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ABSTRACT

Regular emergence and re-emergence of viral pathogens emphasizes the importance of understand-

ing viral biogeography and migration. Single-stranded DNA (ssDNA) viruses are among the least

understood groups of microbial pathogens, yet the group contains known agricultural pathogens,

which infect both livestock and crops (Circoviridae and Geminiviridae), and model organisms (Mi-

croviridae). Wastewater treatment plants (WWTPs) receive water from multiple sources, becoming

reservoirs for the collection of many viral families that infect a large range of hosts. Investigations

utilizing high-throughput sequencing have determined that local viral diversity is extremely high

but does not scale to produce an exponentially higher global diversity. It follows that similar geno-

types can be found great distances apart, although they may not be permanent constituents of any

single population. Transient genotypes have been observed in temporal surveys of closed systems,

where genotypes migrate between individual populations. This study focused on the geographic

and temporal population stability of single-stranded DNA (ssDNA) viruses in open systems.

Sampling from WWTPs in three neighboring cities in Northwest Florida, which receive constant

inow and potentially receive the same viruses from the local environment, was conducted across

a nine-month time span. A combination of polyethylene glycol (PEG) precipitation and �lter

concentration was used to isolate whole viral particles from the complex wastewater samples. The

ssDNA viruses were isolated from larger viruses using a sucrose gradient for size selection and rolling

circle ampli�cation was performed to both bias the sample towards ssDNA and prepare the samples

for high-throughput sequencing. Ampli�ed genomes were sequenced using Illumina platforms and

xi



de novo assembled.

Given the increased potential for migration, we expected the populations would be mostly

homogenous with relatively few viruses that are unique to individual WWTPs. Viral genotypes with

genetic similarity to Circoviridae, Geminiviridae, and Microviridae were recovered from all three

WWTPs, however <25% of recovered genes match genotypes (>80% amino acid identity) recovered

from neighboring sample sites. We determined that <10% of the genotypes were present in all three

plants and the majority of genotypes were speci�c to one WWTP. Unexpectedly, the WWTPs that

were closest to each other geographically were the least similar, and the plants geographically

distant from each other had the most observed genetic overlap. These results highlight the high

level of diversity within each population, while the high observed heterogeneity indicates localized

genetic success and limited migration opportunities between the WWTPs. Throughout time the

communities experienced a large degree of genetic turnover. Only 30% of the genotypes were present

in more than one time point, 5% were recovered in three of more samplings and <1% were present

in all �ve time points. This thesis concludes that viral genomes are continually moving through

the environment and their presence in any given area may be temporary. Therefore, viruses are a

continual selective force on their host species through the sheer volume of genetic potential in an

area at any given time.
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CHAPTER 1

INTRODUCTION

Culture-based studies of viruses are valuable in situations where culturing is feasible, however, the

current limitations on what we are able to culture necessitate the complementation of these meth-

ods with culture-independent methods (Rosario and Breitbart, 2011). Metagenomics was �rst men-

tioned in the late 1990’s in reference to harnessing genetic information from environmental samples

with the aim of studying unculturable bacteria (Handelsman et al., 1998). Culture-independence al-

lows investigations into environmental microbial communities, assaying the population constituents

without the limitations imposed by standard culture-dependent means. The approach has lead to

a substantial increase in culture-independent environmental microbial population studies (Koonin,

2007). Free from culturing limitations, but with their own limitations, metagenomic studies have

provided a wealth of information about the microbial world, with the discovery of both common

and novel microbes performing numerous functions, including synthesis and degradation of bio-

chemicals important for functioning ecosystems (Voget et al., 2003; Hardeman and Sjoling, 2007;

Ferrer et al., 2009). Metagenomics studies have bene�ted the �elds of drug discovery and industrial

bioprocessing, including �nding bacteria that degrade plastics (Daniel, 2004; Banik and Brady,

2010; Yoshida et al., 2016).

