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Abstract
The need for sustainability in food supply has led to progressive increase in soil nutrient enrichment.
Fertilizer application affect both biological and abiotic processes in the soil, of which bacterial
community that support viral multiplication are equally in�uenced. Soil viral community composition and
dynamics are affected by soil fertilization with less exploration on organic and inorganic fertilizer
application. In this study, we evaluated the in�uence of soil fertilization on the maize rhizosphere viral
community growing in Luvisolic soil. The highest abundance of bacteriophages were detected in soil
treated with high compost manure (Cp8), low inorganic fertilizer (N1), low compost (Cp4) and control
(Cn0). Our result showed higher frequency of Myoviridae (47%), Podoviridae (46%) and Siphoviridae
(90%) in high organic manure (Cp8) fertilized compared to others. While Inoviridae (98%) and
Microviridae (74%) were the most abundant phage families in low organic (Cp4) fertilized soil. This
demonstrate that soil fertilization with organic manure increases the abundance and diversity of viruses
in the soil due to its soil conditioning effects.

Introduction
Viruses inhabit every ecosystems and the level of abundance of these obligate intracellular parasite is
dependent on the population of their susceptible host bacteria. Soil viruses particularly phages in�uence
the bacterial community dynamics, ecological and evolutional dynamics. They achieve this through lysis
and lysogenic conversion of which in some situations result in community breakdown of the
microecosystem in the soil (Free et al. 2018; Braga et al. 2020; Liang et al. 2019). Phages activities in soil
has led to disease suppression and control of pathogenic bacteria (Zaczek-Moczydłowska et al. 2020).
However, they equally have a negative implication in biogeochemical cycling of nutrients by soil dwelling
bacteria. The most susceptible bacteria (belonging to Acidobacteria, Bacilli, Verrucomicrobia,
Proteobacteria and Gamma-Proteobacteria) which participate in the biogeochemical cycling of nutrients
are often invaded by phages in the soil (Emerson et al. 2018; Woodcroft et al. 2018). Phages in any given
habitat have been found to exceed bacterial population by 20 folds or by a factor of 5 to 25.  Thus,
making them the most abundant entity in the biosphere (Heyer et al. 2019; Fuhrman 1999). The most
abundant phage families in the soil are Podoviridae, Myoviridae, Mimiviridae, Siphoviridae as well as
Phycodnaviridae. Among these viral families, Podoviridae, Siphoviridae and Myoviridae are the
predominant bacteriophages at the soil subsurface (B horizon, characterized by high bacterial
abundance). They are double stranded DNA viruses, majority of which are lytic phages (Liang et al. 2019;
Adriaenssens et al. 2017; Trubl et al. 2018).

The abundance of phages varies across soil in different environment, soil usage and ecosystem.
Agricultural soil for instance has an abundance of phages that ranges from 1 x 106 to 1 x 108 gram/dry
weight. Forest soil has 5.8 × 109 gram/dry weight and hot desert soils have between 1 x 103 to 1 x 107

gram/dry weight (Williamson et al. 2017). These variations are attributed to the soil nutrients
compositions (soil organic matter). Soil organic matter has shown to in�uence the abundance of soil
bacteria as well as phage communities (Williamson et al. 2005; Zhuang and Jin 2003). Notwithstanding,
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a detailed knowledge of phage communities present in agricultural soil (particularly the rhizosphere of
maize) under organic and inorganic fertilization are yet to be fully addressed.

Rhizosphere is the soil area under the in�uence of plants’ root exudates and are characterized by high
abundance of bacteria, fungi, protozoan, oomycetes, and nematodes. This region of the roots-soils
interface has a dynamic and complex ecosystem with an abundance of bacteriophages (Enebe and
Babalola 2020; Philippot et al. 2013; Chen et al. 2014). These microbes bene�t from plants nutritionally
and in return in�uence plants growth. In addition, they aid in organic matter breakdown (or nutrients
mineralization), plant protection against pathogens invasion and plant tolerance to abiotic stress
(Ramírez et al. 2020; Enebe and Babalola 2019, 2018).

