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Abstract: Background: Plant associated endophytic microbes play an important role in plant’s growth
and development. After seed germination, the seed associated endophytes rapidly colonize the
seedlings and help in their growth and protection against pathogens. This study was aimed to
understand the diversity in the endophytic microbial population associated with the seeds of papaya
(Carica papaya) and its wild relatives from Vasconcellea genus (family: Caricaceae). The species of
Vasconcellea genus are widely used to introgress virus resistance in cultivated varieties of papaya.
Hence, the diversity of seed associated endophytic microbes and their gene functional analysis was
carried out through next generation sequencing of the microbial 16S rRNA and ITS sequences. Results:
The 16S rRNA amplicon analysis revealed that the number of operational taxonomic units (OTUs)
was higher for the endophytic bacteria, ranging between 144–204 when compared to 41–69 OTUs for
the endophytic fungi. The bacterial phylum Proteobacteria was the most abundant seed associated
phylum, with 64.7–72.8% abundance, across all four species of Caricaceae family, followed by
Firmicutes (13.6–26.1%), Patescibacteria (1.1–2%) and Actinobacteria (0.7–2.7%). With respect to
the diversity of bacteria by abundance indices, Vasconcellea goudotiana had the highest OTUs of 204,
followed by 177 in V. cauliflora, 156 in V. cundinamarcensis, and 144 in C. papaya. The alpha diversity
indices and functional analysis revealed the differences in the OTUs and the functional annotations
among the above four plant species. The fungal OTUs were in the range of 41–69; however, only a
small fraction of them could be taxonomically classified. Conclusion: Our microbiome studies reveal
the differences in the seed associated endophytic microbial community across the four plant species
of Caricaceae family. This study also unravels the composition of endophytic microbial population
associated with the seeds of different plant species of Caricaceae family and their gene functions.
It also provides an insight into both culturable and nonculturable endophytic microbes. Further
this study reveals that domestication of Carica papaya might have resulted into reduced microbial
diversity when compared to their wild relatives from Vasconcellea genus.
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1. Introduction

Papaya (Carica papaya L.) is a popular fruit crop of tropical and subtropical regions of
the world [1] with an annual production of more than 10 million tons [2,3]. Papaya belongs
to the family Caricaceae consisting of 6 genera and 35 species. Among the six genera,
Carica and Vasconcellea (wild highland relatives of C. papaya) are the two most important
genera [4,5]. Papaya fruit is highly nutritive and can fulfill the standard recommended daily
requirements of vitamins (A, C, B9, B3, B1, B2), iron, potassium, calcium, and fiber [3,6,7].
They are also cultivated for proteolytic enzymes (papain) derived from the milky latex,
used for food, textile, leather and pharmaceutical industries [8,9]. The mountain papaya
from the Andes (Vasconcellea spp.) is an underexploited wild relative of papaya, despite
having several desirable traits that include cold tolerance, disease resistance, and stronger
proteolytic enzyme activity [5,10]. Several efforts are made to introgress these traits into
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C. papaya varieties. However, the incompatibility and fertility issues have restricted the
papaya breeding efforts [11–14]. It may also be possible that the microbial endophytes
associated with Vasconcellea spp., the wild relatives of papaya, may be helping in tolerance
to various biotic and abiotic stresses. In recent years, the use of biocontrol agents, such as
the endophytic microbes for biological control has significantly helped in protecting plants
against pathogens, insect pests, abiotic stresses and overall increase in crop yield [15].

The association of the endophytic microbes with the plants is estimated to have hap-
pened >400 million years ago, coinciding with the colonization of plants on the land [16,17].
The association of endophytic microbes with the plants, is known to give resistance against
both plant pests and pathogens [18–21]. This association also keeps the plant pathogens at
check by production of a wide range of alkaloids such as ergot, pyrrolizidine, etc. [22,23].
The beneficial bacterial and fungal endophytes are more common and highly diverse,
that belong to the genera Enterobacter, Colletotrichum, Phomopsis, Phyllosticta and Cladospo-
rium [24]. Whereas the specialized endophytic genera, Pseudomonas [25–27], Bacillus [28,29],
Paenibacillus [30,31] and Streptomyces [28,32] can suppress the wide range of plant pathogens.
As the endophytes thrive in the plant tissues, their vertical transmission results in move-
ment of the microbiome to the seeds [33]. Studies have revealed that in most of the plant
species, the specific microbiota is transferred from mother plants to their seeds, that aids in
their germination, and subsequent colonization of the emerging plants, thus resulting in
vertical transmission of the endophytes. The conventional methods of microbe isolation
are not enough to understand the actual structural diversity and abundance of the entire
microbiome, since many obligate microbes and those in low titers are missed out. The
obligate bacteria that cannot be cultured represent 26 phyla out of the 52 major lineages
within the domain bacteria, and in some plant systems, these unculturable microbes may
be in high abundance [34,35]. To address this problem, the use of deep sequencing of the
host-associated microbial niches using the metagenomic approach is more reliable and
promising for studies in the field of microbial ecology, evolution and diversity [31,36–39].
Metagenomic studies by NGS can reveal the signature pattern of functional genes from
the matching sequences from databases, namely the Kyoto Encyclopedia of Genes and
Genomes (KEGG) from Kyoto University [40] and the Clusters of Orthologous Groups
(COGs) from the National Center for Biotechnology Information (NCBI) [41].

