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Abstract  Paddy fields include two interconnected eco-
systems—soil and floodwater. Microbes and viruses are an 
integral component of these ecosystems, yet the viral com-
munities have not been extensively studied. We present an 
analysis of the viromes of paddy floodwater collected dur-
ing the two cropping seasons in India, the kharif and rabi 
seasons respectively. The overall taxonomic and functional 
characteristics appeared to be similar in both seasons, sug-
gesting stability of the viral community. Taxonomically, 
the families of tailed bacteriophages dominated. The pre-
dominance of functional roles related to lytic phages further 
confirmed this. We reconstructed two complete and several 
partial viral genomes from the assembled data. The genomes 
did not align with any known sequences, thus representing 
novel viruses of the floodwater ecosystem.
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Rice (Oryza sativa L.) is the most widely cultivated cereal 
crop worldwide. In India, rice is grown in two seasons, the 
kharif season (June–November), coinciding with the south-
west monsoon and the rabi season (December–May), a dry 
season necessitating irrigation from non-rainwater sources 

[1]. Rice paddies are generally submerged during the veg-
etative phase. The shallow water layer above the soil—the 
floodwater—is considered part of the paddy soil ecosys-
tem, due to the proximity and constant exchanges occurring 
between the two media [2]. Paddy soil and floodwater are 
rich in micro- and macro-biodiversity. The microbial com-
ponent maintains soil fertility and promotes plant growth 
and health [3]. Concurrent with a thriving microbial com-
munity is the viral community, majorly bacteriophages that 
propagate in bacterial hosts. Viruses are ecological drivers 
of aquatic and soil ecosystems – they regulate microbial 
community composition, alter nutrient cycling patterns and 
influence evolution through horizontal gene transfer [4]. 
These activities assume greater significance in light of the 
very high abundances of viruses in natural environments, 
often an order of magnitude higher than bacteria [5]. The 
existing research on paddy soil and floodwater microbiomes 
is tilted in favour of bacterial community studies [3, 6, 7]. 
Viral community studies have largely been limited to enu-
meration [8] and marker-gene based studies [9]. We report 
for the first time, virome-level analysis of paddy floodwater 
during the kharif and rabi cultivation seasons.

Surface water samples (25 cm depth) from paddy flood-
waters, were collected in sterile polypropylene containers, 
3 weeks after transplantation of rice seedlings, in the respec-
tive seasons. Locations of sampling sites and physicochemi-
cal parameters of water samples are detailed in Table S1. 
The kharif sample is hereafter referred to as RW1, and the 
rabi sample as RW2. Following 0.22 µm-filtration of water 
samples, viral metagenomes were prepared by a previously 
described protocol [10]. Shotgun metagenomic sequencing 
was carried out at Medgenome Labs, India.

Paired-end sequencing reads from RW1 and RW2 were 
submitted to the NCBI sequence read archive under the Bio-
Project accession number PRJNA958449. The reads were 
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quality-filtered with FastQC v. 0.11.9 [11] and submitted 
to the Kaiju web server, v. 1.9.0 [12] for taxonomic anno-
tation against the NCBI-nr database. A large majority of 
reads in both viromes, i.e. 94% in RW1 and 92% in RW2, 
were unclassified. Among classified sequences, 11% were 
identified as viral in each of RW1 and RW2. The distribution 
of classified viral sequences at key taxonomic hierarchical 
levels was analysed. Duplodnaviria was the dominant realm 
of both viromes, constituting 94% of sequences in RW1 and 
95% in RW2 (Fig. S1). The most abundant viral families 
in both RW1 and RW2 were Siphoviridae, Myoviridae and 
Podoviridae, in that order (Fig. 1a). Aquatic viromes rang-
ing from marine [13] to lake [14], estuarine [15], creek 
[16], and wastewater [17] consistently contain a majority 
of sequences mapped to these families. This reflects both 
the true abundance of tailed bacteriophages in aquatic and 

soil environments and the predominance of their genomic 
sequences in the reference databases, due to the ease of their 
isolation and cultivation. Families Autographiviridae, Ack-
ermannviridae and Phycodnaviridae (both RW1 and RW2), 
Picornaviridae (RW1) and Herelleviridae (RW2) were 
minor constituents of respective viromes. The similarity in 
viral community structure between RW1 and RW2 viromes 
suggests stability of the paddy floodwater viral community 
under different cropping seasons and irrigation regimes. This 
finding is in consonance with previous large-scale studies, 
where the viromes of similar ecosystems have been found 
similar, even across geographical distances [18–20].