Soil fertilization in�uences soil pH and availability of soil organic matter which affect the abundance of
soil dwelling microbes (Zhuang and Jin 2003). Inorganic fertilizer could negatively affect the nutrient
uptake by plants, soil pH, soil organic matter as well as the soil microbes. This effect is more on
application of a high dose of inorganic fertilizer and under continuous usage (Six et al. 2004). Hence,
there is a need to revert to the use of organic fertilizer in soil nutrient enrichment. Studies have reported
that organic manure is e�cient in promoting soil health, soil microbial biomass and abundance of
microbes better than inorganic fertilization (Chu et al. 2007; Zhang et al. 2012). However, a recent study
by Chen et al. (Chen et al. 2014) has shown that soil fertilization signi�cantly increase the bacterial and
phage population in the soil. To date, no study has examined the in�uence of soil fertilization on the
maize rhizosphere phage communities and this forms the rationale behind our study. In this study, a
farmland fertilized with different quantities of organic and inorganic fertilizers located in molelwane,
North-West province of South Africa was selected. Here we evaluated the effects of soil fertilization with
inorganic and organic manure on the abundance, frequency and diversity of maize rhizosphere
bacteriophages. Our study have shown the correlation between phages abundance and soil fertilization
at the maize rhizosphere.

Materials And Methods
Experimental setup, DNA extraction and sample collection

The setup of this experiment was done as previously described in Enebe and Babalola (Enebe and
Babalola 2021) and the samples were collected as described by Musyimi et al. (Musyimi et al. 2018) and
Zhang et al. (Zhang et al. 2013). Rhizosphere soil samples were collected from maize farmland located in
Molelwane, North-West Province of South Africa. The soil samples was collected from a seven (7) weeks
old growing maize plants (Zea mays averta) in fertilized and unfertilized soils using 5 cm auger (5
treatments x 3 replicates plots per treatment). The soil was treated with 120 kg/ha and 60 kg/ha
inorganic fertilizers and another set with 8 tons/ha and 4 tons/ha compost manure. The collected soil
samples were put in a plastic bag and transported to the laboratory in an ice �lled box. Community DNA
was isolated from the soil samples using a PowerSoil isolation kit from MO Bio lab, Inc. USA as directed
by the manufacturer. 
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Sequencing procedure

The quantity of the DNA was measured using Qubit® dsDNA HS Assay Kit (Life Technologies) and
processed using Nextera DNA Flex library preparation kit in line with the manufacturer’s instruction
(Illumina Inc.). DNA (50 nanogram in quantity) was used for the preparation of the libraries alongside
fragmentation and addition of adapter sequences in the process. Adapter sequences and indices were
added, following PCR cycles and the quantity of the generated libraries was measured using Qubit®
dsDNA HS Assay Kit and the average libraries sizes was determined using Agilent 2100 Bioanalyzer. The
libraries was pooled in an equal-molar ratios and sequenced pair end reads on a NovaSeq 6000 machine
(Illumina) for 300 cycles at Mr DNA molecular Laboratory (USA).

Processing of Sequences, Annotation and Statistical analysis

The shotgun metagenomics reads obtained was uploaded in MG-RAST (Meyer et al. 2008) where quality
�ltering of the reads was performed to remove host-speci�c sequences, arti�cial reads, and ambiguous
bases. Reads annotation was performed through blasting (using BLAST-like alignment tool algorithm)
against M5NR databases (Kent 2002) and RefSeq databases (Wilke et al. 2012) by applying the default
settings. The viral families and genus were analysed. The sequences was used for statistical analysis by
performing one way analysis of variance (ANOVA) to check its signi�cance. Abundance and distribution
of the viral families and genus was visualized in pie chart and bar chart using Microsoft Excel. Simpson,
Evenness and Shannon diversity indices was determined for the sample and contrasted among the
treatments and control using Kruskal Wallis test. The viral beta diversity was examined using PCoA –
principal coordinate analysis on Eclidean distance matrix. Principal component analysis and principal
coordinate analysis was analysed using default settings on CANOCO v5 (Microcomputer Power, Ithaca,
New York). All the above mentioned statistical analysis was performed using PAST version 4.0 (Hammer
et al. 2001) and the sequenced reads were deposited on NCBI with accession number PRJNA607213.

Result
Fertilization effects on maize rhizosphere viral community structure

At the various fertilization treatments, Bray Curtis similarity matrix and principal coordinate analysis was
calculated to evaluate the viral community of maize rhizosphere. Viral community could be separated
according to the treatment in major clusters of three (Fig. 1) with Cn0 and N1 clustering at left and N2
and Cp4 clustering at the right-hand side. The treatment Cp8 is widely separated from the clusters. The
axis one correspond to a variation of 82.65 percent variation and separated the samples according to the
fertilizers treatments (organic and inorganic fertilization).