Hitherto, the studies on the diversity of seed associated endophytes have not been
explored by next generation sequencing, in the two genera of the Caricaceae family, namely
Carica and Vasconcellea. Our study is focused on the structure of the seed associated
microbiome of the cultivated papaya (Carica papaya) and its wild relatives (Vasconcellea spp.)
by next generation sequencing. The data throws light on to the composition and variations
of the endophytic microbiome among the four plant species of the Caricaceae family.

2. Materials and Methods
2.1. Source of the Seeds

In this study, the seeds from the four plant species, namely C. papaya (var. Arka
Prabhat), Vasconcellea cundinamarcensis, V. cauliflora and V. goudotiana, were used (Figure 1).
All the seed samples were collected from ICAR-Indian Institute of Horticultural Research
(IIHR), Hessaraghatta lake post, Bengaluru, Karnataka, India (13.1348◦ N, 77.4960◦ E),
except for the seeds of V. cundinamarcensis that were collected from Government Botanical
Garden, Ooty, Tamil Nadu, India (11.4189◦ N, 76.7114◦ E). The sites of collection are shown
on the map India (Springer copyrights, [42]) using raster package in R studio [43] for
geography of the collection sites (Figure S1).
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Figure 1. Pictures of the plants, their leaves and the seeds of each of the four sample plant species, 
namely (A) C. papaya; (B) V. cundinamarcensis; (C) V. cauliflora; and (D) V. goudotiana, used in this 
study. The pictures of the established plants are shown in the top row, and their respective leaf and 
seed samples are in the middle and bottom row. 

2.2. Isolation of DNA from the Seeds 
The seeds were washed with sterile distilled water and then subjected to mercuric 

chloride (0.05%) treatment for 5 min for surface sterilization. Later, the seed coat was re-
moved using a sterile surgical scalpel under aseptic condition [44]. The resultant seed pulp 
was transferred into a sterile 1.5 mL micro-centrifuge tubes and homogenized using sterile 
micro pestles. Then, the DNA was isolated using DNASure® Plant Mini Kit (Genetix Bio-
tech Asia Pvt. Ltd., New Delhi, India) by following the manufacturer’s protocol. The DNA 
extracts were checked for their quality and quantity using Qubit dsDNA BR Assay Kit 
(Thermo Fisher Scientific, Waltham, MA, USA) in the Qubit 4 fluorometer (Thermo Fisher 
Scientific, Waltham, MA, USA). For each of the four samples, net 20 ng of DNA was used 
for MiSeq library preparation. 

2.3. Preparation of MiSeq Library in Illumina, Quality Check and Sequencing 
The amplicon libraries were prepared using Nextera XT Index Kit (Illumina Inc., San 

Diego, CA, USA) as per the 16S rRNA metagenomic sequencing library preparation pro-
tocol (Part # 15044223 Rev. B). The size of the library was chosen to obtain 2 x 300 bp paired 
ends. The primers were designed for the polymerase chain reaction (PCR) based amplifi-
cation of the bacterial 16S V3-V4 and fungal ITS regions (Table S1) and the PCR amplicons 
were produced.  

The QC passed amplicons with the Illumina adaptors were amplified as per the 
standard Illumina protocol. The amplicon libraries were purified by AMPure XP beads 
(Beckman Coulter, Brea, CA, USA) and quantified using Qubit Fluorometer. The ampli-
fied libraries were analyzed on the 4200 Tape Station system (Agilent Technologies, Santa 
Clara, CA, USA) using D1000 Screen tape as per manufacturer’s instructions for library 

Figure 1. Pictures of the plants, their leaves and the seeds of each of the four sample plant species,
namely (A) C. papaya; (B) V. cundinamarcensis; (C) V. cauliflora; and (D) V. goudotiana, used in this
study. The pictures of the established plants are shown in the top row, and their respective leaf and
seed samples are in the middle and bottom row.

