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High quality freshwater is a vital resource for sustaining agriculture and feed-

ing a growing global population. Yet, due to increasing declines in groundwater, key

food production regions across the world face uncertainty with regard to water avail-

ability. Nontraditional irrigation water sources, such as reclaimed water (advanced

treated municipal wastewater) and untreated surface water (e.g. creeks, ponds, and

brackish rivers), may contribute to sustainable solutions to conserve groundwater

supplies. However, the microbial community composition and dynamics within these

water sources are typically poorly characterized and comparative analysis of their

microbial communities are rare. Using high-throughput, cultivation-independent

sequencing methodologies, this dissertation research focused on three aims: 1) ex-

ploring the functional and taxonomic features of bacteria in nontraditional irrigation

water sources; 2) assessing the bacterial and viral communities of agricultural pond

water in relation to seasonality; and 3) describing the dynamics, composition, and



potential dissemination of irrigation water microbiota from a freshwater creek to an

irrigated field. The first aim was addressed through a broad investigation of bacteria

within agricultural ponds, freshwater creeks, brackish rivers, and reclamation facil-

ities. Through metagenomic-based analyses, features of the bacterial community,

such as antimicrobial resistance genes (ARGs) and Clustered Regularly Interspaced

Short Palindromic Repeats (CRISPR) arrays, were found to vary by sampling date

and specific site. For the second aim, agricultural pond water was sampled over

two time periods and found to harbor diverse bacteria and bacteriophage species,

the abundance and composition of which were influenced by factors characteristic

of the pond’s topography and seasonality. For the final aim, samples from a creek

used actively for agricultural irrigation, as well as samples of pre- and post-irrigated

soil, were analyzed. ARGs and virulence factors were identified in the water and soil

samples, with the majority being specific to their respective environment. Moreover,

analyses of CRISPR arrays from the creek samples indicated the persistence of cer-

tain bacterial lineages, as well as specific interactions between creek bacteriophage

and their hosts. Overall, this research improves scientific knowledge of bacterial

and viral composition, dynamics, and interactions that can be utilized to assess the

suitability and safety of nontraditional irrigation water sources.
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Chapter 1: Introduction

1.1 Global Management of Irrigation Water

1.1.1 Systems, sources, and stresses

Irrigated agriculture is responsible for 40% of the total food produced glob-

ally, covering over 275 million hectares of land [1]. However, as the world population

grows and the climate changes, competition for water resources is projected to in-

crease, particularly in the agricultural sector [2]. Currently, irrigation for agriculture

is one of the largest sectors of global water usage, accounting for upwards of 70% of

freshwater withdrawals and 90% of consumptive use (water that is not returned to a

resource system) [1,3]. Irrigation-related water sources typically include groundwa-

ter and surface water, which account for 38% and 60% of the global agricultural area

equipped for irrigation, respectively [4]. While the majority of countries rely on sur-

face water for irrigation, there are about 25 countries in which >50% of agricultural

areas equipped for irrigation rely on groundwater. In the United States, ground-

water is the chief source of irrigation water in California, Nebraska, Texas, Kansas,

South Dakota, and Oklahoma [5]. Additionally, according to the 2013 Farm and

Ranch Irrigation Survey, groundwater was reported to account for 55% of on-farm
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irrigation water applied in 2013 [6,7]. However, intensive groundwater withdrawals

have contributed to overdrawn aquifers where water usage exceeds rates of natural

replenishment, especially in key food-producing regions around the world [8, 9].

A study by Richey et al. 2015 computed renewable groundwater stress for

the 37 largest global aquifer systems using data from NASA’s GRACE (Gravity

Recovery and Climate Experiment) mission [10]. The GRACE satellites collected

gravity anomalies over 10 years (2003-2013), which were used to measure monthly

changes in total terrestrial water. With these data, they found that more than half

of global groundwater aquifers are being depleted, with the California Central Valley

Aquifer (-8.87 mm/yr), Atlantic and Gulf Coastal Plains Aquifer (-5.9 mm/yr), Ara-

bian Aquifer System (-9.13 mm/yr), North Caucasus Basin (-16.1 mm/yr), Ganges-

Brahmaputra Basin (-19.6 mm/yr), North China Aquifer System (-7.5 mm/yr), and

Canning Basin (-9.4 mm/yr) being the most troubled.

Groundwater aquifers are also susceptible to saltwater intrusion that may af-

fect its quality for use in irrigation. In costal regions under normal conditions

groundwater and saltwater are separated by a transition zone, a mix of fresh and

saline water formed by the seaward movement of freshwater [11]. However, increased

groundwater pumping can cause saltwater to be drawn into the freshwater zones of

costal aquifers. Saltwater has already intruded into coastal aquifers of the United

States, Mexico, and Canada [12] and is expected to be further exacerbated by ris-

ing sea levels, reduced precipitation, and higher temperature brought on by climate

change [13]. Given this critical situation with regard to groundwater abundance and

quality, there is an urgent need to explore alternative irrigation water sources such
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as reclaimed water (advanced treated wastewater) and untreated surface waters.

1.2 Nontraditional Sources of Irrigation Water

1.2.1 Reclaimed water

Globally, only about 1% of the water used in agriculture is considered non-

traditional, largely in the form of treated wastewater (also referred to as reclaimed

water) or desalinated water [14,15]. However, in some regions of the world the rate

is much higher, especially for arid and semi-arid areas [14]. Israel has the highest

national percentage of wastewater reuse, wherein over 80% of treated wastewater

effluent is reused, largely for agricultural irrigation (∼60%). In Europe, wastewater

reuse for agricultural irrigation is growing, especially in Mediterranean countries

such as Spain, which reuses as estimated 17-20% of its wastewater [16].

In the United States, approximately 7-8% of wastewater is reused [17]. Ac-

cording to the U.S. Department of the Interior and U.S. Geological Survey in 2015

reclaimed water was reported for use in irrigation in: California, Florida, Arizona,

Texas, Utah, Nevada, New Mexico, Colorado, Kansas, and Illinois [5]. Of these

California, is one of the leaders in water reuse in the U.S., with an estimated

13% of its 5 million acre-feet of municipal wastewater produced each year being

reused [18]. Reuse applications in California include: agricultural irrigation (37%),

urban irrigation (23%), groundwater recharge (19%), commercial and industrial

(9%), recreational (4%), environmental (4%), geothermal energy (2%), and other

(2%). While most of the wastewater reuse projects are located largely in arid and
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semi-arid regions, climate change and growing urbanization has hastened develop-

ment of wastewater reuse projects in other areas, such as the Mid Atlantic and

Northeast. In fact, the U.S. Environmental Protection Agency (EPA) 2004 Guide-

lines for Water Reuse reports 26 states have regulations for water recycling and 15

states have guidelines [19].

Reclamation facilities or wastewater treatment plants (WWTP) can vary enor-

mously with regard to their treatment practices. However, in general they employ

between two and three water treatment stages. During the first few stages of treat-

ment (preliminary/primary) influent (the untreated wastewater or raw sewage) is

passed through a screen to remove large debris and into a grit chamber where solids

(e.g. stones, sand etc.) settle to the bottom. The wastewater then enters a sedimen-

tation tank where suspended solids sink to the bottom. After leaving the settling

tank, the wastewater enters the secondary treatment stage where it is pumped into

an aeration tank and mixed with air and sludge (raw primary biosolids). Here, bac-

teria degrade and remove dissolved organic matters and inorganic nutrients. This

partially treated wastewater then flows into another sedimentation tank. In some

cases, tertiary or advanced treatment is carried out to further remove suspended par-

ticles, specific pollutants (e.g. nitrogen, phosphorous), and microorganisms. Here,

technologies such as chlorination, sand filtration, microfiltration, ultrafiltration, re-

verse osmosis, chemical coagulation, ozone, UV light, activated carbon absorption,

and/or ion exchange can be employed [20]. Once treated, the effluent is then dis-

charged into the environment, either through release into natural waterbodies (e.g.

rivers), through groundwater recharge or through reuse of the water in downstream
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applications including non-potable and potable uses.

1.2.2 Untreated surface water

In addition to reclaimed water, the agricultural use of untreated surface water

sources such as ponds, brackish rivers, and creeks proximal to agricultural facilities

may also help to attenuate the burden on diminishing groundwater aquifers. The

2013 Farm and Ranch Irrigation Survey reported on-farm surface water accounted

for 10% of irrigation water and included both lentic (standing bodies of water) and

lotic (flowing bodies of water) sites [6, 7].

1.2.2.1 Ponds

Lentic ecosystems that are often employed as a means of capture and storage

of freshwater for localized irrigation are ponds. Ponds are common features across

the United States, with estimates between 2.6 and 9 million, outnumbering larger

lakes by a ratio of about 100 to 1 [21, 22]. They are generally defined as small (1

m2 to 50,000 m2), shallow, standing water bodies that can either permanently or

temporarily collect water [23–25]. However, there is no universally accepted defi-

nition of a pond, and limnologists argue that pond criteria should also encompass

depth (max of 8 m), tidal forces (none), and wave action (none) [21]. Nevertheless,

ponds can occur naturally (e.g. floodplains, isolated depressions), but are often

human-constructed for a variety of utilitarian and aesthetic purposes [22]. Some

anthropogenic uses of ponds include aquaculture, wastewater treatment, waste sta-
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bilization, flood alleviation, storage of urban storm water, capture and storage of

freshwater for irrigation, and urban heat mitigation [26, 27]. Aside from human as-

sociated purposes, ponds are also valued for their important ecological roles. Ponds

contribute to Earth’s biogeochemical cycling, estimated to sequester carbon amounts

comparable to the global oceans [28]. Moreover, they are critical in supporting a

rich tapestry of aquatic plant and macroinvertebrate species, even greater than that

of other larger water bodies, such as lakes and rivers [29].

1.2.2.2 Rivers and creeks

In the United States, there are over 3.5 million miles of lotic ecosystems,

including rivers, creeks and streams [30]. They are generally defined as linear land-

forms with clearly defined bed and banks that permanently or temporarily carry

a concentrated flow of water [31, 31, 32]. These ecosystems serve a variety of util-

itarian purposes including, irrigation, electricity generation, recreation, routes for

navigation, and waste disposal. However, similar to ponds, the criteria that defines

the varied lotic ecosystems is not universal. The U.S. Board on Geographic Names

considers all “linear flowing bodies of water” as streams. However, within this cate-

gory there exists at least 121 other generic terms. While some general observations

are used to differentiate lotic water bodies, such as size (creeks are generally <8.25

m) and flow direction (creeks flow into rivers), they are not universally accepted

and are often indicative of local or regional characteristics [31,31,32]. Nevertheless,

lotic sites, generally rivers, begin at a source (e.g. lake, marsh, spring, glacier), then
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follow a path (course) from a higher altitude to a lower altitude until it ends at a

mouth or mouths (generally at an ocean, sea, or lake) [33]. Along the way, they

are often fed by tributaries, which can be other rivers, streams, and/or creeks. As

a result of this topography, lotic sites can be impacted by connected waterways,

as well as their catchment area, which tends to be greater than that of lentic wa-

ters and can encompass a variety of different area types (e.g. agricultural, urban,

forested) [34]. Furthermore, lotic sources are subjected to point source and non-

point source pollution, habitat degradation, and hydrological changes brought on

by human-associated flow modifications [35].

1.2.3 Irrigation water quality guidelines and regulations

To ensure food safety, some countries have published guidelines on appropriate

microbial water quality criteria for surface and/or reclaimed water to be used for

irrigation [36]. In the U.S. the EPA has published water quality guidelines for the

use of reclaimed water [19]. For crops that are intended for human consumption

(consumed raw) the EPA standards for reclaimed water applied via surface or spray

irrigation are as follows: pH = 6-9, no detectable fecal coliform per 100 mL of water

(seven-day median value), ≤ 10 mg/L biochemical oxygen demand (5-day BOD

test), and an average turbidity of ≤ 2 NTU based on a 24-hour time period. Using

these guidelines each state government establishes their own water quality standards,

which vary in scope. For instance, California recommends a seven-day median value

of 2.2 colony forming units (CFU) per 100 mL of water, with a maximum value of
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240 CFU per 100 mL for reused water intended to be used on food crops [37].

In addition to these standards, President Obama signed the Food Safety Mod-

ernization Act (FSMA) into law on January 4, 2011, which established standards for

irrigation water used for agricultural application. Since the enactment of FSMA, the

Food and Drug Administration (FDA) has been working to develop the final rules

that the act requires them to implement. Under the Produce Safety Rule (PSR, 21

CFR 112), farmers are required to test agricultural water for generic Escherichia

coli, an indicator of fecal contamination, to form a microbial water quality profile

(MWQP) [38]. Using a rolling four-year data set, the MWQP, with at least four

samples for groundwater sources and at least 20 samples for surface water sources,

is used to produce two statistical calculations, a geometric mean (GM) and a statis-

tical threshold value (STV). The GM measures the central tendency or the average

amount of E. coli in a water source. The STV measures the expected deviations of

the E. coli levels from the average. For agricultural water that is directly applied

to growing produce (besides sprouts) the GM of samples must be 126 or less CFU

of generic E. coli per 100 mL of water and the STV of samples must be 410 CFU

or less of generic E. coli in 100 mL of water. If the water does not meet these

criteria, the farmers have time (within a year) to employ corrective measures, such

as water treatment (e.g. sanitizers, disinfectants) or implementing an appropriate

die off interval (e.g. a die-off rate of 0.5 log CFU per day between last irrigation

and harvest). Despite these strengthening guidelines, FSMA only focuses on fecal

coliforms, which is just one aspect of the varied microbial community present within

these potential irrigation sources.
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1.3 Bacteria and Viruses in Nontraditional Irrigation Water Sources

By definition, microbes, or microorganisms, are microscopic organisms that

may exist in a single-celled form or in a colony of cells and include bacteria, ar-

chaea, microeukaryotes, fungi, and viruses. However, for this dissertation I will

focus primarily on bacteria and their viruses (bacteriophage).

1.3.1 General role in the biosphere

Bacteria are single celled microorganisms that are thought to be one of the

first forms of life on the planet [39]. In fact, Cyanobacteria or “blue-green algae”

are oxygen-producing bacteria that are believed to be responsible for the initial

production of atmospheric oxygen [40]. Today bacteria are found in nearly every

biome on Earth, present in areas as extreme as acidic hot springs and deep sub-

surface environments [41]. Generally, there are ∼106 bacteria per mL in lake and

ocean water and ∼109 per gram in sediment [42]. The ubiquity of these microbes is

matched only by their functional potential, with bacteria capable of sourcing energy

from sunlight (e.g Cyanobacteria), inorganic compounds (e.g Nitrospirae), and or-

ganic compounds (e.g. Enterobacteriaceae). Because of this wide range of metabolic

potential, including many variations of heterotrophy and autotrophy, bacteria are

critical mediators in biogeochemical/nutrient cycling (e.g. phosphate, carbon, ni-

trogen) and, as a result, form complex relationships with other organisms [42, 43].