The treatments effects on the viral community structure was shown by the principal component analysis,
depicting the distribution of the viral genus according to the treatments (Fig. 2). The 8 tons per hectare
compost treated soil, 60 kg per hectare inorganic fertilizer, control and 4 tons per hectare compost
manure selected and enriched predominant bacteriophages in the maize rhizosphere than the 120 kg per
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hectare inorganic fertilized soil. In the PCA plot, Circovirus, Begomovirus, Nanovirus, Inovirus, PhiKvirus,
T5-like virus etc. are the forces that separate the N2 and Cp4 from the control and treated samples. While
N4-like virus, Mastrevirus and Chlorovirus are the forces the separate N2 and Cp4 samples. The factors
along the negative values of axis 1 distinguished the Cp8 from N1 and Cn0. Axis 1 of the principal
component analysis of the viral genus shows a strong positive loadings for Circovirus, Babuvirus,
Bdellomicrovirus, Spiromicrovirus, Nanovirus, Inovirus, Norovirus etc. and a strong negative loadings for
T7-like virus, PhiC virus, Bpp-virus, T4-like virus, SPO1-virus, and Potyvirus. This viral analysis re�ects
strong bacteriophage abundance at negative axis 1, which guarantee adequate plants protection. Their
presence is positively correlated with the bacterial abundance as reported elsewhere by Enebe and
Babalola (Enebe and Babalola 2020). Also, there is an increase in the abundance of animals and birds
disease causing Circovirus (Gillespie et al. 2009), plant disease causing Babuvirus, Begomovirus and
Nanovirus (Lal et al. 2020; Fiallo-Olivé and Navas-Castillo 2020), bacteria infecting Bdellomicrovirus,
Spiromicrovirus and Inovirus (Hyman and Abedon 2012; Roux et al. 2019) and human disease causing
Norovirus (Robilotti et al. 2015). At axis 2, there is a strong positive loadings for N4-like phages,
monocotyledonous plants infecting Mastrevirus and algae infecting Chlorovirus (Van Etten et al. 2020;
Buttimer et al. 2018; Claverie et al. 2019). These viruses particularly the phages and other bacteria
infecting viruses are responsible for controlling bacterial phytopathogens and ensuring adequate plants
protection in the fertilized soils. 

There is high percentage abundance of bacteriophages such as SPO1-like viruses N1 samples. T4-like
viruses, Bpp-1-like viruses, N4-like viruses, T7-like viruses and PhiC31-like viruses in Cp8 samples.
phiKMV-like viruses, and Inovirus are predominant phages in the Cp4 samples. It was only Cp4 and Cp8
that bears approximately equal percent abundance of T5-like viruses in the maize rhizosphere (Fig. 3).

The diversity of viruses in the maize rhizosphere at different soil fertilization

The classi�cation of phages according to their morphological types (Ackermann 2009), showed that
Myoviridae, Podoviridae and Siphoviridae (all tailed phages) are dominant in Cp8 than in other
rhizosphere samples. While Inoviridae and Microviridae are the dominant bacteriophages in Cp4 samples
than in other samples (Fig. 4). The frequency of Siphoviridae viruses (90%) was signi�cantly higher in
high compost manure amended soils, whereas Inoviridae viruses (98%) has the highest frequency of
occurrence in low compost manure treated soils (Cp4). The calculated viral diversity for all the viruses
using Simpson and Shannon diversity indices showed that Cp8, N1 and Cn0 rhizosphere soil samples
was the highest, while that of Cp4 was the lowest among the various treatments. The Kruskal Wallis test
(P = 0.0061) revealed a signi�cant difference in the rhizosphere soil samples viral diversity. The N1 and
Cn0 samples according to the calculated Evenness, revealed an evenly distributed viral community in the
maize rhizosphere samples (Fig. 5). The phages families’ diversity indexes are contained in Table 1 and
did not differ signi�cantly (P>0.05).

Discussion
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To ensure adequate supply of food, agricultural practices of supplying nutrients through soil fertilization
has been on the increase. Agricultural soils are fertilized with organic and inorganic fertilizers to boost
crop yield and soil fertility. Organic fertilizer has been found to support a balanced microbial growth and
crop yield. While inorganic fertilizer support only the crop yield but on a small application. In this study,
organic fertilizer enhanced the abundance of bacteriophages and other viruses in the maize rhizosphere
(Fig. 3). Bacteriophages are viruses that prey on bacteria and are implicated in both ecological and
evolutional changes among bacteria community in the soil (Williamson et al. 2017; Marcó et al. 2015).
Bacteriophage abundance varies from one ecosystem to another, for instance, agricultural soil has
between 1 x 106 to 1 x108 gram dry weight−1 (Williamson et al. 2017), desert soil has about 2.2 x 103

gram per dryweight (Gonzalez-Martin et al. 2013), and forest soil has about 5.8 x 109 gram per dryweight
(Helsley et al. 2014).