2.2. Isolation of DNA from the Seeds

The seeds were washed with sterile distilled water and then subjected to mercuric
chloride (0.05%) treatment for 5 min for surface sterilization. Later, the seed coat was
removed using a sterile surgical scalpel under aseptic condition [44]. The resultant seed
pulp was transferred into a sterile 1.5 mL micro-centrifuge tubes and homogenized using
sterile micro pestles. Then, the DNA was isolated using DNASure® Plant Mini Kit (Genetix
Biotech Asia Pvt. Ltd., New Delhi, India) by following the manufacturer’s protocol. The
DNA extracts were checked for their quality and quantity using Qubit dsDNA BR Assay
Kit (Thermo Fisher Scientific, Waltham, MA, USA) in the Qubit 4 fluorometer (Thermo
Fisher Scientific, Waltham, MA, USA). For each of the four samples, net 20 ng of DNA was
used for MiSeq library preparation.

2.3. Preparation of MiSeq Library in Illumina, Quality Check and Sequencing

The amplicon libraries were prepared using Nextera XT Index Kit (Illumina Inc.,
San Diego, CA, USA) as per the 16S rRNA metagenomic sequencing library preparation
protocol (Part # 15044223 Rev. B). The size of the library was chosen to obtain 2 × 300 bp
paired ends. The primers were designed for the polymerase chain reaction (PCR) based
amplification of the bacterial 16S V3–V4 and fungal ITS regions (Table S1) and the PCR
amplicons were produced.

The QC passed amplicons with the Illumina adaptors were amplified as per the
standard Illumina protocol. The amplicon libraries were purified by AMPure XP beads
(Beckman Coulter, Brea, CA, USA) and quantified using Qubit Fluorometer. The amplified
libraries were analyzed on the 4200 Tape Station system (Agilent Technologies, Santa Clara,
CA, USA) using D1000 Screen tape as per manufacturer’s instructions for library size. The
molarity was calculated for the library using the maximum peak size. After obtaining the
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mean peak size from the Tape Station profile, libraries were loaded onto MiSeq (20 pM) for
cluster generation and sequencing. Paired-end sequencing was performed for template
fragmentation for sequencing in both forward and reverse directions. The kit reagents
were used in the binding of samples to complementary adapter oligos on a paired-end flow
cell. The adapters were designed to allow selective cleavage of the forward strands after
re-synthesis of the reverse strand during sequencing. The copied reverse strands were then
used to sequence from the opposite end of the fragment [45].

2.4. Pipelines and Metagenomic Analysis

The amplicon sequencing analysis of Illumina paired-end reads were managed through
roadmap (ampliseq v1.1.2) (https://github.com/nf-core/ampliseq; accessed on 30 July 2021)
by means of DADA2 [46] and QIIME2 [47] integrated in the nf-core framework [48], which
support data analysis that follows FAIR principles [49]. Several bio tools were used in se-
quences to analyze the raw data. Firstly, we used FASTQC [50] to check the quality of the
raw data, and next MultiQC was applied to summarize the same [51]. Cut adapt plugin
removes the primer fragments of the sequencing reads [52]. Further, we used DADA2 plugin
for quality filter of the sequences, to remove the noise, combine them and finally the chimeric
sequences were removed. We downloaded the SILVA database (Release 138) [53] and the
sequences that were flanked with the forward primer [5′-GCCTACGGGNGGCWGCAG-3′]
and reverse primer [5′-ACTACHVGGGTATCTAATCC-3′] were pulled out, followed by QI-
IME2 Naïve Bayes feature accuracy classifier [54]. The fitted classifier of the taxon was used
to classify the representative sequences. The nf-core ampliseq pipeline was executed with
standard parameters, with DADA2 quality settings with –trunclenf and –trunclenr parameters
of 277 and 215, respectively. The nf-core/ampliseq pipelines helped in removing the amplicon
sequence variants that were annotated as mitochondria or chloroplasts. Relative abundance
was calculated based on the taxonomic classification. An iterative abundance of the taxa
was plotted using bar plot with respect to their samples. For each sample, using Chao1 and
Abundance-based Coverage Estimator indices, we estimated the alpha diversity that corre-
lated with the species richness, whereas taxa richness and distribution were measured using
Shannon and Simpson indices. The Beta diversity indices, distance matrices for the Jaccard,
BrayCurtis, unweighted UniFrac, and weighted UniFrac were measured for visualization
of the principal co-ordinates analysis. The cleaned reads were analyzed using SILVAngs
(https://ngs.arb-silva.de/silvangs/; with default parameters; accessed on 29 June 2021). Fur-
ther downstream analysis was performed by using the filtered biom and phylogenetic tree
files using Shiny-Phyloseq [55] (https://github.com/joey711/shiny-phyloseq; accessed on 18
July 2019). The heatmap was plotted using the ampvis2 R package [56].