Environmental metagenomic studies have uncovered an immense amount of genomic infor-

mation from a multitude of often unidenti�ed sources, including viral, bacterial, and eukaryotic
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(Edwards and Rohwer, 2005). Many of the unidenti�ed organisms discovered through environmen-

tal metagenomics are unculturable, highlighting the need to use culture-independent methods to

study ecologically important entities (Riesenfeld et al., 2004; Kimura, 2006). An estimated 1031

viruses are present on Earth, and viral metagenomics has provided a means to study these organ-

isms (Weitz and Wilhelm, 2012). Viral metagenomics has followed bacterial metagenomics, only

slower due to the limitations of identi�cation and comparison between viral species. Early studies

focused on larger, more abundant double-stranded DNA viruses (Rosario and Breitbart, 2011) and

has rapidly increased pace.

Researchers undertaking a viral metagenomics study face di�culties both before and after

sequencing not present in bacterial studies. The type of nucleic acid present in viral genomes

varies and therefore the requirements for even the most basic molecular techniques di�er (Thurber

et al., 2009). Beyond the technical challenges to sequence data acquisition, comparative analytical

hinderances arise. Unlike bacterial metagenomics, which regularly uses the conserved 16S ribosomal

gene for identi�cation and comparison, viruses lack a conserved gene across taxa. This lack of

a conserved gene limits comparisons between broad taxonomic groups. Additionally, even within

closely related groups extremely high rates of divergence continue to confound traditional analytical

comparisons.

Metagenomics studies can illuminate currently unknown bene�cial members of the commu-

nity. Microbes are essential for many organisms, and the bene�cial interactions between host and

microbe are not limited to cellular entities. Bene�cial viruses exist that have formed symbiotic

relationships with hosts, including insects, plants, and higher animals (Roossinck, 2011). The few

known examples of bene�cial viruses highlight the potentially bene�cial role of viruses in relation
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to host health, including aphids requiring parvovirus for wing development (Yu et al., 2010). The

increasing prevalence of antibiotic resistance has renewed interest in exploiting the vastly under-

studied environmental bacteriophage populations for new compounds and mechanisms to combat

bacterial pathogens (Schmitz et al., 2010). Additionally, exploration of viral capsids for drug de-

livery systems has begun, with the aim of delivering compounds to targeted cells (Kovacs et al.,

2007).

Rampant recombination of viral genomes during co-infection can lead to novel forms which

may increase pathogenicity and lethality of the infective viral particles (Young and Palese, 1979;

Pasick et al., 2005). Recombination, along with high mutation rates, increases the chances of

highly pathogenic viruses arising from a population, and a priori knowledge of genomic potential of

a population can aide in determining the inherent properties of outbreak reservoirs. Determining

what sort of reservoirs exist within important hosts (such as pigs) could prove bene�cial to the

prevention and early control of future outbreaks (Masembe et al., 2012; Dacheux et al., 2014;

Temman et al., 2014). Following the red queen hypothesis, which posits that a constant arms race

exists between parasites and pathogens, the plethora of unknown viruses adds complexity to the

host-pathogen network and has the potential to signi�cantly alter the predicted outcomes (Clarke

et al., 1994; Clay and Kover, 1996; Jenner et al., 2002; Bidle and Vardi, 2011). Environmental

metagenomics increases the knowledge base of interacting network participants, adding strength

to, or changing, conclusions in host-pathogen studies.
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CHAPTER 2

VIRAL RECOMBINATION BLURS TAXONOMIC

LINES: EXAMINATION OF SINGLE-STRANDED

DNA VIRUSES IN A WASTEWATER TREATMENT

PLANT

2.1 Introduction

The majority of genomic diversity is contained in viral genomes, yet only a fraction of this

diversity has been described (Hatfull, 2008; Thurber, 2009; Clokie et al., 2011). By �lling gaps on

these abundant pathogens, we will be better equipped to handle future outbreaks. Advanced knowl-

edge of the natural mutational landscape, along with other viral genes present in the environment

for potential recombination, could provide background information should related viral genotypes

cause outbreaks (Hambly and Suttle, 2005). Viral genomes have already provided many genes that

we can use for our bene�t, including capsid genes for drug delivery systems and bacteriophage lysis

genes as antibiotics (Kovacs et al., 2007; Schmitz et al., 2010). Increasing our knowledge of their

diversity is necessary to discover new ways in which we can use their genes and gene products

(Hatfull, 2008; Godzik, 2011).