In soil, some bacteria fix nitrogen gas into ammonium, which can then be easily ab-

sorbed by terrestrial plants. Moreover, in the oceans diazotrophs fix roughly 140 x
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1012 g N y-1 [42], nearly equivalent to the that of the 120 x 1012 g N y-1 produced by

fertilization manufacturing (Haber-Bosch) [44]. In aquatic systems, bacteria (mainly

phytoplankton) are situated at the base of the food web, supporting the growth of

consumers and maintaining a healthy ecosystem [42].

Bacteria can also form mutualistic relationships in and on humans and animals.

For instance, ruminants (e.g. cows, sheep) depend on a complex community of bac-

teria to aid in the breakdown of polysaccharides [45]. In humans, while pathogenic

bacteria are responsible for illness (discussed below), commensal bacteria play many

roles, including immune system maturation, vitamin synthesis, digestion, and the

competitive exclusive of foreign bacteria [46].

While not technically alive, viruses are essential biological components in mi-

crobial communities. Environmental viruses are ubiquitous and extremely abun-

dant, ranging from 107 per mL in natural aquatic habitats to 1010 per gram in

sediments [47, 48]. This vast profusion of viral particles contains a wide array of

viral groups, including those capable of infecting amoeba, plants, fungi, and verte-

brates. However, in most environments, bacteriophage (phage), viruses that infect

bacteria, dominate [49]. After phage infection, the bacteria’s fate is determined by

the replication cycle of the phage. Virulent phage replicate only through the lytic

cycle, whereas temperate phage replicate with both the lytic and lysogenic cycles.

These different phage life cycles may determine the extent of selective pressure that

bacteria are under by their phage. In the lytic cycle, phage infect their host, take

over the cell’s biochemical machinery, and begin rapidly producing progeny until

cell lysis. This can result in the diversification and evolution of the bacterial hosts.
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Additionally, phage lysis results in the release of the host’s internal cellular contents

(e.g. organic carbon, nitrogen), which then become a part of the pool of dissolved

organic material (DOM). This phenomenon, known as the viral shunt, increases the

level of available DOM for other microbes and is suggested to promote bacterial

respiration and growth [50–52]. Conversely, in the lysogenic cycle, phage integrate

their DNA into the bacterial chromosome and replicate passively with the host until

inducing signals (e.g. UV light) drive transition to the lytic cycle. This life cycle can

influence the hosts’ phenotype through horizontal transfer of genes, such as those for

toxins [53], as well as those that promote host fitness and adaptability (e.g. energy

metabolism [54], platelet adhesion [55], antibiotic resistance [56]).

1.3.2 Risks to public health

1.3.2.1 Food-borne pathogens and outbreaks

While microorganisms are essential in maintaining the biosphere, they can also

be responsible for negatively impacting environmental and public health, especially

when augmented by anthropogenic activities. The Centers for Disease Control and

Prevention (CDC) reports each year in the United States that approximately 48 mil-

lion people are sickened, 128,000 are hospitalized, and 3,000 people die from food

associated pathogens [57]. Of the eight known pathogens that account for the ma-

jority of foodborne illness, hospitalization and death, six are bacterial: Salmonella,

Clostridium perfringens, Campylobacter, Staphylococcus aureus, E. coli O157:H7,

and Listeria monocytogenes [57]. This raises a major concern when utilizing un-
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treated surface and reclaimed waters for agricultural application as a variety of

these pathogens have been identified in water surveillance studies across the United

States [58–61]. For example, Salmonella has been identified in surface water samples

from the Virginia Eastern Shore (S. Newport, S. Javiana) and Central Florida (S.

Muenchen, S. Rubislaw, S. Anatum, S. Gaminara, S. IV 50:z4,z23), as well as in

the Little River watershed (S. Muenchen, S. Rubislaw) and Suwannee watershed (S.

Newport, S. Enteritidis, S. Muenchen, S. Javiana, S. Thompson) in Georgia [58–61].

Moreover, some of these pathogenic bacteria have demonstrated the ability

in field studies to persist on crops for weeks following irrigation [62–64]. Studies

investigating spray irrigation with contaminated water found E. coli O157:H7 to

persist on lettuce anywhere from 15 [63] to 27 [64] and 56 days [62]. Salmonella

enterica was also found to persist on parsley after spray irrigation for four weeks [65].

As a result, it is not surprising that irrigation water has been identified as an entry

of pathogenic bacteria into the food production chain, which has led to major multi-

state outbreaks of illness in the U.S.

In the early 2000s, two outbreaks of Salmonella Newport on sliced tomatoes,

which caused illness in over 500 patients, were traced back to irrigation water from

agricultural ponds on the Eastern Shore of Virginia [66]. An investigation into an

outbreak (205 cases) from 2006 of E. coli O157:H7 in prepackaged spinach traced

the source to nearby river water, which acted as a vector between animal fecal runoff

and the irrigation wells used on the crop [67]. More recently, the CDC identified

tainted canal water from the Yuma growing region of Arizona as the likely source

of a 2018 E. coli O157:H7 outbreak of romaine lettuce that left 210 people ill and 5

12



dead [68].

1.3.2.2 Phage mediated transduction

While they are not direct human pathogens, phage are responsible for shaping

the diversity and genetic architecture of their hosts, which can ultimately impact

environmental and public health. For example, Stx phage, lambdoid bacteriophage

encoding the Shiga-like toxin producing genes (stx1 and stx2 ), confer pathogenic-

ity to E. coli O157:H7 through prophage integration [69, 70]. This is also the case

for the toxin genes in Bordetella avium (Pertussis toxin), Clostridium botulinum

(Botulinum toxin), Corynebacterium diphtheria (Diphtheria toxin), Pseudomonas

aeruginosa (cytotoxins), Shigella dysenteriae (Shiga toxin), Staphylococcus aureus

(enterotoxins, exfoliative toxins, Toxic shock syndrome toxin), Streptococcus pyo-

genes (erythrogenic, scarlatinal exotoxins), and Vibrio cholera (Cholera toxin) [71],

which are all phage encoded. In addition to these toxins, phage have been reported

to encode genes that alter bacterial colonization, adhesion, invasion, transmission,

and antibiotic resistance [71].

Antibiotic resistance occurs when bacteria are able to withstand the presence

of antibiotics either through genetic mutation or by acquiring antibiotic resistance

genes (ARGs) from other bacteria. For the latter, conjugation, transformation, and

transduction are the primary mechanisms of gene acquisition [72]. As a result, phage,

the chief vectors of bacterial transduction, are becoming increasingly recognized for

their potential role in the dissemination of ARGs [73]. For example, the horizontal
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transfer of penta-resistance in Salmonella typhimurium DT104 is hypothesized to

be facilitated by two P22-like phage [74]. Similarly, Bearson et al. 2014, reported

that exposure of Salmonella enterica serovar Typhimurium to the veterinary antibi-

otic, carbadox, induces prophage that could then transfer virulence and ARGs to

susceptible hosts [75]. In fact, ARGs have been identified in vitro on the lysogenic

phage of a number of other human pathogens, including Bacillus anthracis [76],

Staphylococcus aureus [77], and Salmonella enterica [78]. Despite this, the predomi-

nance of phage containing ARGs in vivo is still uncertain. Metagenomic and qPCR

surveys of viral populations have identified putative phage harboring ARGs in hu-

man lungs [79], hospital wastewater [80], activated sludge [81], urban impacted and

nonimpacted river water [82], among others. However, this is not always consistent

across studies and may be predicated on the analysis methods utilized [83].

1.3.3 Methods for identification and detection

The methods employed to investigate bacteria and viruses, including phage,

have evolved drastically over the centuries beginning with Anton van Leeuwenhoek,

in the 17th century who was the first to observe microorganisms under a micro-

scope of his own design [84]. Since then, two prevailing methods have been widely

employed: culture and sequencing.
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1.3.3.1 Culture-based

For traditional culture-based studies, samples are inoculated on a range of me-

dia and incubated to test for the presence of specific or general bacteria. Selective

media and biochemical tests can also be employed to enhance identification. Micro-

biological water quality is traditionally screened by culture-based identification and

enumeration of fecal coliforms. This is largely conducted by either membrane filtra-

tion or multiple-tube fermentation [85]. With the former, water samples are passed

through membrane filters and placed on growth media in a Petri plate. Following

incubation, bacterial colonies can be counted directly from each plate. In multiple-

tube fermentation, samples are incubated in tubes containing nutrient broth and

monitored for the development of gas and/or turbidity [85]. While total coliform

counts are still widely used to assess water quality, as depicted by their use as cri-

teria indicators in the EPA water quality guidelines and FSMA, there are some

limitations to culture-based methodologies. The most notable is the observation

that most bacteria cannot be grown in culture. Despite the fact that culturing tech-

nologies and methodologies have advanced over the decades, only a fraction (1-2%)

of bacteria can be grown in the laboratory today [86]. This makes culturing phage

all the more difficult, considering that you must first properly culture its bacterial

host.

For phage, plaque assays were developed to obtain abundance and infectiv-

ity data. In this method bacterial host cells are grown on an agar plate until a

continuous lawn is formed. Following this, a phage-containing sample can then be
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poured overtop and allowed to incubate. Any holes or plaques that form during

the incubation are then counted as one phage, which infected its host, replicated,

and lysed the cells. However, this method neither differentiates phage species nor

provides data on the community structure.

1.3.3.2 Sequence-based

An alternative to (or in addition to) cultured-based identification is sequence-

based methodologies. One of the first popular sequencing technologies was devel-

oped by Fred Sanger in the 1970s and relied on chain termination [87]. Although

some updates have been made, Sanger sequencing is still used today. Briefly, a

mixture is generated that contains the following: the DNA of interest, a primer (a

short piece of single-stranded DNA that binds to the DNA of interest), DNA nu-

cleotides, dideoxynucleotides (chain-terminating versions of DNA nucleotides each

labeled with a different color dye), and a DNA polymerase. The mixture is heated

and cooled to allow the primer to bind to the DNA of interest and the polymerase

to synthesize new DNA. The polymerase will add new nucleotides until it incorpo-

rates a dideoxynucleotide and the chain is terminated. This process is then repeated

until a dideoxynucleotide has been incorporated at every position from the DNA of

interest. The resulting fragments are run through a gel matrix and then excited

with a laser. The fluorescence intensity is recorded and used to determine the DNA

nucleotide at each position. From this methodology, long stretches of DNA, about

700-800 base pairs (bp), could be assessed. However, since the early 2000s, Sanger
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sequencing has been eclipsed, in most studies, by next-generation sequencing tech-

nologies, such as pyrosequencing (e.g. 454), Single Molecule Real-Time (SMRT)

sequencing (e.g. PacBio), and sequencing by synthesis (e.g. Illumina), which can

generate high-throughput data rapidly and at a lower cost for multiple samples.

Currently, the most widely utilized platform for DNA sequencing is the suite

of Illumina sequencers (e.g. Illumina MiSeq, HiSeq). These technologies function

by cluster generation and then sequencing by synthesis [88, 89]. First, the DNA

fragments of interest are immobilized on a flow cell, which is then subjected to solid-

phase amplification to create copies of each single fragment in close proximity. The

“clusters” of DNA are then denatured, allowing a primer and polymerase to anneal

and begin incorporating fluorescently tagged nucleotides, one per cycle. Base calls

are then made directly from the signal intensity at each cycle. From this, Illumina

technologies can sequence hundreds of millions of sequence reads per run.

The collection of DNA to be sequenced is termed a “library”. DNA libraries are

derived from one of two DNA survey strategies: targeted and shotgun sequencing.

Targeted sequences can be selected by PCR with specific primers. For bacteria,

the most commonly sequenced marker gene is 16S rRNA; a gene that is present in

all bacteria and archaea and codes for the small subunit of ribosomal RNA [90].

The 16S rRNA gene can provide taxonomic and phylogenetic data on bacteria in

a complex sample without cultivation. This is in large part due to the different

amounts of sequence polymorphism that exist throughout the gene, which range

from highly conserved to highly variable regions of DNA. The conserved regions

serve as targets for PCR primers, while the variable regions are used to distinguish
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bacterial groups from one another.

Once amplified, the 16S rRNA gene PCR products are sequenced and then

analyzed computationally. In general, quality sequences are clustered by similarity

(generally 97%) into Operational Taxonomic Units (OTUs). From each cluster a

representative sequence is chosen and assigned a known taxa, which is then applied

to all of the sequences within that cluster. Alternatively, a finer-scale equivalent of

OTUs can be generated known as amplicon sequence variants (ASVs). Essentially,

the ASV approach forgoes the 97% clustering in favor of utilizing unique, identical

16S rRNA sequences for downstream community analyses. With this method, ASVs

can differ by as little as one base pair and, thus, is thought to improve taxonomic

resolution [91]. Despite the tremendous amount of insight 16S rRNA gene studies

have provided on bacterial community structure and diversity, there are some limi-

tations. One well-known problem is the discrepancy in 16S copy number, which vary

among bacteria. For example, Photobacterium profundum has 15 copies of the 16S

rRNA gene compared to the average of four copies in other bacteria [92, 93]. This

discrepancy limits the accuracy of using 16S to estimate bacterial abundance and

diversity. Additionally, biases can be introduced at the PCR stage due to primer-

binding efficiencies, which can lead to under/over representation of some species or

taxa.

Moreover, viruses are not known to carry the 16S rRNA gene and, thus, it

cannot be used to describe their diversity and dynamics. Consequently, several

structural and functional genes have been used as markers of phage diversity for

specific groups, including structural genes g20 and g23 for Myoviridae [94, 95] and
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DNA Polymerase A (polA) for Podoviridae [96,97] However, due to their polyphyletic

nature, there are no genes universally conserved among all viruses and, as a result,

shotgun metagenomics is currently the best method to explore unknown viruses

[98,99].

In contrast to the single gene approach, shotgun sequencing enables researchers

to sequence the entire genome of a single organism or multiple organisms of interest.

When shotgun sequencing the genome of a microbe of interest, the DNA is extracted

from the isolated organism, randomly sheered, and then randomly sequenced by the

machine. Shotgun sequencing of a metagenome works on the same principle except

that all of the DNA from the mixture of organisms within a sample is sheered

and sequenced together. Consequently, the metagenomic data are usually more

computationally challenging to analyze than data derived from amplicon surveys.

Some analysis methods/tools (e.g. MetaPhlAn2 [100]), sourmash [101]), kracken

[102]) can utilize short sequence reads, but most analyses will begin with assembly.

There are two broad methods for assembly, reference-based and de novo.

In both cases, short sequences (reads) are assembled together to form long

contiguous sequences (contigs) that represent the original piece of DNA extracted

from a culture, or a consensus sequence from a population. For reference-based

assembly, a reference genome of the organism of interest is used as a guide, while in

de novo no reference is used [103]. After assembly, open reading frames (ORFs) can

be predicted on the contigs, largely by tools (e.g. MetaGene [104]) that are able to

predict the start and stop positions of genes, as well as ribosomal binding sites. The

resulting putative peptide ORFs can then be assigned taxonomic and functional
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features generally through sequence homology searches (e.g. BLAST [105]) against

a database of interest (e.g. UniRef [106], CARD [107]).