Predictive functional analysis of bacterial communities was done using Phylogenetic
Investigation of Communities by Reconstruction of Unobserved States 2 (PICRUSt2) [57].
To predict functions, the representative sequences were placed into a reference tree using
the place_seqs.py utility. The BIOM (Biological Observation Matrix) table was then used as
an input to PICRUSt to derive relative Kyoto Encyclopedia of Genes and Genomes (KEGG).

2.5. Fungal ITS Metagenomic Analysis

Analysis of fungal internal transcribed spacer (ITS) sequences from the Illumina
sequencing platform was done using PIPITS v2.7 [58], which is reported to perform bet-
ter than QIIME2 and Galaxy [59]. The illumina fastq sequences were assembled with
VSEARCH [60] and quality-filtering was done with fastx through the PIPITS command
pispino_createreadpairslist. The ITSx [61] was executed through the PIPITS command
pipits_funits. Chimera filtering and clustering was done using VSEARCH through the
PIPITS command pipits_process. The classic tabular OTU table was converted into a BIOM
format, and taxonomy was assigned with UNITE [RDP Classifier].

https://github.com/nf-core/ampliseq
https://ngs.arb-silva.de/silvangs/
https://github.com/joey711/shiny-phyloseq
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2.6. Data Availability and Graphs

All the codes, scripts, expression and taxonomy data are provided as supplementary
files and are uploaded in github: https://github.com/karthiksnarayan/Seed-metagenomics_
papaya.git; accessed on 30 July 2021. The fastq reads from the samples were named as C-
papaya_R1 and C-papaya_R2 for 16S rRNA. While the fastq reads for ITS were named as
C-papaya-ITS_R1 and C-papaya-ITS_R2. A similar naming pattern was followed for other
samples, namely, V. cundinamarcensis, V. cauliflora and V. goudotiana. These samples were
registered in NCBI-GenBank, with BioSample accession numbers BioProject: PRJNA707250
with accession numbers from SRR13926680 to SRR13926687. The project details and the asso-
ciated files are deposited in the Open Science Framework repository (https://osf.io/x92ng/;
accessed on 29 July 2021). The graphs were built using package “ggplot2” in R studio
(V1.3.1093). The statistical analysis was also performed in R studio using phyloseq pack-
age for Constrained Analysis of Principal Coordinates (CAP). The flow of the analysis is
diagrammatically represented for the amplicon assays in supplementary Figure S2.

3. Results

The amplicons of V3–4 regions of the bacterial 16S rRNA and the fungal ITS regions
of the seed associated endophytic microbes from C. papaya and the three Vasconcellea spp.
were successfully sequenced on the MiSeq platform. All the samples resulted in data size
that ranged between 53 and 91 Mb (Table 1). The sequence data (Number of reads and
Mb) were recorded low for both the ITS and the 16S rRNA amplicons in C. papaya when
compared to the three Vasconcellea spp. The highest number of ITS reads were obtained
from V. cundinamarcensis with 90,803,894 bases accounting for 186,838 reads, resulting in a
size of 91 Mb, followed by V. goudotiana and V. cauliflora. Whereas, for V3–V4 regions of
16S rRNA, the reads were highest for Vasconcellea goudotiana followed by V. cauliflora and V.
cundinamarcensis (Table 1).

Table 1. Summary of the raw reads of amplicon sequences derived from the V3–V4 region of bacterial
16S rRNA and the fungal ITS region from the seed associated endophytic microbes.