The abundant viruses like family’s dominant in the maize rhizosphere under soil fertilization belongs to
myoviridae (phages with long contractile tails), Siphoviridae (phages with long non-contractile tails),
Inoviridae (�lamentous phages), Podoviridae (phages with short non-contractile tails) and Microviridae
(phages that are morphologically spherical and small bearing single stranded DNA) (Williamson et al.
2005). In our study, tailed phages were dominated in organic manure fertilized soils with very high
distribution frequency (Fig. 4). This was in agreement with Chen et al. (Chen et al. 2014) which reported
that organic manure-chemical fertilized soils increased the phages abundance in the soil by a factor of 4
times (13.1 x 107 VLP per gram of soil) higher than inorganic fertilized soils. They also reported high
distribution frequency of Myoviridae (viruses) in organic manure fertilized soils. The effects of organic
manure on soil phages communities was observed in a pasture soil were cow dungs support the
proliferation of soil bacteria. The increase bacterial hosts resulted in an increase in soil phage
populations as reported by Narr et al. (Narr et al. 2017). Therefore change in the phages abundance
resulted in change in bacterial respiration and abundance in the fertilized soils (Srinivasiah et al. 2015).
Our study showed a signi�cant increase in bacterial population but the result was report elsewhere
(Enebe and Babalola 2021). The rationale behind increase in phages abundance in an organic manure
fertilized soil could be attributed to its nutrient enrichment effects on the soil, increase in soil structure,
soil air and water holding-capacity of the fertilized soil (Palaniveloo et al. 2020). It also reduced the
electrostatic binding capacity of viruses and bacteria to clay minerals and soil particles (Kimura et al.
2008), making the availability of phages to infect bacteria and multiply in numbers.  In another study by
Doan et al. (Doan et al. 2014), organic fertilizer supported an increase in soil viral abundance by 8 to 12
folds.

Bacteriophages in the soil performs myriad of functions such as bacterial population control,
suppression of phytopathogens, change in bacterial metabolism, transfer of genes from one bacteria to
another and in�uence on biogeochemical cycling of nutrient through cell lysis and release of trapped
nutrients as well as in �tness tradeoff of the hosts (Zheng et al. 2019; Emerson et al. 2018; Rabiey et al.
2020).
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At the genus level, SPO1-like viruses prevailed more in N1 (60 kg/ha inorganic fertilizer) soil samples. T4-
like viruses, Bpp-1-like viruses, N4-like viruses, T7-like viruses and PhiC31-like viruses are present in Cp8 (8
tons/ha compost) samples. While phiKMV-like viruses, and Inovirus are predominant phages in the Cp4
(4 tons/ha compost). T5-like viruses occur mostly in Cp8 and Cp4 samples. T4-like viruses are lytic
phages in the family, myoviridae. They have large double stranded DNA and perform nucleotide
metabolism functions as well as DNA replisome (Ackermann and Krisch 1997; Tétart et al. 2001; Miller et
al. 2003). Bpp-1-like viruses are members of Podoviridae with double stranded DNA with short non-
contractile tails. They infect the bacteria Bordetella (Dai et al. 2010). PhiKMV-like viruses are lytic phages
that infect Pseudomonas aeruginosa. They are members of the family Podoviridae with short non-
contractile tails and double stranded DNA (Yu et al. 2017). Another important Podoviridae viruses are T7-
like viruses. They are lytic phages with short non-contractile tail and possess an icosahedral capsid and
small genome (made of double stranded DNA) (Attai and Brown 2019; Pajunen et al. 2002). PhiC31-like
viruses are yet another important phages that infect a wide range of bacteria (Bacillus, Arthrobacter,
Lactobacillus, Escherichia, Staphylococcus, Mycobacterium etc.). They possess double stranded DNA
molecules (Suárez et al. 1992; Smith et al. 1999). T5-like viruses on the other hand are members of the
siphoviridae family and infect bacteria belonging to Enterobacteriaceae. They are characterized with long
non-contractile tails and an icosahedral head that is isometric in shape (Sváb et al. 2018; Zivanovic et al.
2014). A very important phage that infect gram positive bacteria (such as Bacillus, Enterococcus,
Staphylococcus, Brochothrix, Streptococcus etc.) are SPO1-like viruses. These phages belong to the
family, myoviridae and are lytic phages. They have an icosahedral head and long contractile tails with
double stranded DNA (Okubo et al. 1964; Klumpp et al. 2010). Finally, another important lytic phages
present at the fertilized maize rhizosphere that belongs to the family podoviridae are N4-like viruses. Their
target bacterial hosts are gram negative bacteria in the genera (Enterobacteriaceae, Vibrionaceae,
Pseudomonadaceae, Alcaligenaceae etc.). These phages possess short non-ccontractile tails, an
icosahedral-head and do not require the RNA polymerase of the host bacteria for its transcription, as it
have its own virus RNA polymerase (vRNAP) (Kazmierczak et al. 2002; Wittmann et al. 2015; Choi et al.
2008). Inoviruses on the other hand, belong to Inoviridae family and characterized by their cylindrical
structure (�lamentous) with single stranded DNA molecules that are circular in shape. They infect their
hosts (Pseudomonas, Vibrio, Ralstonia and Neisseria) and do not cause lytic infection rather they
establish a chronic infection and remain persistence within their bacterial hosts and release their progeny
viruses without obvious harm to the infected bacteria (Roux et al. 2019; Varani et al. 2013; Bille et al.
2017).