Additionally, by aligning reads used in the assembly to the contigs we can

estimate the number of reads used to build the contig. This, along with the contig

length, can be used to calculate coverage of the contigs and serves as an estimate of

the abundance of that contig in the sample, a valuable metric for describing com-

munity structure. It is important to note, however, that even though metagenomic

studies have been a useful tool for almost a decade, the framework for analyzing

these data are still underdeveloped and analyses can vary widely depending on the

study details, questions asked, and computation resources available.

1.3.4 Taxonomic composition and dynamics

After sequencing, scientists can use the data to describe, hypothesize about,

and catalog microbes in an environment. While not as broadly studied as large

freshwater lakes and marine systems, nontraditional sources of irrigation water have

been investigated in previous studies to determine the bacterial and viral community

composition.

1.3.4.1 Waste to reclaimed water

16S rRNA gene and metagenomic studies on wastewater treatment and re-

claimed water have been a growing area of interest. During treatment the bacterial

community composition of wastewater undergoes dynamic changes. Wastewater en-
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ters a treatment facility as influent where it has been characterized to be dominated

by Proteobacteria, as well as Actinobacteria, Bacteriodetes, and Firmicutes [108,109].

However, the bacterial community composition of the influent may vary based on

local population demographics, industry, and climate. For instance, several stud-

ies have identified Gammaproteobacteria as the dominant class of Proteobacteria in

wastewater [108, 109]. However, this is not consistent across all studies, with some

identifying Deltaproteobacteria [110] or Betaproteobacteria [111] as the most abun-

dant [110]. Nevertheless, the dynamics of the influent bacterial populations vary

as they progress through the treatment pipeline depending largely on the processes

employed by the individual treatment facility. A previous study from our lab uti-

lized 16S rRNA gene sequencing to characterize total bacterial communities present

throughout the treatment process [112]. From these data, we observed that the

overall bacterial alpha diversity decreased after treatment, but then increased af-

ter open-air storage in a pond. Moreover, some potentially pathogenic genera were

still present in the treated water, such as Legionella spp., Mycobacterium spp., and

Streptococcus spp.

Previous studies on viruses in reclaimed water have focused, in large part,

on human enteric viruses and plant RNA viruses. However, there have been a few

studies that have reported the abundance and diversity of dsDNA viral communities

during wastewater treatment [113] and in reclaimed water [114]. In reclaimed water

collected at the point-of-discharge from a WWTP in Florida, there were a stagger-

ing 1000 times higher abundance of virus-like particles in reclaimed water than in

potable water (108-1010 VLPs per mL), largely phage from the family Siphoviri-
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dae [114]. Siphoviridae are a generally temperate family of phage also found to be

abundant in sediments [115], terrestrial subsurface environments [116], and human

feces [117]. Similar to the bacterial population, during the various stages of wastew-

ater treatment the viral community has been reported to change. Initially, influent

delivered to a domestic municipal WWTP in Singapore was found to be dominated

by dsDNA phage of the order Caudovirales : Myoviridae (38% of the total assigned

reads), Podoviridae (29%), and Siphoviridae (27%) [113]. However, during activated

sludge treatment the abundance of Podoviridae increased to 45%, which was still

prevalent in the resulting effluent (38%).

1.3.4.2 Lentic freshwater

Freshwater lentic environments are critical sources of drinking, recreation, and

irrigation water in the U.S. and, like reclaimed waters, have been previously sur-

veyed by 16S rRNA gene and metagenomic sequencing [118, 119]. However, de-

spite the evidence that they are functionally different from lakes and “hotspots” of

macrodiveristy, freshwater ponds have been left principally unexplored outside of

extreme environments (e.g. saline/hypersaline [120–122], thermokarst [123] ponds)

and aquaculture facilities [124, 125]. As a result, the majority of what we know

regarding the bacterial community composition of freshwater bodies stems from

studies conducted on other lentic ecosystems, such as large lakes. Previous studies

have reported a widespread distribution of Actinobacteria (lineage acI and acIV) in

freshwater lakes, in some cases composing greater than 50% of the total bacterial
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community abundance [119, 126]. The Proteobacteria phyla in these lakes are also

abundant, composed largely of Betaproteobacteria. This is in contrast to marine and

brackish systems where Alphaproteobacteria typically dominates [119]. Furthermore,

freshwater microbial communities are influenced by a variety of environmental fac-

tors, such as pH, temperature, water retention time, and seasonal forces [127, 128],

as well as top-down regulation from predators (e.g. bacteriophage) [129,130].

Similar to most bacterial analyses, the majority of studies of viruses are limited

to marine samples [131, 132]. However, there have been some analyses of viral

communities originating from large freshwater lakes in the Artic [133], Antarctic

[95], France [134], North America [135–138], and the United Kingdom [139], as

well as freshwater reservoirs in Taiwan [140], China [141], and Signapore [142].

While limited in their scope, these studies have provided some of the first data

on freshwater phage ecology, demonstrating that, like their hosts, phage diversity is

influenced by environmental factors. For instance, viral genotype diversity, has been

found to increase in the summer in a freshwater Antarctic lake [95] and subtropic

reservoir [140], likely due to increasing host activity prompted by rising temperatures

and nutrient load [143,144]. Moreover, these studies have identified the dominance

of traditionally virulent dsDNA phage families of Myoviridae and Podoviridae in

freshwater lakes Ontario, Erie, Matoaka, and Michigan [136,137,145] and freshwater

reservoirs in Taiwan, China, and Signapore [140–142].
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1.3.4.3 Lotic fresh and brackish waters

Flowing bodies of water are also understudied with regard to their microbial

ecology, especially compared to marine and lake ecosystems [146]. However, there

exists a growing body of literature that has begun to detail the bacterial commu-

nity composition of major riverine systems in the U.S. and abroad. For instance, the

freshwater James River in Virginia, was described to be dominated by Proteobacte-

ria, predominantly from the family Comamonadaceae and genera Acidovorax [147].

In contrast to ponds, lotic ecosystems can also be impacted by upstream actions

and connected waterways. As previously shown, discharge of wastewater effluent

into Chicago urban and suburban rivers was reported to increase organic and in-

organic nutrient content downstream, decreasing overall bacterial diversity in the

sediment [148]. An additional study comparing the bacterial communities within

the Santa Ana River watershed impacted by various pollutant sources (agricultural,

urban, and wastewater) found that all of the samples were dominated by Proteobac-

teria [149]. However, sites impacted by agricultural runoff were reported to have

a greater abundance of Bacteroidetes and Cyanobacteria. Moreover, other environ-

mental factors (largely driven by seasonality, flow rate, and/or land cover) such as

nutrient load [150], pH [150], salinity [149, 151], temperature [149, 150], DO [149],

and turbidity [149] have demonstrated an effect on the bacterial community struc-

ture in lotic sites. A year-long study surveying three rivers in southwestern British

Columbia, Canada found that metagenomes clustered by water chemistry, even when

collected from unconnected watersheds 130 km apart [152].
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Viruses in lotic ecosystems have only been surveyed in a handful of studies,

mostly of large riverine watersheds. DNA viral metagenomes from the brackish

water of the Jiulong River Estuary in China found Caudovirales to be the most

dominant viral type, accounting for 84% of the sequences, with Podoviridae being

the most abundant family (45%), followed by Siphoviridae (33%) and Myoviridae

(17%) [153]. In contrast, DNA viral metagenomes constructed from the freshwater

Murray River upstream and downstream of a small rural town in South Australia

were dominated by Myoviridae at both upstream (30%) and downstream locations

(34%), followed by Siphoviridae (23% upstream, 32% downstream) [154]. This is

consistent with other freshwater river systems (e.g. Bess River in Spain [155], Ama-

zon River in Brazil [156], Ile River in China [141]), in which Myoviridae dominated

the Caudovirales order.

1.4 Outline of Dissertation

Climate variability and growing urbanization have placed immense pressure

on the finite supply of water for agricultural irrigation. As a result, the exploration

of nontraditional sources of irrigation water (e.g. reclaimed, pond, brackish) and

water treatment technologies (e.g. zero valent iron filtration, ozone) has become

a global priority. However, irrigation with untreated surface and reclaimed water

may pose a risk to environmental and public health. This is because surface water

sites are subjected to environmental and anthropogenic variables that can largely be

avoided when using properly constructed and protected deep aquifers (e.g. animal
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fecal contamination and runoff water from adjacent fields). Similarly, irrigation

with reclaimed water may disseminate pathogenic microorganisms and/or antibiotic-

resistant bacteria originating from wastewater. Therefore, assessing the microbial

community composition in these nontraditional irrigation water sources is critical

with regard to completing a comprehensive characterization of their biodiversity,

and evaluating their suitability for agricultural applications.

The purpose of my dissertation research was to use high-throughput, cultivation-

independent sequencing methodologies to produce novel data on bacterial and viral

community structure, dynamics, and potential dissemination that can be utilized

to improve our understanding of nontraditional sources of irrigation water. My pri-

mary research objectives and the chapters within which they are addressed are as

follows:

Objective 1: Explore the functional and taxonomic features of bacteria in

nontraditional irrigation water sources. (Chapter 2)

Objective 2: Assess the bacterial and viral communities of agricultural pond

water in relation to seasonality. (Chapter 3, 4)

Objective 3: Describe the dynamics, composition, and potential dissemina-

tion of irrigation water microbiota from a freshwater creek to an irrigated field.

(Chapter 5)
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My first research objective is addressed in Chapter 2, which presents a manuscript

entitled “Comparative metagenomic analysis of microbial taxonomic and functional

variations in untreated surface and reclaimed waters used in irrigation applications”,

currently in review in Water Research. This chapter explores microbial metagenomes

from multiple nontraditional sources of irrigation water collected over two months.

Here, the bacterial composition, functional potential, and antibiotic resistance pro-

files are explored across diverse irrigation water sources. Additionally, viral pop-

ulations are addressed by leveraging phage signals (e.g. CRISPR arrays) present

within the bacterial genomes.

Chapter 3 addresses part of my second objective in a manuscript entitled

“Agricultural freshwater pond supports diverse and dynamic bacterial and viral pop-

ulations” published in Frontiers in Microbiology [157]. This chapter describes the

bacterial and viral populations within a freshwater agricultural pond throughout the

late season (October-November) using 16S rRNA gene and shotgun metagenomics

and assesses variations in these populations with regard to environmental factors

such as dissolved oxygen, pH and nitrate levels.

Chapter 4 extends the study detailed in the previous chapter in a manuscript

entitled “Seasonal dynamics in taxonomy and function within bacterial and viral

metagenomic assemblages recovered from a freshwater agricultural pond”. Here, the

same freshwater pond is surveyed over a full calendar year using shotgun metage-

nomics to characterize the viral fraction and a combination of 16S rRNA gene and

shotgun sequencing to survey the bacterial fraction. This chapter focuses in detail

on the bacterial community, its relationship to the viral community, as well as its
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variability with regard to environmental factors.

My final objective is addressed in Chapter 5 with a manuscript entitled “Metage-

nomic analysis of a freshwater creek and irrigated field reveals temporal and spa-

tial dynamics in bacterial and viral assemblages”. This chapter focuses mainly on

the bacterial communities present in a creek from the Mid Atlantic, United States

throughout two growing seasons. Here, the bacterial composition, functional poten-

tial, and antibiotic resistance and virulence profiles are explored. Additionally, this

chapter provides preliminary data on the bacterial and viral populations present at

the point-of-use (drip irrigation spigot), as well as bacterial populations present in

the soil before and after an irrigation event.

To conclude the research chapters of this dissertation an additional research

note is presented in Chapter 6, entitled “Zero-valent iron sand filtration reduces

concentrations of virus-like particles and modifies virome community composition

in reclaimed water used for agricultural irrigation” in review at BMC Research

Note. This chapter provides pilot data on zero-valent iron filtration (ZVI-filtration),

a technology poised to aid in the remediation of reclaimed water, through the use

of metagenomic sequencing and epifluorescent microscopy on reclaimed water (RW)

and ZVI-sand filtered reclaimed water (ZW) sampled three times over 49 days.

Finally, Chapter 7 presents the conclusions, public health significance, and

future work emerging from the research described herein.

Included in Appendix A and B are two manuscripts that were used to develop

my skills in 16S rRNA gene sequencing and analysis, as well as manuscript devel-

opment, formatting, and publication. The first is entitled “Mentholation affects
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the cigarette microbiota by selecting for bacteria resistant to harsh environmental

conditions and selecting against potential bacterial pathogens” published in Mi-

crobiome [158] and the second is entitled “Temporal variations in cigarette tobacco

bacterial community composition and tobacco-specific nitrosamine content are influ-

enced by brand and storage conditions” published in Frontiers in Microbiology [159].

29



Chapter 2: Comparative Metagenomic Analysis of Microbial Taxo-

nomic and Functional Variations in Untreated Surface

and Reclaimed Waters Used in Irrigation Applications

2.1 Abstract

The use of irrigation water sourced from reclamation facilities and untreated

surface water bodies may be a practical solution to attenuate the burden on dimin-

ishing groundwater aquifers. However, comprehensive microbial characterizations

of these water sources are generally lacking, especially with regard to variations

through time and across multiple water types. To address this knowledge gap we

used shotgun metagenomic sequencing to characterize the taxonomic and functional

variations of microbial communities within two agricultural ponds, two freshwater

creeks, two brackish rivers, and three water reclamation facilities located in the

Mid-Atlantic, United States. Water samples (n=24) were collected from all sites

between October and November 2016, and filtered onto 0.2 µm membrane filters.

Filters were then subjected to total DNA extraction and shotgun sequencing on the

Illumina HiSeq platform. From these data, we found that Betaproteobacteria domi-

nated the majority of freshwater sites, while Alphaproteobacteria were abundant at
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times in the brackish waters. One of these brackish sites was also host to a greater

abundance of the bacterial genera Gimesia and Microcystis. Furthermore, predicted

microbial features (e.g. antibiotic resistance genes (ARGs) and Clustered Regularly

Interspaced Short Palindromic Repeats (CRISPR) arrays) varied based on specific

site and sampling date. ARGs were found across samples, with the diversity and

abundance highest in those from a reclamation facility and a wastewater-impacted

freshwater creek. Additionally, we identified over 600 CRISPR arrays, containing

roughly 2,600 unique spacers, suggestive of a diverse and often site-specific phage

community. Overall, these results provide a better understanding of the complex

microbial community in untreated surface and reclaimed waters, while highlight-

ing possible environmental and human health impacts associated with their use in

agriculture.

2.2 Introduction

Steady declines in groundwater supplies, coupled with the estimation that by

2050 water withdrawals for irrigation will increase by roughly 10%, has strengthened

the demand for alternative sources of water for agricultural applications [160]. The

use of reclaimed (advanced treated municipal wastewater) and untreated surface

waters (e.g. brackish rivers, freshwater creeks, and ponds) may provide effective

solutions to reduce pressures on groundwater sources; however, the microbial com-

munities of these water sources are typically poorly characterized and few inter-water

microbial comparisons have been made.
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Currently, reclaimed water is used as an alternative source of non-potable wa-

ter, especially in arid and semi-arid regions around the world [5]. However, because

it is the end-result of wastewater treatment, concerns remain about the levels of

harmful microbiological constituents that may persist in the water. Previous stud-

ies have identified that, while wastewater treatment does reduce bacterial diversity,

potential human pathogens (Legionella spp., Mycobacterium spp., and Streptococcus

spp.) may still be present and, in some cases, selectively enriched by the disinfec-

tion process [112,161]. Additionally, antibiotics introduced through municipal influ-

ent and agricultural runoff can persist throughout the treatment process, resulting

in high selection pressure for antibiotic-resistant bacteria [162–164]. However, re-

claimed water characteristics are likely dependent on the quality of the influent and

the treatment practices employed by the wastewater treatment facility [109,165].