Bacterial 16S rRNA V3–4 Regions

Sr. No Plant Species Number
of Reads

Total
Bases

Data
(Mb)

Filtered
Reads OTUs

1 Carica papaya 106,801 53,472,228 ~53 5443 144
2 Vasconcellea cauliflora 146,299 73,737,062 ~74 12,429 177
3 Vasconcellea cundinamarcensis 138,844 69,421,623 ~69 6429 156
4 Vasconcellea goudotiana 176,230 88,649,395 ~89 15,043 204

Fungal ITS

5 Carica papaya 164,957 79,392,901 ~79 154,546 43
6 Vasconcellea cauliflora 178,790 87,637,325 ~88 175,852 52
7 Vasconcellea cundinamarcensis 186,838 90,803,894 ~91 169,084 41
8 Vasconcellea goudotiana 181,128 88,669,669 ~89 168,084 69

3.1. Structural Composition and Alpha Diversity of the Seed Associated Endophytic Microbes

The highest bacterial OTUs of 204 were obtained from the seeds of V. goudotiana and
the lowest of 144 from seeds of C. papaya. Overall, 422 distinct OTUs were recorded from
the seed samples of four different species from the SILVA database. The α-diversity indices
based by abundance (Chao1) and by non-parametric method (ACE) placed V. goudotiana at
the highest level, whereas the indices plotted C. papaya at the lowest level. The richness
and the diversity of the samples were estimated using Shannon and Simpson indices. The
Shannon index ranged between 3.90 and 3. The highest and the lowest Shannon index for
the endophytic bacterial microbiome were observed in the seeds of V. cundinamarcensis and
V. cauliflora, respectively. The Simpson index ranged between 0.955 and 0.861. The highest
and lowest Simpson index in the endophytic bacterial microbiome were observed in the

https://github.com/karthiksnarayan/Seed-metagenomics_papaya.git
https://github.com/karthiksnarayan/Seed-metagenomics_papaya.git
https://osf.io/x92ng/
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seeds of C. papaya and V. cauliflora, respectively. From the four seed samples, the relative
abundance of bacterial and fungal communities with α-diversity indices are compared and
presented in Figure 1. As revealed by the number of reads in 16S rRNA amplicon sequences
from the different species, the phylum Proteobacteria was the most abundant (64.7–72.8%)
and was at highest level in V. cundinamarcensis (72.8%). The other bacterial phyla that
are represented in all the samples were Firmicutes, Bacteroidetes, Planctomycetes and
Actinobacteria, in the order of highest to lowest abundance. The phylum Campilobacterota
was present at low levels only in the seeds of V. goudotiana and V. cauliflora. The levels of
beneficial phylum such as the Firmicutes varied among the seeds of different species. The
abundance of Firmicutes was higher in the seed samples of V. cauliflora and V. goudotiana,
accounting for 26.1% and 25% abundance, respectively. Whereas the abundance of Fir-
micutes was low in the seeds of C. papaya and V. cundinamarcensis, accounting for 14.8%
and 13.6%, respectively. For the bacterial taxonomic unit “Family”, the Enterobacteriaceae
was most abundant in the seeds of V. cauliflora (57.0%) and V. goudotiana (57.3%), while the
most abundant bacterial family in the seeds of V. cundinamarcensis (17.2%) and C. papaya
(16.7%) was Chromabacteriaceae. The other bacterial classes that were found in the seeds of
all the plant species are Betaproteobacteria, Bacilli, Alphaproteobacteria, Flavobacteriia,
Actinobacteria, Sphingobacteriia and Verrucomicrobiae, in the order of their highest to
lowest abundance. For the taxonomical level “Order”, the order Enterobacteriales was
most abundant in the seeds of V. cauliflora (60.93%) and V. goudotiana (60.98%), while the
order Neisseriales was most abundant in the seeds of two other species, namely C. papaya
(20.81%) and V. cundinamarcensis (20.83%).