Culture-based studies are important to fully understand viruses that can be grown in vitro. Over

100 years of development has decreased the cost of conducting culture-based studies while vastly
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improving the culturing methods available (Leland and Ginocchio, 2007). Additionally, approval

of these techniques by multiple regulatory boards has resulted in broad implementation. However,

we can only culture an extremely limited range of viruses and must complement these approaches

with the development and implementation of culture-independent methods (Rosario and Breitbart,

2011). Additionally, standard Sanger-sequencing for monitoring new viral pathogens is limited as

new viral variants cannot be ampli�ed via PCR until appropriate ampli�cation primers have been

created. Therefore, it is necessary to explore viral diversity using new sequencing technologies and

approaches that do not require the ability to culture the viruses or design speci�c primers (Thurber,

2009). Culture-independent sequencing methods can improve the monitoring of pathogens in public-

health facilities by allowing the sequencing of viral variants that cannot be cultured or ampli�ed

via PCR until appropriate primers are available and by decreasing the wait time (Svraka et al.,

2010; Barzon et al., 2011; Schmieder and Edwards, 2012).

The ssDNA group of viruses is comprised of seven described viral families: Anelloviridae, Cir-

coviridae, Geminiviridae, Inoviridae, Microviridae, Nanoviridae, and Parvoviridae (King et al.,

2012). The ssDNA viruses have mutation rates of 10�4�10�7/nucleotide site/generation, similar

to RNA viruses, and likewise are small, with genomes ranging from roughly 2�6 kb (Holmes, 2010;

Benson et al., 2005). Members of this group include common agricultural pests, such as porcine

circoviruses 1 and 2, maize streak virus, and beet curly top virus (Fauquet, 2006). Historically,

those involved with agriculture were most interested in increasing our knowledge of this group

of viruses, however it is now evident that these viruses are pervasive in many environments and

therefore deserve more attention (Rosario et al., 2012b).
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We sought to uncover members of the three known ssDNA families with circular genomes,

Circoviridae, Geminiviridae, and Microviridae, using a protocol biased towards such genomes. The

Circoviridae family have genomes ranging from 1.7�4 kb (Benson et al., 2005; King et al., 2012).

All known members of this family are animal viruses, and the majority infect birds. Their genome

encodes capsid and replication genes and occasionally 1�2 accessory proteins (Cheung, 2012).

These genes may be arranged ambisense, with the genes radiating out from the origin in either

direction, or unidirectionally (Benson et al., 2005). Geminiviridae have genomes sizes that range

from 2.5�3.1 kb, which is within the range of Circoviridae genomes. All known members are plant

viruses with bi-directional genomes and 4�6 genes; some members are monopartite and contain four

genes and some are bipartite and have six genes split between two capsids (Bradeen et al., 1997).

Recombination has previously been observed between Circoviridae and Geminiviridae (Roux et al.,

2013). Both the Circoviridae and Geminiviridae families have capsid and replication initiation

genes that are conserved within the viral families and a variable number of accessory genes, which

are not conserved. The Microviridae family is comprised of four subfamilies: the Gokushovirinae,

the Bullavirinae (formally Microvirinae) (�Sliwa-Dominiak et al., 2013; Krupovic et al., 2016), the

