GO (Ma et al. 2015). The interproscan (IPS) was used to retrieve the protein domain and motif information. 
2.5.2 Homology modeling of Papaya ZIP proteins
Three dimensional structures by homology modeling and secondary structure of papaya ZIP proteins was predicted using the Phyre 2 server. The protein with the top rank model was searched for potential binding site prediction using the 3DLigandSite tool. The functional analysis like conserved amino acid residues, detection of largest pocket, active site of the protein, mutational sensitivity for each papaya ZIP protein was carried out. The suspect tool was used to predict missense mutation in each protein. 

3. results and discussion

             3.1 Identification of ZIP family genes in Papaya
The zinc and iron transporter (ZIP) genes across the papaya genome were identified using the BLAST search of known ZIP proteins as a query sequence from A. thaliana and O. sativa. After the removal of redundant sequences, a total of nine genes encoding ZIP proteins were identified in the Papaya genome and named as CpZIP1 to CpZIP9. The identified papaya ZIP proteins exhibited similar characters as known ZIP proteins. The presence of at least one conserved ZIP domain (pfam: PF2535) in the protein sequences was selected for further characterisation. Six to nine putative transmembrane helices in CpZIP were detected using TMHMM server V 2.0. Similar results were reported in ZIP gene family of trifoliate orange and maize (Li et al. 2013; Fu et al. 2017)   The predicted proteins were of 330-486 amino acid length and contain six to nine TM domains (Table S2). The conserved motif of all the Papaya ZIP protein was analysed by using MEME tool (Fig. 1). 
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Fig. 1. Distribution of conserved motif in ZIP family proteins of Carica papaya, identified by MEME tools; Different motifs are represented by distinctive colours and numbered 1-20.

Motif1and motif2 were found in all the Papaya ZIP sequences except CpZIP2 and CPZIP9. Motif1 and motif2 encode the ZIP domain. In CpZIP2 the least number of motifs that is only two motifs were detected. Motif 3 which also encodes the ZIP domains found in all the Papaya ZIP genes except CpZIP9. However, some motifs are observed to be clade specific, like motif 17 is found in all ZIP members of Clade II and Clade III. Motif 19 is restricted to CpZIP9, which is the only Papaya ZIP protein in clade II. These clade specific motifs may be contributing to functional divergence among ZIP genes.
   
3.2 Multiple sequence alignment and phylogenetic analysis
All the deduced amino acid sequence of Papaya ZIP genes showed good alignment with other known ZIP proteins. The ZIP proteins were divided into four different clades. The highest number of CpZIP genes was clustered in clade I where eleven Arabidopsis and Nine Oryza ZIP transporters were also found (Fig. 2). CpZIP9 forms the smallest clade (clade II) with one ZIP member from O. sativa (OS13). 
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Fig.  2 Phylogenetic analysis of ZIP proteins from Carica papaya. The phylogentic tree was constructed using Mega 7.0 software by neighbor joining method with 1000 bootstrap values. Different clades are colored with distinct colors which indicate different subfamilies of ZIP genes and designated as I, II, III, IV.

3.3 Exon- intron organization and identification of conserved motifs
A total of 20 conserved motifs were detected in nine C. papaya ZIP sequences. The number of exons and introns were varied between 1 to 10 and 1 to 8 respectively. It was also observed that CpZIP2 had no intron whereas CpZIP9 had the highest number of exons (10) and introns (9) (Fig. 3). Interestingly, it was observed that there is great variation in the number of exons and introns among the papaya ZIP transporters even they belong to same subfamily. 
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Fig. 3 Exon-intron organization of ZIP genes of Carica papaya analysed using GSDS tool. Exons are marked as yellow boxes, Introns are represented by black lines in between exons, upstream/ downstream sequences are shown in blue colour boxes.





	



Table 1. Sequence Characteristic of Papaya ZIP genes
	Name
	No of amino acid
	Molecular
Weight
	pI
	GRAVY
	TM
Domains
	Signal
Peptide
Cleavage
Sites
	Subcellular
localization
	Instability
index