The kingdom fungi is the highest level of taxonomic unit for the ITS amplicons. The
highest number of fungal OTUs of 69 were obtained from the seeds of V. goudotiana and
the lowest number of fungal OTUs of 43 were from the seeds of C. papaya. Overall, only
91 distinct fungal OTUs were recorded from the seed samples of the four different species,
by using the SILVA database (Release 138). Since the number of fungal OTUs recorded
were low, the α-diversity was recorded lower for fungi than the bacterial indices. The
relative abundance of the fungal communities with α-diversity indices from the four seed
samples are compared and presented in Figure 1F. Based on the abundance (Chao1) by
non-parametric method (ACE), the α-diversity indices were highest for V. goudotiana, while
it was lowest for V. cundinamarcensis. The richness and the diversity of the endophytic
fungi in all the four seed samples were estimated using Shannon and Simpson indices.
The Shannon index ranged between 1.80 and 0.87. The highest and the lowest α-diversity
for the endophytic fungi, as revealed by the Shannon index were recorded in the seeds of
V. goudotiana and V. cundinamarcensis, respectively. The Simpson index ranged between
0.76 and 0.54. The highest and lowest α-diversity in the endophytic fungal microbiome
as revealed by the Simpson index were observed in the seeds of V. goudotiana and V.
cundinamarcensis, respectively. In both the Shannon and Simpson indices, C. papaya and
V. cundinamarcensis were plotted lower than the other two seed samples (Figure 2F). Only
10 fungal OTUs matched to the taxonomic unit phylum from a total of 91 OTUs retrieved
from the ITS amplicons from the seeds of four distinct plant species. The sequence analysis
could identify only two phyla namely Ascomycota and Basidiomycota, and the phylum
Ascomycota was abundant in the seeds of all the four species. Whereas the phylum
Basidiomycota was recorded at low levels in the seeds of C. papaya and V. goudotiana with
an abundance of 13% and 8%, respectively. The highest identified fungal OTU reads
in the ITS amplicons represented the genus Pyxine with 314 reads, accounting for 83%
abundance that could only be traced to the seed samples of V. goudotiana (Figure 2D). For
further information about the distribution across different taxonomical levels for the 4 seed
samples, we have provided the supplementary files for both 16S rRNA (Supplementary
File S1: Taxonomy_16S) and ITS sequences (Supplementary File S2: Taxonomy_ITS).
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Figure 2. The graphical representation of the taxonomical distribution of endophytic bacteria (A,B) and fungi
(C,D) associated with the seeds of following plant species: 1. Carica papaya (C.pa); 2. Vasconcellea cauliflora (V.ca);
3. Vasconcellea cundinamarcensis (V.cu); and 4. Vasconcellea goudotiana (V.go). (A) represents the bacterial taxonomic unit
“phylum”; (B) represents the bacterial taxonomic unit “species”; (C) represents the fungal taxonomic unit “phylum”; and
(D) represents the fungal taxonomic unit “genus”. The bacterial (E) and fungal (F) alpha diversity measures were plotted
with observed OTUs.

3.2. Functional Annotations

In the present study, functional analysis of bacterial 16S rRNA amplicons from seeds
of four different species of the Caricaceae family, i.e., V. cauliflora, V. goudotiana, V. cundina-
marcensis and C. papaya, are characterized for their functional genes by KEGG orthologous
(KO) analysis. In total, 6385 KO were recorded, and the individual KO reads and their
description are presented in the Supplementary File 3: Functional_KO_genes. The sum of
the reads ranged between 1,013,340 and 1,015,395. The highest read of 9072 was observed
for the KO TC.FEV:OM (iron complex outer membrane receptor proteins), in Vasconcellea
cundinamarcensis (V. cu) and for the same, the lowest (3134) KO was observed in V. goudo-
tiana (V. go) (Figure 3). Under metabolism, there were many reads for biosynthesis of
various amino acids, vitamins, steroid, lipids, enzymes, nucleotides, secondary metabolites
and others (Supplementary file 4: KEGG_Annotations). The sample V. goudotiana displayed
341,471 reads and the maximum reads were involved in the production of various alka-
loids, flavone, flavanol, penicillin and streptomycin. The species V. goudotiana displayed
an abundance of reads in biosynthesis of novobiocin, an aminocoumarin, penicillin and
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cephalosporin. Clavulanic acid is a beta-lactamase inhibitor of bacteria, and it was more
abundant in V. cundinamarcensis than in other species (Figure 3). The variation in the reads
of the biosynthetic pathways of the seed associated endophytic microbiome was significant
for all the four plant species.
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The metagenomic analysis revealed 4222 OTU IDs in bacteria. Using phyloseq, a
Constrained Analysis of Principal coordinates (CAP) was performed for the OTUs table
from the biome and plotted using the Bray Curtis measures. The CAP analysis placed the
seed samples at 97% and 2% distance in the CAP1 and CAP2 axes, respectively (Figure 4A).
The cultivated C. papaya sample was placed distinctly away from the three Vasconcellea spp.
samples. Further, the microbiomes associated with the seeds of two wild species namely,
V. goudotiana and V. cauliflora, were plotted close to each other. The beta diversity plotted
the seed samples for Axis 1 to 3, with a value of 98.57%, 1.153% and 0.272%, respectively.
The beta diversity also revealed that the microbiomes associated with the seeds of the two
wild species, V. goudotiana and V. cauliflora, were plotted close to each other, reflecting their
similarity (Figure 4B).
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bacteria and their systematic patterns of variations among the OTUs are plotted. (B) The Beta diversity of the seed associated
microbial samples using weighted UniFrac measures, and the visualization of the principal co-ordinates analysis. The
color code of the dot represents sample species as 1. Carica papaya (C.pa); 2. Vasconcellea cauliflora (V.ca); 3. Vasconcellea
cundinamarcensis (V.cu); and 4. Vasconcellea goudotiana (V.go).