Pichovirinae (Roux et al., 2012), and the Alpavirinae (Krupovic and Forterre, 2011). Bullavirinae

have been thoroughly described and are a model system for genetics and evolution studies (Crill

et al., 1999; Wichman et al., 1999; Pearson et al., 2012; Caudle et al., 2014). Members of this

family are bacteriophage with genomes sizes from 4.4�6 kb. Gokushovirinae have genome sizes

from 4.4�4.9 kb and are comprised of nine genes, whereas Bullavirinae have 11 genes and genomes

that range from 5.4�6 kb (Fane et al., 2006). Gokushovirinae produce a major capsid protein, which

is similar to the F capsid protein produced by the Bullavirinae. Likewise, the two subfamilies use
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similar replication initiation proteins, gene A in Bullavirinae. The similarities between these genes

among these two subfamilies, along with the conserved nature of these genes in the Circoviridae

and Geminiviridae, provide support for using these two genes as the major source of comparison

for this study.

Wastewater treatment plants (WWTP) are large bioprocessors that receive inuent from house-

holds, businesses, and occasionally city street drains, making them reservoirs for plant, animal, and

microbial viruses from local (environmental run-o�) and distant (plant viruses passed through

humans) sources (Cantalupo et al., 2011; Kim et al., 2011; Tamaki et al., 2012). This feature,

collecting viruses from multiple sources in the environment, makes WWTPs excellent sites for the

study of viral diversity, allowing the investigation of many di�erent viromes with a single collection.

However, WWTPs do not just collect viruses, they have the potential to release new viruses into

the surrounding area as the e�uent from WWTPs have been found to contain large numbers of

viruses (Rosario et al., 2009). Additionally, the sludge produced during the treatment of wastew-

ater is often used to fertilize nearby �elds or sent to land�lls, and if not properly disinfected, any

pathogens present will be introduced to the crop being fertilized or ingested by wild animals at

land�lls (Sano et al., 2003). This study seeks to provide an extensive view of the circular ssDNA

viruses present in a single WWTP to identify the viral families present in that environment along

with the genetic diversity possible in those families.
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2.2 Methods

2.2.1 Viral Isolation and DNA Extraction

On February 5, 2012, 2.6 L of sewage were collected from the inuent side of the aeration tank

at Thomas P. Smith Wastewater Treatment Plant in Tallahassee, FL, USA. Immediately following

collection, 60 mL of chloroform was added to destabilize any plasma or viral membranes present

in the sample. The sample was then centrifuged for 15 minutes at 5000 � g. Supernatant was

transferred to a clean ask, 72 g of NaCl was added, and the sample was incubated for 1 hour at

4 �C. To further remove solids, the sample was centrifuged for 10 minutes at 10; 000�g. Supernatant

was transferred to clean 500 mL bottles containing 39 g of PEG8000 and gently rocked to bring

PEG into solution. Following an overnight incubation at 4 �C, the sample was centrifuged for 20

minutes at 10; 000� g and the supernatant was discarded. The viral pellet was resuspended using

25 mL suspension media (0.58 g NaCl, 0.2 g MgSO4*7H2O, 5 ml 1 M Tris pH 7.5, 0.1 g gelatin,

100 ml H2O). The suspension was centrifuged for 5 minutes at 5000� g to remove any remaining

solids. The supernatant was concentrated using Amicon Ultra-15 centrifugal �lter conicals (100,000

MWCO; EMD Millipore) until the total volume was between 500{600 �L. Sample was transferred

to a clean tube and 100 �L of DNase and 100 �L DNase bu�er (New England Biolabs) was added

to remove any solvent exposed DNA. Sample was incubated for 30 minutes at 37 �C and then

�lter concentrated using Spin-X UF 500 �lter concentrators (100,000 MWCO; Corning) until total

volume was 500 �L. The entire sample was loaded onto a 5{30% sucrose gradient and centrifuged

in an ultracentrifuge at 24,000 RPM for 110 minutes at 4 �C.
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After centrifugation, 500 �L fractions were collected from the bottom of the tube, until the

gradient was completely drained. An aliquot of 100 �L was reserved for plating and the remaining