While reclaimed water is commonly considered the standard for water reuse,

untreated surface water sources may also represent practical alternatives for water

management. For instance, ponds are common features across the United States,

with an estimated abundance between 2.6 and 9 million [22]. They can occur nat-

urally (e.g. floodplains, isolated depressions), but are often human-constructed for

a variety of utilitarian and aesthetic purposes [22]. In agricultural settings, ponds

may be constructed as a means of capture and storage of freshwater for localized

irrigation. While ponds are not as widely studied as large lakes and marine systems,

their unique topography may influence their microbial community composition. For

instance, ponds, and other surface water sites, are subjected to environmental and

anthropogenic factors that can largely be avoided when using groundwater (e.g.
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animal fecal contamination and agricultural/urban runoff) [166]. Ponds also tend

to have a higher terrestrial-aquatic interchange compared to larger bodies of water

(e.g. lakes) that may drive the abundance of terrestrial microorganisms [157].

In contrast, lotic ecosystems (e.g. rivers, creeks) are marked by a natural

flow, usually toward another body of water such as an ocean or lake. Therefore,

in addition to traditional environmental factors, lotic systems may be impacted by

connected waterways and upstream discharge facilities. For instance, discharge of

wastewater effluent into urban and suburban rivers was reported to increase down-

stream organic and inorganic nutrient content and decrease overall bacterial diver-

sity in sediment [148]. Alterations in bacterial community structure have also been

associated with catchment area (e.g. agricultural, forested, urban), likely due to

variations in nutrient concentration stemming from runoff [150,167].

Despite the potential importance of these water sources to regional biodiver-

sity and water management, few studies have sought to characterize not only the

taxonomic and functional profile of the microbiota, but also their complex genomic

features, such as CRISPR (Clustered Regularly Interspaced Short Palindromic Re-

peats) arrays. Because the CRISPR-Cas system functions by integrating pieces of

foreign DNA (i.e. plasmid, phage) into recognizable arrays, predicting CRISPR

can provide valuable information on phage infection history, as well as provide a

potential means to subtype pathogens [168]. Previous studies exploring CRISPR-

Cas from human body sites [169], dairy operations [170], and extreme environments

(e.g. microbial mats [171], hot springs [172], Antarctic snow [173]) have given us

profound insights into the infection history and defense strategies of their micro-
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bial communities. This is of particular importance when assessing the quality of

irrigation waters, because, while they are not direct human pathogens, phage are

responsible for shaping the diversity and genetic architecture of their host(s) and

are often left unexplored in microbial studies [174].

In this present study, we used high-throughput shotgun metagenomic sequenc-

ing to: 1) characterize and compare bacterial community composition; 2) predict

and compare functional, pathogenic, and antibiotic resistance genes using the Gene

Ontology (GO) and Comprehensive Antibiotic Resistance Database (CARD) frame-

work; and 3) identify CRISPR arrays in various untreated surface and reclaimed

water sites sampled over the course of five weeks from October to November 2016

in the Mid Atlantic, United States.

2.3 Materials and Methods

2.3.1 Study sites

Water samples (n=24) were collected from nine sites of four different water

body types within the Mid-Atlantic, United States: two tidal brackish rivers (MA04,

MA08); two freshwater ponds (MA10, MA11); two non-tidal freshwater creeks

(MA03, MA07); and three water reclamation facilitates (MA01, MA02, MA06) (Ta-

ble 2.1).
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2.3.2 Sample collection

Sites were sampled on the following dates: 10/10/16, 10/24/16, and 11/14/16,

with the exception of the reclamation facilities (MA01, MA02, MA06) where sam-

ples were only collected 10/24/16 and 11/14/16. At each site, 1 L of water was

collected. For the surface sites (e.g. creek, pond, river), sterile polypropylene sam-

pling containers (Thermo Fisher Scientific, MA, USA) were submerged 15-30 cm

below the surface using a long-range grabbing tool. For the reclamation facilities, 1

L of water was collected from a spigot, irrigation line or storage lagoon, depending

on the facility and sampling feasibility on that date. Samples were transported on

ice to the laboratory and stored at 4 ◦C. In addition, a ProDSS digital sampling

system (YSI, Yellow Springs, OH, United States) was used to measure, in triplicate,

the water temperature ( ◦C) and pH. Ambient temperature was also collected for the

time and date of sampling via the Nation Weather Services historical data archive.

2.3.3 Sample processing

To remove the cellular fraction, each water sample was vacuum filtered through

a 0.2 µm membrane filter (Pall Corporation, MI, USA). Microbial DNA was then

extracted from the filters using an enzymatic and mechanical lysis procedure cur-

rently used in our lab to extract DNA from various environmental biomes [158,159].

Briefly, the filters were added to lysing matrix tubes along with a cocktail of PBS

buffer, lysozyme, lysostaphin, and mutanolysin. After incubating, samples were

subjected to a second lysing cocktail (Proteinase K and SDS) followed by another
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incubation and mechanical lysis via bead beating. The resulting DNA was purified

with the QIAmp DNA mini kit (Qiagen, CA, USA) and assessed with the NanoDrop

2000 Spectrophotometer.

2.3.4 Shotgun sequencing

For each sample, DNA was used in a tagmentation reaction, followed by 12

cycles of PCR amplification using Nextera i7 and i5 index primers per the modified

Nextera XT protocol. The final libraries were then quantitated by Quant-iT hs-

DNA kit. The libraries were pooled based on their concentrations as determined by

Quantstudio 5 and loaded onto an Agilent High Sensitivity D1000 ScreenTape Sys-

tem. The samples were run across 8 lanes of an Illumina Hiseq X10 flow (Illumina,

San Diego, CA, United States) cell targeting 100 bp paired end reads per sample.

2.3.5 Metagenomic assembly

The resulting paired-end reads were quality trimmed using Trimmomatic ver.

0.36 (sliding window:4:30 min len:60) [175], merged with FLASh ver. 1.2.11 [176],

and assembled de novo with metaSPAdes ver. 3.10.1 (without read error correction)

[177]. Open reading frames (ORFs) were predicted from the assembled contigs using

MetaGene [104].
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2.3.6 Taxonomic and functional classification

Predicted peptide ORFs were searched against UniRef 100 (retrieved May

2018) using protein-protein BLAST (BLASTp ver. 2.6.0+) (E value < 1e-3) [105,

178]. Taxonomic classifications were then made to contigs by max cumulative bit

score. This was calculated by summing the bit scores of all taxa with a hit to peptide

ORFs encoded by the contig. Functional assignments were made by assigning Gene

Ontology (GO) terms to peptide ORFs. UniProt sequences are continually assigned

GO terms by the Gene Ontology Annotation (GOA) program [179]. Peptide ORFs

were assigned all GO terms that were linked to UniRef 100 peptides within 3% of

the top hit’s bit score.

Coverage was calculated for each contig by recruiting quality-controlled reads

to assembled contigs using Bowtie2 ver. 2.3.3 (very sensitive local mode) and then

using the “depth” function of Samtools ver. 1.4.1 to compute the per-contig coverage

[180] . To normalize abundances across libraries, contig and ORF coverages were

divided by the sum of coverage per million, similar to the transcripts per million

(TPM) metric used in RNA-Seq [181]. Scripts performing these assignments and

normalization are available at https://github.com/dnasko/baby virome. Taxonomic

and functional data were visualized using the R packages ggplot2 ver. 3.1.0 and

pheatmap ver 1.0.10 [182, 183]. Significance tests were conducted using a Tukey’s

HSD Test.
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2.3.7 Peptide ORF clustering

To assess the shared and unique functional profiles among the sampling sites,

all complete peptide ORFs were clustered at 60% with CD-HIT [184]. Cluster files

were then parsed using the clstr2txt.pl script.

2.3.8 Identification of antibiotic resistance genes

Predicted peptide ORFs were searched against the “Comprehensive Antibiotic

Resistance Database” (CARD; retrieved July 2018) using protein-protein BLAST

(BLASTp ver. 2.6.0+) (E value < 1e-3) [105, 107]. A queried peptide ORF was

regarded as ARG-like if >40% coverage and >80% amino-acid identity to a protein

in the CARD database [83, 185]. Using the CARD database as a reference, the

putative ARG was assigned a gene name and a drug class. For the genes conferring

resistance through mutations (i.e. KasA, gyrA, gyrB, murA, ndh, thyA, rpsL, rpsJ ),

a post-processing step (MAFFT alignment with reference sequences available at

CARD) was taken to confirm the presence of resistance-conferring mutations [186].

2.3.9 Prediction and analysis of CRISPRs

CRISPR arrays were predicted from assembled contigs using the CRISPR de-

tection and validation tool, CASC available at https://github.com/dnasko/CASC.

CASC utilizes a modified version of the CRISPR Recognition Tool (CRT) to call

putative CRISPR spacers [187]. CASC then validates these spacers by searching

against a database of Cas proteins and CRISPR repeats to remove false positives
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and outputs FASTA files containing: (1) valid CRISPR spacers; (2) false-positive

CRISPR spacers; (3) valid CRISPR repeats; and (4) false-positive CRISPR repeats.

Valid CRISPR spacers were clustered with CD-HIT at 97% nucleotide similarity to

determine the number of unique and shared spacers within and among the sites [184]

2.3.10 Data availability

Metagenomic reads were submitted to NCBI’s Sequence Read Archive under

the BioProject accession number PRJNA473136 (SRX498566- SRX4985689).

2.4 Results

2.4.1 Sampling site characteristics

Sampling site characteristics (pH, water temperature, ambient temperature,

precipitation) are described in Table 2.2.

2.4.2 Sequencing effort and assembly

All processed samples (n=24) were sequenced on the Illumina HiSeq for a total

of 803,403,499 read pairs (Table 2.3), with an average of 33,475,146 per metagenome

(± SD 9,122,444). After metagenomic assembly, there were a total of 11,383,447

contigs, with an average of 474,310 contigs (± 150,989 SD) per sample.
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2.4.3 Taxonomic composition

On average, 65% of contigs could be confidently assigned a taxonomic repre-

sentative. Of these, between 78 and 98% (mean: 91%) were assigned as Bacteria,

followed by Eukaryota (min: 0.6%, max: 17%, mean: 4%), and Viruses (min: 0.6%,

max: 10%, mean: 3%). For the contigs that could be identified, a normalized abun-

dance was calculated to account for sequencing effort and assembly/recruitment

proficiency. For those assigned as Eukaryota, the majority of the abundance was

classified as Streptophyta (min: 6%, max: 51%, mean: 21%), Arthropoda (min: 6%,

max: 43%, mean: 15%), and Chordata (min: 8%, max: 30%, mean: 15%).

For those assigned as Bacteria, the most frequently observed bacterial phyla

relative to each sample was Proteobacteria (min: 35%, max: 83%, mean: 55%) (Fig-

ure 2.1). This was followed by Actinobacteria (min: 2%, max: 25%, mean: 13%),

Bacteriodetes (min: 6%, max: 21%, mean: 13%) or Firmicutes (min: 4%, max:

12%, mean: 7%). Within the Proteobacteria phyla, the class Betaproteobacteria

was the most abundant at each of the sites, with the exception of sampling dates

10/24/16 and 11/14/16 within the tidal brackish river, MA04, and 11/14/16 within

MA08, in which Alphaproteobacteria was the most abundant Proteobacterial class

(Figure 2.1).

To further classify the taxonomic composition we considered the bacterial

assignments at the genus level and compared them within and among sites (Figure

2.2). The 74-90% of contigs that could be assigned at this level were distributed

among 2,207 different genera, with 789 genera identified at some abundance in all
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of the samples. Of these, 44 occurred at a relative abundance ≥1% in at least

one sample. Within the majority of sites, Variovorax had the greatest relative

abundance (min: 2%, max: 32%, mean: 11%). However, this was not the case

for the freshwater pond, MA10, at all sampling dates and MA01, a reclamation

facility, at its first sampling data (10/24/16), in which Streptomyces was the most

abundant. Similarly, Pusillimonas was the most abundant in MA03, a freshwater

creek (11/14/16), and MA04, a brackish river (10/10/16), while Nostoc was the most

abundant in MA04 (10/24/16). Furthermore, when we compared the normalized

abundance of the dominant genera among the different sites we found that MA04,

a brackish river, had a significantly higher abundance of Gimesia and Microcystis

than all of the other sites except MA01, a reclamation facility. Alternatively, MA01

had a significantly higher abundance of Prochlorococcus than all of the other sites

except MA04.

2.4.4 Peptide ORF clustering

To assess the shared and unique functional profiles among the sampling sites,

all complete peptide ORFs were clustered at 60% (Figure 2.3) [184]. The majority of

these peptide ORFs clustered within site, with the two tidal brackish rivers, MA04

and MA08, having the greatest fraction of unique peptide ORFs, 63% and 51%,

respectively. This was followed by MA07 (48%), MA11 (41%), MA03 (36%), MA02

(36%), MA01 (34%), MA10 (33%), and MA06 (31%). The remaining fraction of

peptide ORFs from each site clustered with one or more different sites and, in some
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cases, showed a trend. Peptide ORFs from reclaimed sites (MA01, MA02) clustered

highly with peptide ORFs from pond sites (MA11, MA10): 51% of MA02’s peptide

ORFs clustered with peptide ORFs from MA11, 41% of the peptide ORFs from

MA06 clustered with peptide ORFs from MA10, and 38% of peptide ORFs from

MA01 clustered with peptide ORFs from MA10. In addition to MA10, a large

percentage of peptide ORFs (47%) from MA06 clustered with peptide ORFs from

the non-tidal freshwater creek, MA03. Additionally, within between 4 and 9% of

peptide ORFs clustered with all the other sites, representing a “functional core”

among all the sampled irrigation water sites.