4. Discussion

The beneficial role of the plant associated endophytic microbes in the growth and
development of plants is well established. However, there are not enough studies on
the structural and functional diversity of seed associated endophytes that are vertically
transmitted in the plants. Although, some of the seed-borne endophytes can be isolated
and characterized in vitro, but there are many that cannot be isolated and cultured for
further characterization. In the present study, the seed associated endophytes from a
cultivated papaya variety and three of its wild relatives from the Vasconcellea genus, all of
them belonging to the Caricaceae family, were explored by next generation sequencing. The
structural and functional annotations indicated that the cultivated species C. papaya showed
the lowest bacterial OTUs when compared to the three of its wild relatives (Vasconcellea
spp.) from the Caricaceae family. Further, the number of reads and the data obtained
was low for C. papaya when compared to the other three species. The presence of a rich
diversity of the endophytic microbes in Vasconcellea spp. may partly be responsible for the
desirable traits, such as the tolerance to biotic and abiotic stresses [5,10]. The most desirable
trait present in some of the Vasconcellea spp. is resistance to Papaya ring spot virus (PRSV),
whereas the cultivated papaya varieties are highly susceptible to PRSV, worldwide [3].
Breeding efforts for introgression of virus resistance trait did not yield fruitful results in
papaya. Jayavalli et al. [62] crossed V. cauliflora with six Indian varieties of papaya, which
resulted in F1-progeny with only 23.6% of the plants free of viral symptoms. However,
the remaining plants exhibited mosaic and other characteristic ring-spot viral symptoms
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such as the deformation of fruits. Magdalita [62] crossed C. papaya × V. cauliflora, and the
resulting 114 hybrid plant lines were screened with two isolates of PRSV-P from Australia
in the greenhouse studies. Post-inoculation of PRSV, only 22 hybrid plants survived, in
which there was no development of viral symptoms and were tested negative by ELISA.
When these 22 hybrid plants were tested in the field against PRSV infection, only 12 hybrids
survived and were free from the symptoms. The progeny papaya plants derived from the
inter-species crosses are difficult to raise because of slow proliferation and growth rate, and
high rate of mortality upon hardening and acclimatization.

The current study unravels the differences in the endophytic microbes associated
with the seeds of C. papaya and three of its wild relatives from genus Vasconcellea. Further,
the sequences obtained from the amplicons derived from the seed associated microbiome
defined the functional classifications that includes genes involved in metabolism, defense,
etc. This is the first such study that employed the next generation sequencing technology
to elucidate the seed associated microbiome structure and their functional characterization.
With these preliminary findings, we anticipate that the nature of endophytic microbial
population residing within the plants can be an indicator of adaptive measure for incorpo-
rating desirable traits into the cultivated varieties of papaya. After the micro-propagation
of the plant tissues, microbial incorporation can be done in the papaya seedlings during the
hardening stage to boost the growth and development and to incorporate stress tolerance.
These practices are in practice for bio hardening of micropropagated banana plantlets,
through the application of beneficial microbes at both the primary and secondary stages
of hardening for the promotion of plant growth [56]. This treatment also resulted in the
reduced incidence in soft rot of banana [63]. Here, we believe that such microbial introduc-
tion will improve their chances of survival in the field and can withstand the pressure from
abiotic and biotic pressures. Thus, exploration and comparison of microbial consortium in
the seeds of cultivated C. papaya (variety: Arka Prabhath) with its wild relatives Vasconcellea
spp. will help in boosting the plant yields through application of beneficial microbial
consortium. There are not many metagenomic studies carried out for papaya; however,
one of the studies was done for the in vitro cultured papaya field shoots representing three
varieties of papaya (Arka Surya, Arka Prabhath and Red Lady) [44]. However, the seed
associated endophytic microbial structure and their roles remained unanswered for both
the cultivated and wild relatives of papaya.