400 �L had the protein degraded and the DNA extracted using a phenol chloroform DNA extrac-

tion method. In brief, the sample was heated to 95 �C for 15 minutes. After cooling to room

temperature 10 �L of proteinase K (Invitrogen) was added to each fraction and incubated at 65 �C

for one hour. Following protein degradation 1/10 volume 1:10 phenol:chloroform isoamyl alcohol

(IAA) was added, each fraction was vortexed for 60{90 seconds and centrifuged in a bench top

centrifuge for 5 minutes at 2000�g. Supernatant was transferred to fresh tube, equal volume of 1:1

phenol:chloroform IAA was added and the previous vortex and centrifugation step was repeated.

Supernatant was transferred to a clean tube and equal volume chloroform IAA was added; vortexing

and centrifugation was repeated. A standard ethanol precipitation was performed by transferring

the supernatant to a clean tube and adding 1/10 volume sodium acetate and 2� volume 100%

ethanol. Samples were inverted twice and stored overnight at �20 �C. DNA precipitation was com-

pleted by centrifuging samples for 20 minutes at 15000� g at 4 �C. Supernatant was removed and

400 �L 70% ethanol was added to the precipitate and a �nal 5 minute centrifugation at 15; 000� g

at 4 �C was conducted. Supernatants were removed and samples dried in a speedvac. The DNA

was rehydrated in 50 �L H2O.

2.2.2 Determination of Target Fractions

WA13, a Microviridae that is easily cultured and maintained in a laboratory setting (Rokyta

et al., 2006), was used in a control gradient to identify which fractions contained the target ssDNA

genomes. The control gradient was performed using the protocol described above for the sample
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gradient. Each fraction of both gradients was spread on nutrient rich agar plates using Escherichia

coli C as a host to determine which fractions had the highest number of viable small bacterio-

phage. Every fraction from the sample gradient also had the DNA quanti�ed on both a Nanodrop

spectrophotometer and a QuBit (Life Technologies). The combination of these data was used to

determine the six fractions to use for sequencing by correlating the WA13 containing fractions from

the control gradient to the comparable DNA peak in the sample gradient.

2.2.3 Ampli�cation, Library Preparation, and Sequencing

Rolling circle ampli�cation of individual fractions was performed with a Genomiphi V2 kit

(GE Healthcare) according to manufacturer’s protocol. An ethanol precipitation was conducted on

the ampli�ed fractions as described above. Ampli�ed fractions were quanti�ed using a Qubit and

aliquots of each ampli�ed fraction were made containing at least 1 �g DNA; H2O was then added

to a �nal volume of 200 �L. The fractions were sonicated in a Bioruptor (Diagenode) for 9 cycles of

30 seconds on high, 30 seconds o� in order to fragment the DNA. Fractions were dehydrated and

resuspended in 50 �L H2O. Library preparation for a 300 cycle sequencing run was done using an

Illumina TruSeq DNA Kit according to the manufacturers speci�cations. Individual fractions were

multiplexed for identi�cation after sequencing. Prepared samples were diluted to 10 nM and pooled

together, �nal product was diluted to 2 nM. Sequencing was conducted on an Illumina MiSeq by

loading 9 picomoles into the Illumina sequencing cartridge.

2.2.4 Data Analysis

Sequencing reads from the individual fractions were de novo assembled using SeqMan NGen

(version 11) by DNAStar. All contigs greater than 2000 nt long with at least 3� coverage were
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Figure 2.1: Genome maps demonstrating the ambiguity of the Circoviridae/Geminiviridae genomes.
Maps labeled as Circoviridae were examples of genotypes where both main genes had Circoviridae
origins and were either uni- or bi-directional. All Geminiviridae genomes were bi-directional. The
Circ/Gemini map displays an example of recombination, where each main gene has a di�erent
ancestral origin and the genomic organization is bi-directional. Although Microviridae have 9-11
genes, the novelty of the genotypes found limited the amount of genes that could be accurately
annotated.
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analyzed for circularity by looking for repeats at the beginning and end of the sequence. Circular