One unique thing about lytic double stranded DNA phages described above is that they utilize holing and
endolysin enzymes to penetrate, infect and lyse their hosts. The holin enzyme is responsible for digesting
the bacterial cell membrane and endolysin degrade the peptidoglycan cell wall. Both enzymes enhances
phage infection of the susceptible hosts’ bacteria (Young and Bläsi 1995). Other viruses were detected in
the fertilized soil samples but are of less importance in the ecology and evolution of bacteria in the soil.
Only phages are of greater importance as they participate in the formation of disease suppressive soil,
and modulation of biogeochemical cycling of nutrients in the soil. Compost manure has proven to be
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e�cient in the promotion of phages abundance in the agricultural soils due to its positive effects in soil
conditioning effects and reducing phage binding to clay minerals (Lawson et al. 1987).

Conclusion
This study has shown that agricultural soil precisely maize rhizosphere under organic manure fertilization
enhance the proliferation of bacteriophages and bacteria as well. Virtually all bacteriophages dominant in
the organic manure fertilized soils are members of Caudovirales. They are double stranded DNA viruses
that cause high mortality of bacteria in the soil due to their lytic activities. The viral diversity presented
here is novel and will help agriculturists to understand which fertilization approach they will adopt to
ensure sustainable maintenance of crops and soil health that will translate into increased crop yield.
Bacteriophages are important tools for controlling phytopathogens in the soil and should be manipulated
through incorporating organic manure into the soil.  
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Table 1. Bacteriophage families’ diversity indexes from maize rhizosphere samples under fertilization Cn0
(control), N1 (60 kg/ha NPK), N2 (120 kg/ha NPK), Cp8 (8 tons/ha compost), and Cp4 (4 tons/ha
compost manure)

  Cp8 Cp4 N2 N1 Cn0 P value

Simpson_1-D 0.2485 0.006921 0.004417 0.5148 0.5683 0.5242

Shannon_H 0.5346 0.02587 0.01813 0.9108 0.9996  

Evenness_e^H/S 0.3414 0.2052 0.2037 0.4973 0.5434  

Figures

Figure 1

Principal coordinate analysis of the abundant viral genus present in the maize rhizosphere soil under
fertilization. Cn0 (control), N1 (60 kg/ha NPK), N2 (120 kg/ha NPK), Cp8 (8 tons/ha compost), and Cp4 (4
tons/ha compost manure)
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Figure 2

The PCA-Principal component analysis of the most abundant viral genus in the rhizosphere of maize
under fertilization. Cn0 (control), N1 (60 kg/ha NPK), N2 (120 kg/ha NPK), Cp8 (8 tons/ha compost), and
Cp4 (4 tons/ha compost manure)
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Figure 3

Percent abundance of viral genus present in the rhizosphere soils of maize fertilized with organic and
inorganic fertilization. Cn0 (control), N1 (60 kg/ha NPK), N2 (120 kg/ha NPK), Cp8 (8 tons/ha compost),
and Cp4 (4 tons/ha compost manure)
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Figure 4

Bacteriophage families’ frequency distribution within the maize rhizosphere under fertilization. Cn0
(control), N1 (60 kg/ha NPK), N2 (120 kg/ha NPK), Cp8 (8 tons/ha compost), and Cp4 (4 tons/ha
compost manure)
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Figure 5

Diversity indices of abundance viral genus present in the maize rhizosphere under fertilization Cn0
(control), N1 (60 kg/ha NPK), N2 (120 kg/ha NPK), Cp8 (8 tons/ha compost), and Cp4 (4 tons/ha
compost manure)