In the seed associated microbiome of the cultivated papaya (Arka Prabhath) and
three of its wild relative species from Vasconcellea genus, the most abundant bacterial
phyla were Proteobacteria and Firmicutes. Previous microbial metagenomic studies by
Thomas et al. [44] in different cultivated papaya varieties had also revealed that the phyla
Proteobacteria was the most abundant. About 33% of Bacillus distribution remained unclas-
sified, which corresponds to 0.5% of Firmicutes in C. papaya, whereas in case of V. cauliflora,
V. cundinamarcensis and V. goudotiana, the genus Bacillus showed an abundance of 0.3%,
1% and 0.4%, respectively. In the previous reports of metagenomic studies of endophytes
associated with the cultivated papaya varieties, the genus Bacillus also remained unclassi-
fied beyond the genus level [44]. The Bacillus species namely Bacillus subtilis was isolated
from the in vitro samples of the three papaya varieties namely Arka Surya, Arka Prabhath,
and Red Lady [44]. The Bacillus species are reported to be cultivable bacteria that reduced
the disease incidence by 74.94% over the control, for rhizome rot in banana [63]. Another
species, Bacillus firmus from the phylum Firmicutes, is reported to be beneficial bacteria
in rapeseed and mustard for their role in promotion of both root and shoot growth [64].
The previous reports had also revealed that the seeds of papaya have Bacillus spp., which
readily colonize the roots upon germination [44]. It was also hypothesized that the colo-
nization by Bacillus sp. will protect the papaya plants from crown rot disease. However,
this report did not reveal anything about the microbiome structure and their heritability
through the seeds [65]. In addition, the role of secondary metabolites from Bacillus subtilis,
has been shown to have an antagonistic effect on the plant pathogens [66]. This bacterium
produces a wide range of antimicrobial lipopeptide compounds such as the urfactins,
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iturins, fengycins, polyketides and non-ribosomal peptides, all of which have antimicrobial
activity [66–68]. These antimicrobials released by Bacillus subtilis are toxic to nematodes
and plant pathogens, but are considered to be safe to mammals as per the standards of US
Food and Drug Administration (US FDA) [69]. The use of B. subtilis as a biocontrol agent
can substantially replace [70] the use of toxic nematicides [71]. The weighted β-diversity
measured by the abundance of OTUs revealed that none of the plant species are close to
each other with reference to their seed associated endophytic population. The comparison
of the branch lengths of the OTUs by CAP analysis of the samples revealed that the two
species, V. cauliflora and V. goudotiana are closer to each other. Further, these seed associated
microbial samples showed similar functional signatures, but not the same levels of abun-
dance. The factor Biosynthesis of secondary metabolite genes in functional analysis showed
significant variations among the endophytic population associated with the seeds of the
four plant species. The samples that show maximum abundance of the recorded class of
secondary metabolite gene annotations were from the species V. cauliflora and V. goudotiana.
However, the diversity of fungi was significantly low for further detailed analysis. Pyxine
sp. was observed only in V. goudotiana and is reported to be a lichenized fungus. However,
for the fungal family Saccharomycetales Incertae sedis that produces indole acetic acid (IAA),
the recorded reads were very low. The next highest reads after Pyxine sp. belonged to the
OTU of Trichosporon genus with 40 reads traced in V. goudotiana. The Trichosporon genus is
reported to be a rhizosphere-based plant growth-promoting yeast that can degrade various
nitrogen sources and produce auxin [72].

5. Conclusions

This comparative study of microbiomes associated with the seeds of the cultivated
Carica papaya and its four wild relatives from Caricaseae family (Vasconcellea spp.) precisely
determines the population structure of the endophytic microbes. The characterization of
the functional genes by KEGG showed that there was a high abundance of genes involved
in secondary metabolite pathways in the seed associated endophytes from the genus
Vasconcellea than the genus Carica. This is the first report on the seed associated endophytic
microbial diversity and their functional gene structures between the cultivated C. papaya
and its wild relative species from Vasconcellea genus (mountain papaya). The functional
distribution of genes from the microbes partly, if not completely, may help the Vasconcellea
species for their desirable traits. Furthermore, this study indicates that the domestication
of plant species (e.g., Carica papaya) may result in reduced endophytic microbial diversity
than their corresponding wild relative species (Vasconcellea spp.), which show higher
microbial diversity.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/microbiolres12040057/s1. Figure S1. Collection sites of papaya and their wild relatives namely,
Carica papaya Va. Arka prabhath; Vasconcellea cauliflora; Vasconcellea cundinamarcensis; and Vasconcellea
goudotiana from Southern India. Figure S2. Pipelines of next generation sequencing. Figure S3. Top
10 functional orthologues genes across the samples. Table S1. Primers used in this study for the PCR
amplifications of bacterial 16S rRNA and the fungal ITS sequences from the DNA extracts of the
seed pulps.
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