contigs were considered full-genomes and were trimmed to remove duplicate ends. Full genome

contigs were annotated using BLASTx for gene matches. Long open reading frames that did not

get a hit on BLASTx were annotated as hypothetical genes. Pairwise comparisons were completed

to remove duplicate genomes. For the determination of how many sequencing reads belonged to

each viral group and to ensure accurate representation of single nucleotide polymorphisms (SNP)

frequency, a second assembly was conducted using the annotated contigs as templates. The default

parameters in SeqMan NGen for a metagenomic templated assembly, except no limitations were

placed on deep regions was used. The SNPs were identi�ed using SeqMan and considered valid

when present in at least 20% of the mapped reads. The nonsynonymous (NS) SNPs were identi�ed

by pairwise gene comparisons between the consensus amino acid (AA) sequence and the resulting

AA sequence with the SNP changes. Pairwise comparisons of the AA sequence of each gene to

both their individual top hit from the BLASTx searches, and to all of the other members of their

grouping in the community were performed to determine the percent identity in MegAlign by

DNAStar. Cluster analysis was performed in R using the mclust package (R, 2010). Mclust was

allowed to perform model selection to determine the best �t model and identify putative clusters

(Fraley and Raftery, 2002). A genetic pairwise identity matrix was constructed for all individuals

from each group for the capsid and replication genes. Raw sequencing reads have been uploaded

to the sequence read archive (SRR3580070). All of the genotypes have been uploaded to NCBI

(Circo/Geminiviridae: KX259394�KX259454; Microviridae: KX259455�KX259476).
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2.3 Results

2.3.1 Community Composition

All complete genomes with sequence similarities to the Microviridae family were most similar

to the Gokushovirinae subfamily. The remaining whole genomes shared sequence similarities with

either the Circoviridae or Geminiviridae families, or shared sequence similarities with both families,

in the form of having one gene most closely related to the Circoviridae family and another gene

most closely related to the Geminiviridae family. Due to the high level of recombination or inter-

mediate forms in the Circoviridae and Geminiviridae families, all of the genomes that appeared

similar to the Circoviridae or Geminiviridae families were combined together as one group (Figure

2.1). Of the 7,723,150 total sequencing reads, 6,224,682 assembled into whole and partial genomes

(whole: 5,118,276, partial: 1,106,406), leaving 1,498,468 that did not assemble, during a �nal tem-

plated assembly using the described genotypes as the references. The majority of whole genome

(4,860,112 reads) and partial genome length contigs were members of the Circo/Geminiviridae

group, accounting for 5,326,390 reads of sequencing assembled into 61 genotypes (Figure 2.2). The

remaining 22 whole genomes (258,164 reads) along with some of the partial genome length contigs

were Microviridae, accounting for 319,493 of the sequences. Relatively few sequences were deter-

mined to be bacterial in origin (164,845 reads), and they were all short fragments of genomes.

The remaining 413,954 sequences were either unknown, meaning that BLASTx searches did not

provide any matches, or unclassi�ed, indicating that the hits from BLASTx searches were to up-

loaded sequences of unknown origins and could be prokaryotic, eukaryotic, or viral. Of the 61

Circo/Geminiviridae genotypes, 32 contained two open reading frames (ORFs), 22 contained three
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Figure 2.2: Distribution of sequencing e�ort demonstrates the e�cacy of the protocol for isolating
the ssDNA viruses. Few sequences were recovered from bacterial contaminants and all were partial
genomes (white). The majority of the sequences assembled into whole genomes from the combined
Circo/Geminiviridae group (grey) and the Microviridae family (black) during a reference based
assembly using the found genotypes as templates.