	CpZIP1
	360
	38344.61
	6.69
	0.454
	8
	26 and 27
	Plasma
Membrane
	42.77


	CpZIP2
	343
	363812.05
	5.29
	0.693
	9
	31 and 32
	Plasma
Membrane
	29.72


	
CpZIP3
	422
	45200.7
	6.06
	0.259
	6
	28 and 29
	Plasma
Membrane
	40.00


	CpZIP4
	350
	37069.42
	6.85
	0.569
	7
	22 and 23
	Plasma
Membrane
	28.42


	CpZIP5
	330
	35410.96
	6.59
	0.680
	8
	30 and 31
	Plasma
Membrane
	32.45


	CpZIP6
	354
	37791.19
	6.21
	0.595
	7
	25 and 26
	Plasma
Membrane
	33.38


	CpZIP7
	367
	39342.34
	7.06
	0.550
	7
	30 and 31
	Plasma
Membrane
	38.43


	CpZIP8
	353
	38384.22
	7.21
	0.422
	8
	30 and 31
	Plasma
Membrane
	44.16


	CpZIP9
	486
	53098.9
	6.32
	-0.189
	6
	23 and 24
	Nuclear and
Plasma
Membrane
	32.17





The isoelectric points of the ZIP genes were observed between 5.29 to 7.21and predicted molecular weight was between 36.38 kDa to 53.09 kDa. The predicted instability index shows that seven out of nine ZIP proteins are stable in nature (Table 1). Subcellular localization prediction shows that all the ZIP proteins were located in the plasma membrane. The presence of these proteins in the plasma membrane indicates that they play a crucial role in transportation- related activity.  The signal peptides prediction shows 77% of CpZIP sequences were predicted to contain signal peptides.

3.4 Functional annotation of ZIP genes
The Papaya ZIP proteins were found to participate in 18 biological processes. The biological process involved are metal ion transport, localization, TM transport, zinc ion transport, divalent inorganic cation transport (Fig. 4A). This indicates the association of CpZIP proteins in Fe and Zn transportation activity. The biological process analysis also shows that 82% of the ZIP sequences are involved in localization and transportation, whereas 18% of the sequences are associated with the metabolic processes. The molecular function analysis shows 80% sequences are involved in transportation activity, whereas 20% sequences are having catalytic activity.  The molecular function are associated with the GO terms as cation transmembrane transporter activity, metal ion transporter activity, divalent cation transmembrane transporter activity, zinc ion transmembrane transporter activities (Fig.4B). The catalytic activity includes oxidoreductase activity, alkenal reductase activity. The cellular component prediction shows that 88.89% of ZIP sequences are associated with integral component of membrane, an intrinsic component of membrane, and plasma membrane.  The above finding is also supported by the report of Li et al. (2013).  
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Fig. 4 Graphical representation of Gene Ontology (GO) and functional classification of papaya ZIP genes using the BLAST2GO tool. The histogram represents the sequence annotated to specific (A) Biological processes GO categories (B) molecular function of GO categories 

  
3.5 Homology modeling of Papaya ZIP proteins
All the proteins were noticed to be diverse in terms of the composition of alpha-helix and transmembrane helix (Table 2).  The percentage of residues modeled in each protein was varied within 54 to 75%. The number of residues and the aminoacid making the binding site for each CpZIP member was seen to be varying. 

The number of ligands that lie within 0.8 angstroms, varies between 1 to 5 which are in contact with the residues. The average distance of residues from all the ligands that lie within 0.8 angstroms varies from 0 to 0.75 angstroms. The Jensen Shannon divergence score (JS score) is calculated for each protein considering the minimum score is 0 and the maximum score is 1. The conserved amino acids which are essential for maintaining the structure and function of the protein were determined and represented diagrammatically (Fig. 5). 





Table 2.- Characteristics of candidate CpZIP proteins chosen for homology modeling

	Name of ZIP Protein
	% of residues modeled with 100% confidence
	Characteristic features

	CpZIP1
	64%
	Alpha helix (69%),  TM helix 
(48%), 

	CpZIP2
	66%
	Alpha helix (72%),  TM helix 
(47%)

	CpZIP3
	54%
	Alpha helix (59%),  TM helix 
(39%)

	CpZIP4
	65%
	Alpha helix (70%),  TM helix 
(48%)

	CpZIP5
	68%
	Alpha helix (68%),  TM helix 
(49%)

	CpZIP6
	75%
	Alpha helix (71%),  TM helix 
(48%)

	CpZIP7
	62%
	Alpha helix (68%),  TM helix 
(46%)

	CpZIP8
	64%
	Alpha helix (71%),  TM helix 
(46%)

	CpZIP9
	46%
	Alpha helix (57%),  TM helix 
(36%)
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                                                        Fig. 5 Analysis of relative conservation of amino acid residues among Papaya ZIP sequences. The number 1-9 represents CpZIP1-CpZIP9 respectively
Fig. 6 Largest ligand binding site (pocket) prediction in Papaya ZIP genes. Pockets are colored in red. The number 1-9 represents CpZIP1-CpZIP9 respectively.