2.4.5 Functional analysis of bacterial-assigned ORFs

To characterize the functional profiles of the sampled sites, Gene Ontology

(GO) annotations were assigned to peptide ORFs based on BLASTp matches to

UniRef100 proteins. On average, 56% (min: 31%, max: 75%) of peptide ORFs were

assigned at least one GO-term, with the majority (min: 81%, max: 98%, mean:

93%) coming from contigs assigned as bacteria. Within this fraction of bacterial

peptide ORFs the GO-terms assigned at the greatest frequency were those related

to the following: transferase activity (GO:0016740) (min: 25%, max: 29%, mean:

27%), hydrolase activity (GO:0016787) (min: 25%, max: 27%, mean: 26%), ATP

binding (GO:0005524) (min: 18%, max: 25%, mean: 20%), oxidation-reduction

process (GO:0055114) (min: 17%, max: 20%, mean: 18%), and catalytic activity

(GO:0003824) (min: 15%, max: 18%, mean: 17%) (Figure 2.4).
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Furthermore, we explored the GO-term for pathogenesis (GO:0009405), as well

as its child term, toxin activity (GO:0090729), and terms associated with antibiotic

GO:0046677) and drug resistance (GO:0042493) [188]. Again, the normalized abun-

dance was calculated and totaled for bacterial contigs containing ORF(s) assigned

to one or more of these GO-terms (Figure 2.4). Between 0.7 and 4% (mean: 2%)

of the total bacterial contig abundance was attributed to contigs containing peptide

ORF(s) assigned to pathogenesis (GO:0009405), with the largest portion at MA03

(11/14/16). Within this fraction we were able to annotate between 80 and 92% of

the associated abundance at the genera level and found the majority of pathogenesis

containing contigs were assigned as Pseudomonas (min: 6%, max: 14%, mean: 9%)

and Pusillimonas (min: 1%, max: 12%, mean: 5%) (Figure 2.5).

2.4.6 Antibiotic resistance

To further assess antibiotic resistance, we conducted a stringent BLAST anal-

ysis of peptide ORFs against CARD. Across all samples, 114 peptide ORFs were

identified as 32 unique ARGs conferring resistance to over ten drug classes, including

resistance mechanisms associated with target mutations and those associated with

dedicated antibiotic resistance gene products [107]. For the former, proteins were

confirmed to carry the following mutations: kasA, R121K [189]; gyrA, S95T [190];

murA, C117D [191], rpsL, K88R, K43R [192, 193], rpsJ, V57M [194], and EF-Tu

Q124K [195]. Overall, the reclamation water sampled on 11/14/16 from MA06,

a reclamation facility, contained the greatest diversity of ARGSs, with 22 unique
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ARGSs (identified from 25 ARG-like peptide ORFs) (Figure 2.6). This was followed

by the non-tidal freshwater creek, MA03, sampled on 10/24/16, which had 13 unique

ARGs (identified from 14 ARG-like peptide ORFs). The other non-tidal freshwater

creek, MA07, contained the lowest diversity of ARGs, with just one unique ARG

identified throughout the entire sampling period.

We also identified the source genera and phyla of each ARG-like peptide ORF

by parsing the contig taxa identified previously (Figure 2.7). All the ARG-like pep-

tide ORFs originated from contigs assigned as Bacteria, with the majority coming

from Actinobacteria (59 of 114; 52%). While the majority of these were rpsL genes,

Actinobacterial genera were also associated with 12 other unique ARGs. Further-

more, 31 ARG-like peptide ORFs were classified as Proteobacteria (11 alpha, 6 beta,

14 gamma) and encompassed the majority of ARG diversity, with 26 unique ARGs.

2.4.7 CRISPR array abundance and taxonomy

In addition to identifying traditional genes of concern we also sought to de-

termine the phage-host relationships within and among sites using CRISPR arrays.

CRISPR arrays were predicted in every library for a total of 612 arrays on 604

contigs. For the contigs that had a predicted CRISPR array, we calculated their

normalized abundance (Figure 2.8). Overall, CRISPR containing contigs accounted

for between 0.003 and 0.04% of the total contig abundance among all samples.

On average, the tidal brackish water site, MA04, had both the greatest number

of detected CRISPR arrays (238 across 234 contigs) and the highest normalized
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abundance of the CRISPR-containing contigs.

To identify the taxonomy of the contigs containing putative CRISPR arrays,

we parsed the BLASTp assigned taxa. However, similar to previous studies [196]

making taxonomic predictions for CRISPR-containing contigs was difficult. Only

22% (130/604) of CRISPR containing contigs could be assigned a taxa (Figure 2.9),

the majority of which were of the phyla Proteobacteria (45%) made up of 38%

Gammaproteobacteria, 29% Alphaproteobacteria and 17% Betaproteobacteria. This

was followed by Firmicutes (21%) and Cyanobacteria (11%).

2.4.8 CRISPR spacers within and among sites

To determine the number of unique spacers, we clustered all the sampling dates

within each site at 97% nucleotide similarity. Overall, MA04, a brackish river site,

had the greatest number of unique spacers (1173 spacers) followed by MA10 (398

spacers), MA11 (321 spacers), MA01 (293 spacers), MA06 (269 spacers), MA03 (124

spacers), MA08 (161 spacers), MA07 (25 spacers), and MA02 (21 spacers) (Figure

2.8). These unique spacers were then clustered together to produce the number of

shared spacers among the different sites. Overall, the reclamation site, MA02, (8

spacers) and the freshwater pond, MA10, (120 spacers) shared the greatest portion

of their spacers with other sites, at 38% and 30%, respectively. This was followed by

MA03 at 29% (36 spacers), MA01 (75 spacers) at 26%, MA06 at 18% (49 spacers),

MA11 at 3% (nine spacers), and MA04 at 0.3% (four spacers). Both MA07 (a

freshwater creek) and MA08 (a brackish river) shared no spacers with other sites.
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Additionally, similar to the results from the peptide ORF clustering, we ob-

served that reclaimed sites shared spacers with pond sites. Specifically, MA01 and

MA10 shared the greatest number of spacers (69).

2.5 Discussion

Water reuse is an important practice to mitigate our dependence on dwindling

groundwater supplies. However, across the farm-to-fork continuum, irrigation wa-

ter is a known source of microbial contamination of fresh produce and, therefore,

must be subjected to scrutiny. In the present study, we utilized metagenomics to

assess multiple facets of the microbial community present in a variety of irrigation

water sites. Overall, we found that Proteobacteria, especially Betaproteobacteria,

dominated the bacterial community at the phylum level (Figure 2.1). This agrees

with previous research of aquatic environments, including fresh surface [119] and re-

claimed waters [149]. However, on several sampling dates for the two tidal brackish

rivers, MA04 and MA08, there was a greater proportion of Alphaproteobacteria, a

phylum traditionally abundant in marine systems [197]. This is not surprising as

brackish waters have previously shown to house a co-occurrence of bacteria typically

associated with freshwater and marine systems [198,199].

At a lower taxonomic level, genera commonly associated with human dis-

ease (e.g. Streptococcus and Enterococcus) were identified in all samples. However,

typical environmental genera such as Variovorax were the most abundant (Figure

2.2). Variovorax falls within the family Comamonadaceae and is phylogenetically
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closely related to Acidovorax, another widespread environmental genera [200, 201].

Variovorax has been found throughout a variety of environments, such as: drink-

ing water [201, 202], freshwater riverine water [203], groundwater [204, 205], and

soil [206]. As a result, it has been suggested that Variovorax can adapt to different

environmental constraints, likely due to its ability to degrade a variety of organic

compounds, including pollutants [207]. This heterogeneity in metabolic potential

may explain its dominance among the variety of sites sampled here and was also

reflected in the bacterial functional profile, in which a high abundance of peptide

ORFs were annotated with functions associated with metabolism (e.g. hydrolase

and oxidoreductase activity) (Figure 2.4).

While the dominating bacteria phyla were similar across sites there were some

trends in specific genera that differentiated sites, especially MA04. MA04 is one of

the brackish water sites and the largest lotic body studied in this analysis with a

width of roughly 78 meters. Here, we found a significantly higher abundance of the

dominant genera Gimesia and Microcystis compared to the majority of other sites.

Species of these genera can tolerate high salinity and, therefore, are likely able to

persist in the brackish environment of MA04 [208, 209]. This may be of concern

considering that species of Microcystis are capable of producing hepatotoxins that

have demonstrated some ability to bioaccumulate in produce [210] - a potential

source of toxin exposure not often considered when assessing irrigation water quality.

To further investigate the potential public health impacts of these water sources

we also investigated the presence of ARGs. Previous studies have identified a di-

verse range of ARGs in reclaimed waters [211], natural surface water sites [212],
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and even pristine environments (e.g. ancient permafrost [213, 214]. These studies

reflect both the natural production of antibiotics by bacteria and those introduced

to the environment by way of human pollution. In this study, we identified ARGs

in metagenomes from the majority of sites. One of the genes that was identified in

multiple peptide ORFs from a wide range of samples was the antibiotic resistance

mutant of rpsL (Figure 2.6). Mutants of rpsL are resistant to aminoglycosides,

including streptomycin, an antibiotic produced by the soil Actinobacteria Strepto-

myces griseus and used widely in clinical and agricultural applications [192, 193].

Mutations in rpsL confer resistance by disrupting interactions between the riboso-

mal protein and the antibiotic. These types of target mutations are frequently found

in environmental bacteria and are thought to be the result of spontaneous pleotropic

mutations [215, 216]. This is consistent with the potential taxonomic origin of the

majority of rpsL mutants, Ferrimicrobium, an iron-oxidizing Actinobacteria found

in mine waters [217], geothermal soils [218], and a waterlogged bog [219].

While pathogen associated bacterial genera (e.g. Listeria, Vibrio, Escherichia)

were identified to be potential hosts of ARGs, we also saw a diversity of other hosts,

including traditional environmental genera (Figure 2.7). This is in agreement with

a previous study that determined the taxonomic origin of ARGs in activated and

anaerobically digested sludge [220]. The authors identified ARGs from microbiota

belonging to indigenous environmental bacteria and attributed this to horizontal

gene transfer between pathogen and environmental bacteria within the wastewater

treatment plant.

We also identified sites of high ARG diversity, including the reclamation facil-
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ity, MA06, and the non-tidal freshwater creek, MA03 (Figure 2.6). In MA06 most

of the ARGs confer resistance to antibiotics commonly used in clinical and agricul-

tural applications including aminoglycosides, sulfonamides, rifamycins, macrolides,

cephalosporins, fluoroquinolones, and tetracyclines that function through a suite of

resistance mechanisms, including antibiotic inactivation and efflux, as well as an-

tibiotic target alteration, protection, and replacement [107, 221, 222]. This broad

range of resistance is not surprising as wastewater treatment plants are considered

“hotspots” of antimicrobial resistance due to traces of antibiotics in the wastewater

driving selection pressure [220, 223]. One of the most abundant ARGs detected in

the reclaimed water was ErmF, which confers resistance to macrolide-lincosamide-

streptogramin (MLS) antibiotics. These antibiotics are used frequently to treat

Gram-positive infections and have been found to withstand wastewater treatment,

persisting at high levels in the effluent [224,225].

For the freshwater creek sample MA03 we also saw a high ARG diversity.

This is likely due to discharge from a wastewater treatment facility located up-

stream of the sampling location. Previous studies have identified that wastewater

effluent discharge into natural lotic systems may increase the presence of antibiotics,

antibiotic-resistant bacteria, and ARGs downstream [226,227]. A study of the Grote

Beerze River in the Netherlands found increased amounts of antibiotics and ARGs

up to 20 km downstream of an effluent discharge point compared to upstream sam-

ples [227]. However, it is important to note in our study that ARG diversity was not

consistently high throughout the entire sampling period. Due to the limited num-

ber of replicates, it is difficult to determine whether this was the result of changing
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abiotic and biotic factors throughout time or variability in sampling. Nevertheless,

the presence of these genes in irrigation water sources, at any point, raises potential

concerns for their use in agricultural applications and should be investigated further

to determine their dissemination and persistence on food crops.

In addition to pathogenic genes of concern, we leveraged the CRISPR-Cas

system to facilitate an investigation into the bacteria-phage infection history at

each of the sites. Overall, we identified CRISPR arrays at all time points and

sampling locations, suggesting a widespread use of this defense system in bacteria

from surface and reclaimed waters. The tidal brackish river site, MA04, had the

greatest abundance of CRISPR arrays (Figure 2.8). This may reflect the unique

bacterial composition of MA04, which also had the greatest proportion of unique

peptide ORFs (Figure 2.3) in addition to an increased abundance of the dominant

genus Microcystis (Figure 2.2). Previously, CRISPR arrays have been identified

in strains of the cyanobacterium Microcystis aeruginosa isolated from a shallow

eutrophic reservoir [228]. In addition the authors found that the Microcystis spacers

were rarely shared among the strains, which is similar to the results observed in this

study.

Within the CRISPR arrays the majority of spacers were unique to each site,

suggesting specific interactions between phage and hosts. This is likely due to the

native bacteria having adapted to the local phage populations at each site [229]. As

a result, it has been hypothesized that spacers can be used as a molecular fingerprint

to subtype bacteria and potentially track pathogen outbreaks [168]. However, there

were samples across sites that demonstrated shared spacers, with the most apparent
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between the reclaimed water site, MA01, and the freshwater pond site, MA10. This

suggests a similarity in community composition that may be indicative of similar

bacterial lineages and/or environmental exposures. For instance, the reclaimed wa-

ter sites were stored at least temporarily in irrigation ponds/lagoons, which have

similar topographical features to ponds. This may also explain the high percentage

of peptide ORF clustering observed between the two sites (Figure 2.3). However,

this connection needs to be explored in greater detail.

2.5.1 Conclusions

Crucial for the use of surface and reclaimed water sources is knowledge of

their risks to environmental health and food safety. While limited in the number of

biological replicates and time points, this study provides valuable data on bacterial

community and functional composition, phage infection history, and the presence

of pathogenic genes and ARGs in untreated surface and reclaimed waters used in

irrigation activities. These data can be used to inform future studies and support

the implementation of adaptive on-farm technologies (e.g. drip irrigation) that can

reduce the spread of pathogenic microbial components.
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2.6 Figures
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Figure 2.1: Normalized relative abundance of the bacterial taxa present
in reclaimed and untreated surface water sites at each sampling date.
(A) Stacked bar chart depicting the community structure at the phylum
level. (B) Stacked bar chart of the Proteobacteria phyla split into classes.
Sites are grouped by water type and arranged in the order of sampling
date. Normalized abundance measured as contig coverage divided by the
sum contig coverage per million and presented as relative.
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Figure 2.2: Taxonomic heatmap of the bacterial communities present
in reclaimed and untreated surface water sites at each sampling date.
Heatmap based on the log-transformed normalized abundance of the
most dominant genera (>1% in at least one sample). Normalized abun-
dance measured as contig coverage divided by the sum contig coverage
per million.
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Figure 2.4: Functional profiles of bacterial communities present in re-
claimed and untreated surface water sites at each sampling date. (A)
Heatmap of the number of peptide ORFs assigned to the top ten GO
terms for the biological and molecular categories in each sample. The
corresponding GO IDs are presented in parentheses. One peptide ORF
may be matched to multiple GO terms. (B) Normalized abundance of
contigs containing peptide ORFs assigned at each site to the following
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are grouped by water type and arranged in the order of sampling date.
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Figure 2.5: Taxonomic heatmap of the bacteria associated with patho-
genesis GO-terms present in reclaimed and untreated surface water sites
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Figure 2.8: CRISPR array abundance and spacer overlap within and
among reclaimed and untreated surface water sites. (A) Bar plot of the
normalized abundance of contigs containing CRISPR arrays. Bars are
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2.7 Tables

Table 2.1: Descriptions of study sites

Water Type Site ID Catchment Area Description

Pond MA10 Agricultural

Freshwater pond with a maximum
depth of ∼3.35 m and
surface area of ∼0.26 ha

Pond MA11 Agricultural

Freshwater pond with a maximum
depth of ∼3 m and
surface area of ∼0.40 ha

River MA04
Marshland/
Forested

Tidal brackish river flowing
into the Choptank River.
width of ca. 76 m., depth of ∼0.3-0.6 m.