ORFs, and seven had four ORFs. The capsid gene was annotated as hypothetical for 30 of the

Circo/Geminiviridae genotypes as only the replication gene had a match on GenBank. Eighteen of

the capsid genes were of Circoviridae ancestry, four were of Geminiviridae ancestry, and eight had

top matches that were unclassi�ed. The replication gene was annotated as hypothetical for one of

the Circo/Geminiviridae genotypes as only the capsid gene had a match on GenBank. Thirty two

of the replication genes were of Circoviridae ancestry, 12 were of Geminiviridae ancestry, and 16

had top matches that were unclassi�ed. All of the Microviridae genotypes were most closely related

to the Gokushovirinae subfamily for both the capsid and replication genes and did not contain any

unexpected genes.

Pairwise comparisons were conducted for both the replication initiation (REP) and capsid gene

AA sequences for each genotype against all of the other genotypes in their groupings to determine

the percent identity between all of the genotypes in the sample. The majority of comparisons

14



from the Circo/Geminiviridae group demonstrated that the pairs were less than 50% similar to

each other, with very few isolated comparisons demonstrating a higher percent of identity (Figure

2.3). The Microviridae group once again demonstrated a higher level of identity between members

of their own community, however the majority of sequences were still below 60% identity. Cluster

analysis identi�ed nine clusters within the Circo/Geminiviridae (diagonal, equal shape model; BIC:

-28847.64) group and seven clusters within the Microviridae (diagonal, varying volume and shape

model; BIC: -3358.822) group (Figure 2.3).

2.3.2 Intercommunity Diversity

Pairwise comparisons between the amino acid sequences for the REP and capsid genes from the

recovered genomes and their top matches on BLASTx revealed that all of the recovered genes were

< 70% similar to their top hit (Figure 2.4). Although all of the recovered genes only shared minimal

AA identity with previously described viral genotypes, there were several that either had a common

top match from BLASTx, or that shared top matches from the same study. Several members of

the Circo/Geminiviridae group shared some AA sequence identity to genotypes discovered during

other metagenomic studies in rodent stools (Phan et al., 2011), dragonies (Rosario et al., 2012a)

and from seawater collected nearby in Tampa Bay, Florida (Mcdaniel et al., 2013). Interestingly,

several members of the Microviridae group also shared top matches with genotypes discovered in

dragonies (Rosario et al., 2012a). Multiple Microviridae group members also shared some AA

sequence identity with genotypes discovered in ocean environments (Labont�e and Suttle, 2013b).

In the Circo/Geminiviridae group, it was common for one gene (in all but one case the REP gene)

to have a match, but for the capsid gene to have no match on GenBank, resulting in many genomes
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dissimilar from their closest known relative. Many of the Circo/Geminiviridae genotypes had one
gene that did not have a match on GenBank and is therefore completely dissimilar to known viral
genes.

having their capsid gene aligned at the 0% identity line. In the Microviridae group both genes had

a match on GenBank and all genes demonstrated at least 30% AA sequence identity.

2.3.3 Genetic Polymorphisms

The total number of SNPs within a genome were used to determine if the contig was an assembly

of one or multiple potential genotypes. For both the Circo/Geminiviridae and Microviridae groups,

there were a few contigs that did not have any SNPs above the reported cut-o� and may be

comprised of a single genotype. The remaining genomes contain multiple SNPs and can therefore be

considered assemblages of closely related genotypes (Figure 2.5). In the Circo/Geminiviridae group,

half of the genotypes had between 0.0075�0.0113 SNP/nucleotide, whereas in the Microviridae
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Figure 2.5: Distribution of SNP frequencies within identi�ed genotypes. Total number of genotypes
containing SNPs at binned frequencies illustrates that many are actually genomic assemblages.

group most of the genotypes had between 0�0.0038 SNP/nucleotide. For both the capsid and REP

genes, the NS SNP frequency was determined (Figure 2.6). Comparisons of the number of NS SNPs

between the capsid and REP genes within both the Circo/Geminiviridae and Microviridae showed

no signi�cant di�erences (Welch’s t-test, p = 0.2 and 0.5 respectively).
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