It was observed that amino acids like isoleucine, histidine, leucine, glycine, valine and tyrosine are highly conserved among CpZIP. The largest pocket (cavity) for each ZIP protein was detected and colored red in wireframe mode (Fig. 6). 
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Fig. 7 Mutation sensitivity analysis in papaya ZIP genes by SuSPect tool. The number 1-9 represents CpZIP1-CpZIP9 respectively.

Mutational sensitivity assay was carried out to detect the mis-sense mutation in the ZIP proteins. The mutation analysis data shows that no ZIP proteins are highly sensitive to mutation which also indicates the stable nature of papaya ZIP proteins (Fig. 7).
3.6 Expression pattern of papaya ZIP genes
The Papaya ZIP genes were observed to be expressed at varying label in two different stages of the study. The ZIP genes CpZIP1, CpZIP3, CpZIP4, CpZIP6, and CpZIP9 exhibited high label of expression during the fruiting stage of the plant. 

                                  Table S1. - The primers used in RTPCR analysis
	
	
	

	Gene ID
	FORWARD PRIMERS (5'-3')
	REVERSE PRIMERS (5'-3')

	CpZIP1
	GTGGCTGCATTTCTCAGTTGGA
	AGCAGCGAGGAGATCAACGA

	CpZIP2
	TGGCTGCATTTCTCAGTTGGA
	TTCCCTCGACAATGAGCGCC

	CpZIP3
	GTGGCTGCATTTCTCAGTTGG
	CAGCAGCGAGGAGATCAACG

	CpZIP4
	TGGCTGCATTTCTCAGTTGGAAT
	GCAGCGAGGAGATCAACGAG

	CpZIP5
	GGTGGCTGCATTTCTCAGTTGGA
	CCAGCCGAGGCTGCGTTAAC

	CpZIP6
	CCGTGTTGTGGCTCAGGTGT
	GTGGCCTGATGGTGCAATGG

	CpZIP7
	CGGCAGTGGCGACTATGATG
	CCCAGCTCTAACACCTGAGCC

	CpZIP8
	CGTGTTGTGGCTCAGGTGTTA
	GACGCTCCCATCGCTAGACC

	CpZIP9
	GGCAGTGGCGACTATGATGG
	TCCCAGCTCTAACACCTGAGC


The higher expression of the above genes indicates they may be actively involved in Zn and Fe transport during the fruiting stage. The high label expression of these genes also indicates the involvement of Zn in a similar manner like magnesium in other enzymatic reactions during fruiting or fruit ripening. The Zn is known to act as an essential micronutrient and cofactor during several enzymatic reactions (Marschner 1986). The foliar application of Zn is reported to increase the number of fruits, pulp weight, beta carotene content in litchi, and mango (Suman et al. 2017). Evidence based reported also shows the application of ZnSo4 increases the number of mango fruit, pulp weight, increase in sugar content, and weight of mango fruit (Singh and Rajput 1976). These findings are evidenced by the heightened expression of Papaya ZIP genes in the fruiting tree as observed in our study. In another research with Peach cultivar grown on Fe deficient soil resulted in reduced chlorophyll concentrations, fruit numbers, total fresh weight of fruit by 42-59%, 66-71%, and 70-79% (Álvarez Fernández et al. 2003). We also noticed the maximum number of CpZIP genes with a high level of expression during the fruiting stage as compared to the young plants.  However, CpZIP8 showed low expression label at both stages. The low level expression of this particular gene might be tissue-specific or modulated at a different time point which needs to be investigated further. Furthermore, we noticed that CpZIP2, CpZIP5, and CpZIP7 showed moderate expression at both stages. The current finding indicates these three genes may be part of a common regulatory network involved in Zn and iron uptake. The moderate expression of these genes might be to maintain the required Zn and Fe level in the plant for normal metabolic process. Two to six fold increase in fruit yield, Two to four fold increase in fruit number and, 15% to 34% increase in fruit size due to iron sulfate implant in peach plant was reported by Larbi (2003).  This indicates the iron plays crucial role during the fruiting stage in plants and supports our current finding that most of the ZIP genes shows high-level expression during the fruiting stage. 

4. CONCLUSION
  	The present study provides an insight in to the phylogenetic relationship, functional divergence of the CpZIP genes in papaya for the first time. Nine ZIP transporters were identified across C. papaya genome. The CpZIP could serve as potential gene for biofortification of Zn and Fe. The characterization of ZIP proteins will enrich the knowledge and deepens the understanding of the Zn and Fe homeostasis and divergence of ZIP family genes in other fruiting plants. As papaya is a highly nutritious fruit the functional characterization of each Papaya ZIP genes will add to the development of novel agronomic traits and contribute towards finding the solution for nourishment.
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