River MA08

Marsh grasses
∼25-50m wide
then pine woods

Tidal brackish river flowing
into the Chesapeake Bay.
width of ∼15 m., depth of ∼2-3 m.
Within 1-1.5 miles downstream
broiler concentrated animal
feeding operations (CAFOs).

Creek MA03

Wooded
Agronomic
cropland

Non-tidal freshwater creek
tributary of the Nanticoke River.
width of ∼3 m., depth of ∼1 m.
Within 1 mile downstream
wastewater treatment discharge facility.

Creek MA07

Flood plain
grasses and
woodland
(hardwood)

Non-tidal freshwater creek
tributary of the Nanticoke River
width of ∼10 m., depth of ∼1 m.
Within 2.5 miles downstream
from CAFO poultry houses.

Reclaimed MA01
Wooded pines
grass lanes

Influent is treated through
activated sludge processing
(Sequential Batch Reactor),
filtration, UV light, chlorination,
and then stored in an open-air lagoon
before land application.

Reclaimed MA02

Agronomic
cropland
(Corn and Soybeans)

Influent is treated through
activated sludge processing
(Sequential Batch Reactor),
filtration, UV light, chlorination,
and then stored in an open-air lagoon
before land application.

Reclaimed MA06 Native grass

Influent is treated through
grinding, activated sludge processing
secondary clarification, and then stored
in an open-air lagoon.
Chlorinated prior to land application.
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Table 2.2: Sampling site characteristics by site and date.

Site ID Sampling Date
Ambient
Temp. ( ◦C) Precipitation (in.)a

Water
Temp. ( ◦C) pH

MA01
10/24/16 17.8 0 16.3 8
11/14/16 12.2 0.05 12.67 7.13

MA02
10/24/16 19 0 17.82 9
11/14/16 11.1 0 15.98 7.3

MA06
10/24/16 13.9 0 18.97 7.14
11/14/16 10 0 11.2 7.32

MA03
10/10/16 14.4 0 15.46 6.62
10/24/16 20 0 14.66 8.04
11/14/16 11.7 0 10.06 7.65

MA07
10/10/16 14.4 0 14.31 6.48
10/24/16 21.1 0 15.17 8.05
11/14/16 12.8 0 9.54 7.55

MA04
10/10/16 12.8 0.25 10.49 7.19
10/24/16 17.8 0.01 16.48 7.26
11/14/16 19.4 0 13.23 7.41

MA08
10/10/16 9.4 0 14.14 7.94
10/24/16 16.1 0 14.49 7.3
11/14/16 5.6 0.12 6.28 5.9

MA10
10/10/16 10 0 18 7.59
10/24/16 17.2 0 19.83 7.7
11/14/16 10.6 0 10.9 7.56

MA11
10/10/16 16 0 18.33 7.5
10/24/16 15 0 18.4 7.71
11/14/16 12 0 11.2 7.86

aPrecipitation 24 hr prior to sampling
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Table 2.3: Sequencing effort and assembly characteristics.

Site ID
Sampling
Date

no.
Read Pairs

no.
Contigs

Mean
Contig
Size

Median
Contig
Size

Max
Contig
Size % GC

MA01
10/24/16 31,266,431 672,177 528 333 96,619 60
11/14/16 35,432,350 655,732 505 319 366,989 45

MA02
10/24/16 54,186,842 713,283 403 299 302,568 49
11/14/16 39,765,597 521,318 350 261 346,809 44

MA06
10/24/16 28,245,595 306,996 407 300 169,877 52
11/14/16 43,345,116 600,037 587 330 363,489 49

MA03
10/10/16 35,372,707 342,129 382 298 65,404 51
10/24/16 30,597,692 378,757 527 321 272,084 49
11/14/16 28,800,485 313,464 601 323 564,267 48

MA07
10/10/16 27,006,964 289,868 376 301 19,150 51
10/24/16 24,222,993 404,914 515 329 177,909 47
11/14/16 28,830,706 278,159 426 306 79,768 53

MA04
10/10/16 127,815,317 569,628 474 326 136,266 52
10/24/16 30,063,212 494,474 492 328 710,391 57
11/14/16 30,310,282 576,622 561 336 448,625 53

MA08
10/10/16 35,208,468 312,378 466 307 130,837 53
10/24/16 30,241,203 475,763 490 326 109,586 51
11/14/16 45,151,333 799,931 430 298 140,426 46

MA10
10/10/16 26,751,522 480,211 338 273 152,051 45
10/24/16 28,003,231 425,677 546 322 496,485 49
11/14/16 27,979,092 376,297 620 345 245,098 45

MA11
10/10/16 60,316,235 656,403 482 305 554,432 51
10/24/16 23,901,357 363,433 482 330 230,703 51
11/14/16 30,588,769 375,796 631 335 614,325 46
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Chapter 3: Agricultural Freshwater Pond Supports Diverse and Dy-

namic Bacterial and Viral Populations

Jessica Chopyk, Sarah Allard, Daniel J Nasko, Anthony Bui, Emmanuel F Mon-

godin, and Amy Rebecca Sapkota. Agricultural freshwater pond supports diverse

and dynamic bacterial and viral populations. Frontiers in Microbiology, 9:792, 2018.

3.1 Abstract

Agricultural ponds have a great potential as a means of capture and storage

of water for irrigation. However, pond topography (small size, shallow depth) leaves

them susceptible to environmental, agricultural, and anthropogenic exposures that

may influence microbial dynamics. Therefore, the aim of this project was to charac-

terize the bacterial and viral communities of pond water in the Mid-Atlantic United

States with a focus on the late season (October to December), where decreasing

temperature and nutrient levels can affect the composition of microbial communi-

ties. Ten liters of freshwater from an agricultural pond were sampled monthly, and

filtered sequentially through 1 and 0.2 µm filter membranes. Total DNA was then

extracted from each filter, and the bacterial communities were characterized using

16S rRNA gene sequencing. The remaining filtrate was chemically concentrated
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for viruses, DNA-extracted, and shotgun sequenced. Bacterial community profiling

showed significant fluctuations over the sampling period, corresponding to changes

in the condition of the pond freshwater (e.g., pH, nutrient load). In addition, there

were significant differences in the alpha-diversity and core bacterial operational tax-

onomic units (OTUs) between water fractions filtered through different pore sizes.

The viral fraction was dominated by tailed bacteriophage of the order Caudovirales,

largely those of the Siphoviridae family. Moreover, while present, genes involved in

virulence/antimicrobial resistance were not enriched within the viral fraction during

the study period. Instead, the viral functional profile was dominated by phage asso-

ciated proteins, as well as those related to nucleotide production. Overall, these data

suggest that agricultural pond water harbors a diverse core of bacterial and bacte-

riophage species whose abundance and composition are influenced by environmental

variables characteristic of pond topography and the late season.

3.2 Introduction

Growing urbanization and climate variability have placed immense pressure on

the finite supply of groundwater available for agricultural irrigation. As a result, the

exploration of alternative irrigation water sources, including recycled water and pond

water, has become a global priority [230–232]. While there is no universal standard,

ponds are generally defined as small (∼1 m2 to 50,000 m2), shallow, standing water

bodies that can either permanently or temporarily collect freshwater [23–25]. These

small water bodies are known to house a rich tapestry of aquatic plant and macroin-
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vertebrate species, even greater than that of other larger water bodies (e.g., lakes

and rivers) [23]. Moreover, the high terrestrial and aquatic interchange of ponds

may enable both small free-living (>1 µm) and large/particle-associated bacteria to

proliferate [233, 234]. Therefore, assessing the microbial diversity and interactions

of these complex water bodies is a critical first step with regard to completing a

comprehensive characterization of pond biodiversity, and evaluating the suitability

of pond freshwater for agricultural applications, such as the irrigation of food crops.

A growing body of literature has defined several bacterial phyla that are abundant in

freshwater and markedly different from that of marine systems [118, 119]. Previous

studies have reported a widespread distribution of Actinobacteria (lineage acI and

acIV) among various freshwater sites, in some cases composing greater than 50%

of the total bacterial community abundance [119, 126]. The Proteobacteria phylum

in freshwater is also abundant, composed largely of Betaproteobacteria. This is in

contrast to marine systems where Alphaproteobacteria typically dominates [119].

Furthermore, aquatic microbial communities are influenced by a variety of seasonal

factors, such as pH, temperature, and water retention time [127, 128], as well as

top-down regulation from predators (e.g., bacteriophage) [129, 130]. However, the

majority of studies on the bacterial community composition of freshwater habitats

come from large lakes and rivers, and very few have included an analysis of viral

populations.

Bacteriophage, viruses that infect bacteria, are the most abundant biological

entities in aquatic systems and play an important role in microbial community

composition and ecology [235, 236]. For instance, phage lysis results in the release
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of the host’s internal cellular contents (e.g., organic carbon, nitrogen), which then

becomes a part of the pool of dissolved organic material (DOM). This phenomenon,

known as the viral shunt, increases the level of available DOM for other microbes and

is suggested to promote bacterial respiration and growth [51, 52]. Several studies

have surveyed viral diversity through the use of widely, although not universally,

distributed marker genes, such as polA. Family A DNA polymerase, polA, which

encodes the Pol I protein, is the principal polymerase for phage genome replication,

and is suggested to be predictive of viral lifestyle based off a single amino acid

substitution [97, 237, 238]. A phenylalanine (wildtype) or tyrosine at amino acid

position 762 (relative to Escherichia coli) is predictive of virulent phage (i.e., lytic

replication), while a leucine substitution at this site seems to be predictive of a

temperate lifestyle (i.e., lysogenic replication) [238]. Other studies have surveyed

viral communities and diversity through shotgun sampling of genomic DNA from

viral concentrates [97].

Similar to most bacterial analyses, the majority of studies of viral metagenomes

(viromes) have been created from marine samples, which have provided astounding

insights into how phage affect the ecology and biology of their hosts [51, 132]. In

addition, there have been several viromes created from large freshwater lakes in

the Artic [133], the Antarctic [95], France [134], North America [135–138], and

Ireland [139]. While limited in their scope, these studies have provided some of

the first data on freshwater phage ecology, demonstrating that, like their hosts,

phage diversity is influenced by environmental factors. However, only a few studies

have evaluated freshwater viromes from small lakes/ponds and fewer have looked
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at freshwater viromes in conjunction with a temporal analysis of fine scale host

diversity [145,239].

Therefore, we aimed to assess the bacterial and viral components of a tem-

perate agricultural pond in the Mid-Atlantic, United States during the late growing

season (October to December), a time when declining temperature and nutrient lev-

els may impact the structure and function of the microbial assemblages. Specifically,

we used 16S rRNA gene and shotgun metagenomic sequencing to: (i) survey the bac-

terial consortium utilizing different filter pore sizes (1 and 0.2 µm); (ii) characterize

the diversity and abundance of the bacteriophage within the viral community; and

(iii) compare the phylogeny of pond viromes across time using the phylogenetically

relevant, and biologically meaningful, Pol I protein.

3.3 Materials and Methods

3.3.1 Study site and sample collection

Ten-liter water samples were collected in October 2016, November 2016, and

December 2016 from a temperate freshwater agricultural pond in central Maryland,

United States (maximum depth of ∼3.35 meters and a surface area of ∼0.26 ha). A

Honda WX10TA (32 GPM) water pump was used to collect water 15 to 30 cm below

the surface into a sterile polypropylene carboy. Samples were kept in the dark at

4 ◦C and processed within 24 h of collection. In addition, a ProDSS digital sampling

system (YSI, Yellow Springs, OH, United States) was used to measure, in triplicate:

the water temperature ( ◦C), conductivity (SPC uS/cm), pH, dissolved oxygen (%),
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oxidation/reduction potential (mV), turbidity (FNU), nitrate (mg/L), and chloride

(mg/L).

3.3.2 Sample preparation

Viral and microbial fractions were separated through peristaltic filtration fol-

lowed by an iron-based flocculation and resuspension of viral particles. Two 142

mm polycarbonate in-line filter holders (Geotech, CO, United States), one equipped

with a 142-mm diameter Whatman 1 µm polycarbonate filter (Sigma-Aldrich, MO,

United States) and one with a 142-mm diameter 1 µm polycarbonate filter followed

by the 0.2 µm membrane filter using a Watson Marlow 323 Series Peristaltic Pump

(Watson-Marlow, Falmouth, Cornwall, United Kingdom). No prefiltration steps

were conducted prior to the sample processing described above. After filtration,

both filters (1 and 0.2 µm) were dissected into four equal quadrants and stored at

−80 ◦C until DNA extraction. The iron chloride procedure [240] was then used on

the resulting filtrate to concentrate viral particles. Briefly, 1 mL FeCl3 solution (4.83

g FeCl3 into 100 ml H2O) was added to the filtered pond water and incubated in

the dark for 1 h. Flocculated viral particles were then filtered onto 142-mm 1 µm

polycarbonate filters (Sigma-Aldrich, MO, United States) and stored at 4 ◦C in the

dark until resuspension. For viral resuspension, filters were rocked overnight at 4 ◦C

in 10 mL of 0.1M EDTA-0.2M MgCl2-0.2 M Ascorbate Buffer, described in detail

elsewhere [240]. To ensure total removal of free DNA contamination, resuspended

viral particles were subjected to a DNase I (Sigma-Aldrich, MO, United States)
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treatment for 2 h and again passed through a 33-mm diameter sterile syringe filter

with a 0.2 µm pore size (Millipore Corporation, MA, United States).

3.3.3 Viral DNA extraction and shotgun sequencing

For the virome analysis, DNA was extracted from 500 µl of the treated viral

concentrate using the AllPrep DNA/RNA Mini Kit (Qiagen, CA, United States) per

the manufacturer’s instructions and quantified with a HS DNA Qubit fluorescent

concentration assay. For each sample, DNA was used in the tagmentation reaction,

followed by 13 cycles of PCR amplification using Nextera i7 and i5 index primers and

2 µl Kapa master mix per the modified Nextera XT protocol. The final libraries were

then quantitated by KAPA SYBR FAST qPCR kit and sequenced on the Illumina

HiSeq 4000 (Illumina, San Diego, CA, United States).

3.3.4 Microbial DNA extraction, 16S rRNA gene PCR amplification,

and sequencing

For the 16S rRNA gene analysis, DNA was extracted from each of the four filter

quadrants from the 1 and 0.2 µm filters utilizing an enzymatic and mechanical lysis

procedure described in detail elsewhere [158]. The V3-V4 hypervariable region of the

16S rRNA gene was PCR-amplified and sequenced on the Illumina HiSeq (Illumina,

San Diego, CA, United States) utilizing a dual-indexing strategy for multiplexed

sequencing developed at the Institute for Genome Sciences [241], described in detail

elsewhere [159]
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3.3.5 16S rRNA gene data analysis

16S rRNA gene reads were initially screened for low quality bases and short

read lengths [241], paired reads were merged using PANDAseq [242], de-multiplexed,

trimmed of artificial barcodes and primers, and assessed for chimeras using UCHIME

in de novo mode, as implemented in Quantitative Insights Into Microbial Ecology

(QIIME; version 1.9.1-20150604) [243]. Quality-controlled reads were clustered at

97% de novo into operational taxonomic units (OTUs) with the SILVA 16S database

[244] in QIIME [243]. All sequences taxonomically assigned to chloroplasts were

removed from further downstream analysis. When appropriate, data was normalized

using metagenomeSeq’s cumulative sum scaling to account for uneven sampling

depth [245].