Further, the species composition of the viromes was 
analysed (Table S2). In RW1, Lentibacter virus vB_LenP_
ICBM2 (5% of classified virus sequences) and Enterovirus 
C (4%) were the most abundant viral species. Enteroviruses 

Fig. 1   Taxonomic and func-
tional annotation of the RW1 
and RW2 viromes. a Taxonomic 
annotation of classified viral 
reads at the family level; b 
Functional annotation of the 
viromes through MG-RAST—
the figure depicts functional 
descriptions at Level 3 specific-
ity; The RefSeq filter “Viruses” 
was applied to limit results to 
viral functions; Non-specific 
annotations were omitted
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Fig. 2   Protein annotation of phage genomes identified as intact, a Φ 
RW1.1, a circular genome and b Φ RW1.2, a linear genome. Func-
tional terms such as “Head protein” or “Tail protein” are provided by 
the software; “Hypothetical protein” and “Phage-like protein” indi-

cate sequences with phage-gene-like characteristics, but which could 
not be assigned specific functions; “Region” indicates the contiguous 
sequence identified as a complete phage genome
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(Family: Picornaviridae) are indicators of sewage pollution 
in water and cause polio, viral meningitis and encephalitis in 
humans. The possibility of sewage runoff into paddy fields 
with rainwater in the kharif season is a public health risk, 
and necessitates better biological monitoring of floodwater. 
No single viral species constituted more than 2% of the RW2 
virome.

Functional annotation of raw reads was carried out in 
MG-RAST v. 4.0.3 [21] against the Subsystems database. 
The dominant viral functions identified in both the viromes 
were phage replication and DNA synthesis (Fig. 1b). This 
finding suggests that the large abundance of viruses in paddy 
floodwater [22] constitutes an actively replicating viral com-
munity. The functions indicative of active lytic infections 
support the significant ecological role of viruses in the paddy 
floodwater ecosystem [23, 24]. Phage integration and exci-
sion functions were at an intermediate level in both viromes, 
suggesting a relatively minor presence of lysogenic phages, 
as with other nutrient-rich freshwater environments [4].

Quality-filtered sequencing reads were further trimmed 
and assembled into contigs. Contigs representing complete 
viral genome sequences were annotated with PHASTEST 
[25]. The workflow for bioinformatics analysis is provided 
in Table S3 and details of complete genomes in Table S4.

Two intact viral (phage) genomes were identified in the 
RW1 dataset and designated Φ RW1.1 and Φ RW1.2 respec-
tively. Φ RW1.1 appeared to have a circular genome (Fig. 2a) 
of size 40.7 kb, with 29 phage genes identified, the majority 
of which, closely matched with Bordetella phage BPP-1. 
Specific protein identifications included phage head proteins, 
terminase, protease, DNA helicase, repressor and fiber pro-
tein. The remaining regions were non-specifically annotated. 
Thus, it could not be concluded whether Φ RW1.1 is a tailed 
phage or not. Φ RW1.2 appeared to have a linear genome 
(Fig. 2b) of size 41.7 kb, with 33 phage genes identified, 
most of which closely matched with Enterobacter phage 
Arya. Specific protein annotations included several tail pro-
teins, in addition to head proteins, terminase, DNA helicase, 
endonuclease and integrase. Thus, Φ RW1.2 is highly likely 
to be a tailed phage. Additionally, three genome sequences 
were partially reconstructed (Table S4). A BLAST search of 
the respective sequences revealed no significant alignment 
to any sequence in the NCBI nr database. Thus, these are 
novel phages of the floodwater viral community, and merit 
further exploration through metagenomic as well as labora-
tory cultivation-based approaches.

Studies on paddy soil microbiomes have reported a rela-
tively constant bacterial community under different fertiliza-
tion practices [26] and cropping patterns [27]. The similar 
taxonomic and functional composition of the RW1 and RW2 
viromes is in line with previous findings, as the viral com-
munity structure generally parallels that of the microbial 

hosts. Moreover, paddy floodwater is closely connected 
with the soil. Thus, the stability of soil communities may be 
reflected in the floodwater communities. This is particularly 
significant given the fact that the kharif crop is rainfed, while 
the rabi crop is irrigated. Several studies have also indicated 
that microbial community composition is highly dependent 
on the growth phase of the rice plant [3, 28]. Samples in the 
present study were collected during the vegetative phase in 
both seasons. In conclusion, the viral community of paddy 
floodwater was dominated by actively replicating tailed bac-
teriophages, during both kharif and rabi cropping seasons. 
Further research in this area could include the analysis of 
floodwater viromes during the reproductive phase of rice 
plants and the exploration of floodwater bacterial communi-
ties in parallel with the viral communities. The novel phage 
genomes ΦRW1.1 and ΦRW1.2 represent our contribution 
to nucleotide databases, which would help to annotate viral 
sequence data in the future.
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