To visualize the relative abundance of bacterial phyla, stacked bar charts were

generated using ggplot2. In addition, bacterial taxa were summarized at the genera

level in QIIME (level = 6) and those with a maximum relative abundance greater

than 1% in at least one sample were used to build a heatmap via R (ver. 3.3.2) and

vegan heatplus [246]

Significance tests were conducted using a Tukey’s HSD Test between filter size

fractions and among sampling dates. Additionally, Pearson correlation coefficients

were calculated to identify associations between the water characteristics and the

relative abundance of the bacterial phyla/genera.

Alpha diversity was calculated using the R packages: Bioconductor [247],

metagenomeSeq [245], vegan [248], phyloseq [249], fossil [250], biomformat [249,251],
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and ggplot2 [183] on data rarefied to an even sampling depth (55,307 sequences) and

tested for significance using a Tukey’s HSD Test.

Beta diversity was determined through principle coordinates analysis (PCoA)

plots of Bray-Curtis, Weighted and Unweighted UniFrac distances calculated using

the R package phyloseq and tested for significance with ANOSIM (9,999 permuta-

tions) [249,252–254].

Core bacterial OTUs for each filter fraction, and the sample as a whole,

were defined as OTUs in 100% of samples determined with QIIME’s compute core

microbiome.py script [244]. Core OTUs were then visualized using ggplot2, and

Krona [183,255].

3.3.6 Virome metagenomic analysis

The paired-end reads were quality trimmed using Trimmomatic (ver. 0.36)

[175], merged with FLASh (ver. 1.2.11) [176], and assembled de novo with metaS-

PAdes (ver. 3.10.1) without read error correction [177]. Taxonomic classifications

were assigned to contigs by searching predicted peptide open reading frames (ORFs)

against the peptide SEED and Phage SEED databases (retrieved 11/17/2017) [256].

Briefly, peptide ORFs were predicted from virome contigs using MetaGene [104] and

were searched against the SEED and Phage SEED databases using protein-protein

BLAST (BLASTp ver. 2.6.0+) (E value ≤ 1e-3) [105]. Taxonomy was assigned to

contigs using ORF BLASTp hits to SEED sequences with NCBI taxonomy IDs. A

contig is assigned the NCBI taxonomy ID with the maximum sum bit score across
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all ORF BLASTp hits in the contig.

Functional classifications were assigned to peptide ORFs by searching pre-

dicted peptide ORFs against the same peptide SEED database. Peptide ORFs were

searched against the SEED databases using BLASTp (E value 1e-3). Peptide ORFs

were assigned to a SEED subsystem with the maximum sum bit score among all of

the ORF’s hits. Only functions associated with viral hits were considered for this

analysis.

Counts for taxonomy and functions identified in each virome are based on

normalized contig and peptide ORF abundances, respectively. The abundance for

each contig was estimated by recruiting all quality controlled reads to the assembled

contigs using Bowtie2 (ver. 2.3.3) in very sensitive local mode [180]. Coverage for

each contig was calculated using Samtools depth [257] and a custom parser avail-

able at https://github.com/dnasko/baby virome. ORF abundances are calculated

by computing the coverage of the contig within the ORF’s start and stop coordi-

nates. To compare abundance measurements between viromes they are normalized

to account for sequencing effort and assembly/recruitment proficiency. Briefly, each

contig/ORF’s coverage is divided by the giga base pairs (Gbp) of reads able to re-

cruit back to contigs/ORFs. Taxonomic and functional data were visualized using

ggplot2 [183]. Additionally, Pearson correlation coefficients were calculated to iden-

tify the associations between the water characteristics and the abundance of the

predicted viral taxa.

For the phylogenetic marker gene, predicted peptide ORFs were queried against

Pol I UniRef90 [106] clusters using protein-protein BLAST (BLASTp) [105] with an
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E value cutoff ≤ 1e-5. Significant hits were filtered based on length (≥ 100 amino

acids) and then confirmed to be Pol I via NCBI’s Conserved Domain BLAST online

tool [258]. The sequences were then aligned with MAFFT using the FFT-NS-i-1000

algorithm [186]. To obtain biologically meaningful data on the Pol I-containing

phage, a region of interest (I547 to N923 in E. coli IAI39) containing the Phe762

position relative to E. coli IAI39 was selected and used to create an unrooted max-

imum likelihood tree with 100 bootstrap replicates using Geneious 6.0.5 [259] with

PhyML [260]. Those with a Phe762 or Tyr762 were defined as generally virulent

phage, while those with a Leu762 were defined as generally temperate [238]. Abun-

dances for each Pol I peptide were calculated as described above.

3.3.7 Data deposition

16S rRNA gene sequences were deposited in NCBI Sequence Read Archive

under the accession numbers SRX3387709-SRX3387732. Viral metagenomic reads

were also deposited in NCBI’s Sequence Read Archive under the accession numbers

SRS2698857, SRS2698856, and SRS2698858.

3.4 Results

3.4.1 Water characteristics

Water properties are described in Table 3.1. Overall, ambient temperature

during sampling, water temperature, nitrate and chloride levels, and turbidity de-

creased during the study period. Conversely, pH, precipitation levels, conductivity

74



(SPC uS/cm), oxidation/reduction potential (mV), and dissolved oxygen (%) were

highest in December.

3.4.2 16S rRNA gene sequencing effort

In total, 24 samples were PCR-amplified for the 16S rRNA gene and sequenced:

four quadrants each from the 1 and 0.2 µm filters from each sampling date (Octo-

ber, November, and December). After sequence quality filtering, 7,489 OTUs (97%

identity) were identified from a total of 2.5 million sequences across all samples,

with an average number of ∼103,000 (± ∼36,000 SD) sequences per sample and an

average of ∼2,100 (± ∼500) OTUs.

3.4.3 Bacterial community composition and temporal variations

The most abundant pond water phyla were Actinobacteria, Proteobacteria, and

Bacteroidetes in all samples, however, their average relative abundance fluctuated

over the time course and between filter pore sizes (Figure 3.1 and Table 3.2). For

instance, Actinobacteria was significantly (p ≤ 0.05) higher at all time points in the

0.2 µm fraction, whereas Chloroflexi, Firmicutes, Cyanobacteria, and Proteobacteria

were significantly higher in the 1 µm fraction at all time points (Figure 3.1 and

Table 3.1). From October to December in both fractions the relative abundance of

Bacteroidetes increased significantly (p ≤ 0.05), whereas TM7 and Cyanobacteria

decreased 3.3).

At the genera level, summarized via QIIME, there were 31 taxa that were
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greater than 1% in at least one sample Figure 3.1 . Of these, eight had a sig-

nificantly (p ≤ 0.05) higher relative abundance at all time points in the 0.2 µm

fraction than the 1 µm fraction (ACK.M1, Limnohabitans, Microbacteriaceae, Sed-

iminibacterium, Polynucleobacter, Actinomycetales, Cytophagaceae, ZB2 ), while six

were significantly (p ≤ 0.05) greater in the 1 µm fraction compared to the 0.2 µm

fraction (Synechococcus, Chitinophagaceae, Dolichospermum, Rhizobiales, SC.I.84,

Gemmataceae) (Figure 3.1 and Table 3.4).

Moreover, within each fraction there were significant (p ≤ 0.05) changes in the

relative abundance of the bacterial taxa over the sampling period (Figure 3.1 and

Table 3.5). For instance, in the 1 and 0.2 µm fractions, ACK.M1, Fluviicola, Sph-

ingomonadales, Dolichospermum, Flavobacterium, Bacteroidetes, SC.I.84, and Be-

taproteobacteria increased significantly (p ≤ 0.05) from October to December, while

C111, Synechococcus, Chitinophagaceae, Rhodoluna, Actinomycetales, Rhodobacter,

Rhizobiales, Mycobacterium, Rhizobiales, SC3, and Gemmataceae decreased signif-

icantly (p ≤ 0.05). In addition to the taxa above, in the 1 µm fraction there was

also a significant (p ≤ 0.05) increase in Comamonadaceae and Polynucleobacter and

a significant decrease in Sphingobacteriales and OD1 between the October and De-

cember sampling dates. For the 0.2 µm fraction, there was also a significant (p ≤

0.05) increase in the relative abundance of Sediminibacterium, Cytophagaceae, ZB2,

and ABY1 between the October and December sampling dates.
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3.4.4 Relationships between water characteristics and bacterial abun-

dance

Despite the small sample size (n = 3), several bacterial phyla showed signifi-

cant correlations (p ≤ 0.05) with the measured water characteristics Figure 3.2. In

both filter fractions, the relative abundance of Actinobacteria was negatively cor-

related with the level of dissolved oxygen. In just the 1 µm fraction, the relative

abundance of Verrucomicrobia and Proteobacteria were positively correlated with

dissolved oxygen and pH, respectively, while TM7 was positively correlated with

both water temperature and turbidity. In addition, in just the 0.2 µm fraction,

the relative abundance of Firmicutes showed positive correlations with pH and ox-

idation/reduction. Conversely, the relative abundance of Bacteroidetes, TM7, and

OD1 were negatively related to, chloride, pH, and nitrate, respectively (p ≤ 0.05).

At the genera level in both filter fractions, Synechococcus was positively correlated

with nitrate (Figure 3.2).

3.4.5 Bacterial alpha diversity

Alpha diversity was computed for Observed OTUs and Shannon diversity and

tested for significance between filter size and over time within each fraction (Figure

3.3). Despite the 0.2 µm fraction containing significantly higher levels of some of the

dominant genera, the 1 µm fraction had a significantly higher Shannon index and

observed OTU value in the November and December (p ≤ 0.05) samples (Figure
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3.3). When testing within each fraction over time, the Shannon index values in the

1 µm fraction were significantly (p ≤ 0.05) higher in October than November. In the

0.2 µm fraction the Shannon index values were significantly higher in October than

both November and December (Figure 3.3). However, the Observed OTU values

in the 1 µm fraction were significantly higher in December than both October and

November, while in the 0.2 µm fraction December was only significantly higher than

November.

3.4.6 Bacterial beta diversity

Beta diversity comparisons using PCoA plots of Bray-Curtis distances com-

puted for all samples revealed significant clustering by date (R = 0.94, p = 0.001)

along axis 1, which accounted for nearly 45% of the variation (Figure 3.4). Samples

along axis 2 (17% of the variation) appeared to cluster by filter size (1 µm vs. 0.2

µm). This trend was also observed both utilizing weighted (R = 0.7458, p = 0.001)

and unweighted (R = 0.8524, p = 0.001) UniFrac (Figure 3.4) distances. Addition-

ally, within each date, samples clustered by filter pore size: December (R = 1, p =

0.022), November (R = 1, p = 0.022), and October (R = 1, p = 0.029) (Figure 3.5).

3.4.7 Core OTUs

There were 277 core OTUs present in the farm pond water over the 3 months

across both fractions (Figure 3.6). These were largely Actinobacteria (127 OTUs),

followed by: Proteobacteria (82 OTUs), Bacteroidetes (43 OTUs), TM7 (9 OTUs),
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OD1 (4 OTUs), Verrucomicrobia (2 OTUs), Firmicutes (2 OTUs), Chloroflexi (2

OTUs), Cyanobacteria (1 OTU), WS5 (1 OTU), SR1 (1 OTU), GN02 (1 OTU),

Fusobacteria (1 OTU), and Chlamydiae (1 OTU). For the 0.2 µm fraction, there

was a unique core of 152 OTUs, largely Actinobacteria (90 OTUs), followed by Pro-

teobacteria (33 OTUs), and Bacteroidetes (23 OTUs), Verrucomicrobia (2 OTUs),

TM7 (1 OTU), GN02 (1 OTU), Chlamydiae (1 OTU), and Spirochaetes (1 OTU).

The unique core for the 1 µm fraction was more diverse in bacterial phyla com-

pared to the 0.2 µm. It consisted largely of Proteobacteria (78 OTUs), followed

by Actinobacteria (16 OTUs), Bacteroidetes (16 OTUs), Cyanobacteria (6 OTUs),

Firmicutes (6 OTUs), Chloroflexi (5 OTUs), TM7 (5 OTUs), Planctomycetes (4

OTUs), Acidobacteria (4 OTUs), Verrucomicrobia (3 OTUs), Gemmatimonadetes

(2 OTUs), OD1 (1 OTU), and WS5 (1 OTU).

When looking at the core bacterial taxa at a lower taxonomic level, in the 0.2

µm fraction the Actinobacteria OTUs were dominated by Actinomycetales ACK-

M1 (70%), followed by Rhodoluna (4%) under the family Microbacteriaceae (Figure

3.7). The Proteobacteria were largely Limnohabitans (24%) and Polynucleobacter

(30%) and the Bacteroidetes were Sediminibacterium (22%) and a large unclassified

family of Cytophagaceae (35%) (Figure 3.7). Within the unique core of the 1 µm

fraction, the only prominent genus of the Proteobacteria was Rhobacter at 5%, fol-

lowed by Novosphingobium at 3% and 17 other genera (each at 1%) (Figure 3.7). At

a higher taxonomic level, a family of largely unclassified Rhizobiales was also abun-

dant (23%). The Actinobacteria were dominated by Acidimicrobiales C111 (25%),

Solirubrobacterales (13%), and a large proportion of mostly unclassified Actinomyc-
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etales (44%). Finally, in the Bacteroidetes phylum of the 1 µm fraction there was

mostly Fluviicola at 13%, as well as Leadbetterella, Runella, and Sediminibacterium,

which were each at 6%.

3.4.8 Shotgun sequencing effort and assembly

Each sample from the viral fraction was sequenced on the Illumina HiSeq for a

total of 89,645,509 read pairs (35,522,822 from October; 32,988,451 from November;

21,134,236 from December). We assembled the reads from all sampling dates to

construct a total of 872,200 contigs (272,687 from October; 409,758 from November;

189,755 from December). The mean contig length was 593 nucleotides in October

(range from 55 to 366,802 nucleotides), 641 in November (range from 55 to 286,691

nucleotides), and 655 in December (range from 55 to 331,733 nucleotides). The

GC content was similar among the three sampling dates: October (Mean 46.51%,

Median 45.42%); November (Mean 46.18%, Median 45.59%); and December (Mean

46.12%, Median 45.21%).

3.4.9 Viral taxonomic composition and abundance

Similar to other studies, a large portion of the assembled contigs within the

viral fraction had no known homologs (42% October, 51% November, and 42%

December could be assigned taxonomy) [261]. For those that did have a hit we

calculated the normalized abundance. From this we found that 47% (October),

27% (November), and 53% (December) of the assigned taxonomic composition were
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homologous to viruses; the vast majority of which were from the dsDNA bacterio-

phage Caudovirales (99%, 98%, and 99%) (Figure 3.8). Within the Caudovirales,

Siphoviridae dominated at all time points followed by Myoviridae and then Podoviri-

dae. Other viral categories included those homologous to ssDNA viruses Inoviridae,

dsDNA viruses Tectiviridae, Ligamenvirales, Bicaudaviridae, and Figure 3.8). For

the dominant viral families (Podoviridae, Siphoviridae, and Myoviridae), there were

no water characteristic that significantly correlated with their abundances; how-

ever, there were several bacterial taxa whose relative abundance correlated with the

abundance of the dominant viral families (Figure 3.9). For instance, at the phylum

level the relative abundance of OD1 in the 1 µm fraction negatively correlated with

the abundance of Siphoviridae, while in the 0.2 µm the relative abundance of TM7

negatively correlated with the abundance of Podoviridae (Figure 3.9).

3.4.10 Viral functional composition

Peptide ORFs from the virus-assigned contigs were functionally annotated us-

ing the SEED Subsystems [256]. Again, to compare these viral categories across

the three months, we calculated the normalized abundance for each of the pep-

tide ORFs assigned to the SEED functional categories (Figure 3.8). While peptide

ORFs homologous to virulent genes were present (e.g., Multidrug Resistance Efflux

Pumps, Zinc Resistance, Copper Homeostasis) they were not abundant within the

time period. The majority (93% October, 80% November, and 92% December) were

Phage Elements, defined by the SEED subsystem hierarchy [256] as either “Phages,
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Prophages, Transposable elements” , which were largely phage structural genes (e.g.,

capsid, scaffolding) or “Phages, Prophages, Transposable elements, and Plasmids”,

which were genes related to phage replication and packaging (e.g., terminase, inte-

grase, helicase, primase). This was followed by “Nucleosides and Nucleotides” (4%

October, 6% November, and 5% December), which were largely genes involved in

ribonucleotide reduction.

3.4.11 Viral marker gene: Polymerase A

A total of 842 confirmed Pol I peptides were extracted from our assembled pond

water viromes (271 October, 320 November, and 251 December). From these, only

228 spanned the region of interest and were included in the phylogenic analysis: 68

in October, 83 in November, and 77 in December. The phylogenetic analysis (Figure

3.10) showed that the Pol I peptides grouped largely by their 762 position, whereas

the sampling dates were distributed among the different clades. Again, to compare

the Pol Is we calculated the normalized abundance for each. While the majority of

Pol I peptides had the Leu substitution at the 762 site (184), followed by Tyr (27)

and then the wildtype Phe (17), the clade at the highest abundance was those with

the wildtype Phe mutation. Because this clade was so abundant, we used BLASTp

to assess the top hit, which were uncultured bacteriophage from the Dry Tortugas

surface water [238] and the seawater collected from the deep chlorophyll maximum

of the Mediterranean Sea [262] (E value < 1e -300).
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3.5 Discussion

While ponds represent a potential source of irrigation water, provided ade-

quate filtering and monitoring technologies are employed, it is important to keep

in mind their role in the ecosphere. Their small size and shallow depth enables

a complex community of aquatic plants and macroinvertebrate species, as well as

an interacting community of microorganisms. However, changing water levels and

anthropogenic factors associated with irrigation systems may interrupt the delicate

balance of microbial life, which can ultimately impact higher trophic levels. There-

fore, it is critical to carefully manage our use, or contamination, of these systems in

search of irrigable water.

Here, the studied pond was dominated by Actinobacteria, Proteobacteria, and

Bacteroidetes, common phyla found in most freshwater lakes [119]. However, as

the late season progressed there appeared to be changes in the bacterial commu-

nity composition that correlated with specific environmental factors. For instance,

Actinobacteria fluctuated throughout the sampling period, and was negatively cor-

related with the percentage of dissolved oxygen (Figure 3.1, 3.2). A previous study

of the Luhuitou fringing coral reef also reported a negative correlation between dis-

solved oxygen and the abundance of several Actinobacteria species that may be due

to their anaerobic capabilities [263]. This relationship may help to explain the fluc-

tuations in freshwater Actinobacteria abundances and diversity described in other

seasons [264, 265]. At a lower taxonomic level, the relative abundance of Syne-

chococcus decreased significantly throughout the late season (Figure 3.1). This is
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not surprising as the growth rate of Synechococcus is known to decrease with tem-

perature and nitrogen levels, which occurred during the sampling period [266,266].

While the changes in relative abundance described above were apparent in

both filter fractions (1 and 2 µm), there were differences in alpha diversity, beta

diversity, and core bacterial composition between the two fractions (Figures 3.3,

3.4, 3.6). For instance, the 0.2 µm core microbiota was dominated by Actinobac-

teria, largely Actinomycetales ACK-M1, a known representative in most freshwater

habitats [267] and free-living Proteobacteria, Limnohabitans, and Polynucleobac-

ter, [268–270]. Whereas, the core of the 1 µm filter fraction was dominated by a

diverse set of Proteobacteria, largely of the order Rhizobiales and Rhodobacteriales,

previously found to dominate the particle-associated fraction in a marine pelagic

trench [271].

Furthermore, the bacterial richness was significantly higher in the 1 µm frac-

tion in December and November (Figure 3.3). This suggests that the diversity of

the large/attached bacteria recovered from the 1 µm filter were greater in the later

months (November and December) compared to the smaller/free-living bacterial

communities of the 0.2 µm filter. This increased diversity in the larger fraction

agrees with studies investigating the differences between the particle-associated and

free-living bacteria in other aquatic systems, such as the Baltic and Mediterranean

Seas [265,272]. While the alpha diversity trends were similar between the two filter

fractions, the increasing richness was more prominent in the 1 µm filter fraction.

There can be several factors that may influence this discrepancy in temporal diver-

sity, such as changing protozoan grazing rates and/or viral lysis impacting the mi-
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crobial food web [270,273]. Additionally, it can be suggested that the attached/large

bacteria of the 1 µm fraction may have been better equipped to compete in an envi-

ronment of decreased water temperature, nitrate, and chloride levels (Figure 3.1). In

fact, previous studies have reported particle-associated bacteria have larger genomes

compared to streamlined free-living bacteria [274]. This reservoir of genetic material

may allow for a more adaptive lifestyle in the face of changing conditions, competing

bacterial populations and predators.

The viral fraction was dominated by sequences homologous to the tailed, dou-

ble stranded DNA bacteriophage of the order Caudovirales (Figure 3.8). Within the

Caudovirales order, however, the family of generally temperate Siphoviruses was

the most abundant at each time point. This is in contrast to other freshwater sys-

tems, where Myoviruses and Podoviruses (Lakes Ontario, Erie, Matoaka, and Michi-

gan [136,137,145] were found to dominate. Conversely, Siphoviruses were reported

to be abundant in sediments [115] and terrestrial subsurface environments [116].

Siphovirus abundance within the pond water sampled here may reflect the pond’s

unique topography compared to larger lakes. Ponds and small lakes have a higher

terrestrial-aquatic interchange than larger freshwater systems due to their close con-

tact with the adjacent terrestrial environment [233,275]. This large littoral zone may

promote the influx of terrestrial/sediment Siphoviruses. Additionally, because the

dominant lifecycle of cultured Siphoviruses [276] is lysogenic, their abundance may

be indicative of environmental stress, (e.g., changes in nutrients, pH or temperature)

activating the lytic-lysogenic switch and thus increasing their presence in the free

phage fraction [277]. This agrees with the phylogenetic analysis of the informative
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viral marker gene family A DNA polymerase, polA (Pol I protein). In this case, the

Pol I proteins were temporally persistent and dominated by the Leu762 mutation,

suggested to be indicative of temperate phage (Figure 3.10) [238].

This abundance of temperate phage is important to note as they can alter

the genetic architecture of their hosts, which can in turn influence the surround-

ing microbial community and environment. For instance, temperate phage can

transduce bacterial DNA and potentially alter host biology, encoding virulence and

antibiotic resistance genes [71, 278]. In this case, while present, genes involved in

virulence/antimicrobial resistance were not enriched within the viral fraction during

the study period (Figure 3.8). However, the samples did contain a high abundance

of genes involved in Nucleosides and Nucleotides production, largely ribonucleotide

reduction genes. This is not surprising as ribonucleotide reductases (RNRs) have

been observed frequently within aquatic viral metagenomic libraries and namely in

Myoviruses [279,280,280].

From these data we were able to characterize the bacterial and viral taxonomic

and functional components within an agricultural pond over time. In several cases,

we observed the abundance of the dominant viral families correlated with the rel-

ative abundance of bacterial taxa. However, more work is necessary to track and

model these interacting species. A more thorough analysis connecting phage with

their hosts, such as through the use of the Clustered regularly interspaced short

palindromic repeats (CRISPR) system, is warranted to provide a more nuanced as-

sessment of their relationship in pond water and potential impact in the microbial

food web (e.g., viral shunt). Additionally, other parameters like phosphate, dissolved
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organic carbon, chlorophyll concentration, and protozoan grazing rates might also

exert some influence on the temporal dynamics observed here and should be included

in future studies of freshwater ponds. Overall, this analysis serves as a baseline of

the diversity and dynamics of three distinct microbial fractions in agricultural pond

water.
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3.6 Figures

Figure 3.1: Bacterial community comporsition and diversity of 1 and 0.2
µm filter fractions over time. (A) Stacked bar chart of the relative abun-
dance of the bacterial community composition at the phylum level within
pond samples from each month (October, November, and December) and
each filter fraction. (B) Heatmap based on the relative abundance of the
bacterial community composition at the genus level. Displayed are gen-
era or lowest available taxonomic assignments representing more than
1% in at least one of the pond samples. Pooled samples are clustered
using Manhattan distance. Color key depicts the spectrum of relative
abundance with a histogram of the counts of individual values.
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Figure 3.2: Heatmaps of the Pearson’s correlation coefficients between
the water characteristics and relative abundance of bacterial (A) phyla
and (B) genera for the 1 µm and 0.2 µm filter fractions. Color gra-
dients reflect the different values of Pearson’s correlation coefficients.
MV: Oxidation/reduction (mV), SPC: Conductivity (SPC uS/cm), DO:
Dissolved Oxygen (%).
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Figure 3.3: Alpha diversity for each filter fraction in late season pond
water. Bar charts of alpha diversity measured using (A) Shannon index
and (B) Observed OTUs. Color denotes filter pore size, either 1 µm (or-
ange) or 0.2 µm (blue). Pairwise significance between filter size denoted
by brackets within graph for each date. Significance within each filter
among time points denoted by lines at bottom of the figure. Error bars
denote standard deviation.
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Figure 3.4: Beta diversity for each filter fraction in late season pond
water. PCoA plots of beta diversity measured using (A) Bray-Curtis, (B)
Weighted UniFrac, and (C) Unweighted UniFrac. Shape denotes filter
pore size, either 1 µm (circle) or 0.2 µm (triangle), and color denotes
month when water was sampled, October (green), November (blue), and
December (red). Ellipses are drawn at 95% confidence intervals for each
month.
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Figure 3.5: PCoA plots of beta diversity (by date) measured using Bray-Curtis. Shape denotes filter pore size, either
1 µm (circle) or 0.2 µm (triangle), and color denotes the month that water was sampled, October (green), November
(blue), and December (red).
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Figure 3.6: Core OTUs for 1 and 0.2 µm filter fractions. (A) Venn
diagram depicting the unique and shared OTUs that occurred in 100%
of samples in the 1 µm (orange) and 0.2 µm (blue) filter fractions. (B)
Stacked bar charts of the percentage of OTUs assigned each phylum
within the shared and unique cores.
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Figure 3.7: Core Actinobacteria, Proteobacteria, and Bacteroidetes
OTUs for 1 µm and 0.2 µm filter fractions during the entire sampling pe-
riod. Krona plots depicting the core OTUs in the (A) 1 µm and (B) 0.2
µm filter fractions for those assigned to the Actinobacteria, Proteobacte-
ria, and Bacteroidetes phyla.
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Figure 3.8: Viral taxonomy and function for each sampling date. Bar
plots comparing the normalized abundance of viruses with homology
to known (A) viral taxa and (B) functional SEED categories. Bar
color denotes month when water was sampled, October (green), Novem-
ber (blue), and December (red). Phage elements refer to the SEED
functional category “Phages, Prophages, Transposable elements” and
Phage, Plasmids, etc. denote the SEED functional category “Phages,
Prophages, Transposable elements, Plasmids”. Abundance determined
by calculating coverage/Gbp reads mapped.
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Figure 3.9: Heatmaps of the Pearson’s correlation coefficients between
dominant viral families and the relative abundance of bacterial phyla
and genera in both the 1 µm and 0.2 µm filter fractions. Color gradients
reflect the different values of Pearson’s correlation coefficients.
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Figure 3.10: Phylogenic tree of viral Pol I peptides for each sampling
date. Unrooted maximum likelihood tree with 100 bootstrap replicates of
representative Pol I peptide sequences. Branches and inner ring colored
by 762 position residues, Phe762 (orange), Tyr762 (pink), and Leu762
(purple). Radial bar chart represents the log2-normalized abundance of
each peptide (coverage/Gbp reads mapped) and is colored by sampling
date, October (green), November (blue), and December (red).
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3.7 Tables

Table 3.1: Agricultural pond water characteristics during sampling period.

Water property October November December
Ambient Temp. ( ◦C) 17.2 12.2 3.9
Water Temp. ( ◦C) 19.8 10.9 7.4
pH 7.7 7.56 8.08
Dissolved Oxygen (%) 116.4 96.4 117.7
Nitrate (mg/L) 0.63 0.26 0.19
Chloride (mg/L) 13.8 13.3 7.9
Turbidity (FNU) 30.2 9.6 3.4
Precipitation (in.)a 0 0 0.2
Conductivity (SPC uS/cm) 158.9 160.8 167.1
Oxidation/reduction (mV) 189.7 159.8 243.9

aPrecipitation 24 hr prior to sampling
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Table 3.2: Difference (%) in relative abundance between 1 µm and 0.2 µm fractions
for the dominant bacterial phyla.

Phyla October November December
Proteobacteria 1.65* 2.93** 3.89**
Actinobacteria -6.42** -7.72** -6.67**
Bacteroidetes 0.19 1.24** -1.67*
TM7 0.75** -0.44** 0.26
Cyanobacteria 1.55** 2.13** 2.38**
Unknown -0.53 -0.24 -0.82**
OD1 -0.7 -0.46 -1.91**
Verrucomicrobia 0.23 0.42** 1.09**
Firmicutes 0.83** 0.55** 0.62**
Chloroflexi 0.83** 0.56** 1.35**
Other 1.6* 1.02 1.49**

*p ≤ 0.05, **p ≤ 0.01
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Table 3.3: Difference (%) in relative abundance of dominant bacterial phyla between
sampling dates in 1 µm and 0.2 µm filter fractions

1 µm 2 µm

Phyla Oct-Nov Nov-Dec Oct-Dec Oct-Nov Nov-Dec Oct-Dec
Proteobacteria 1.42 -5.5** -4.08** 2.7 -4.55** -1.85
Actinobacteria -6.44** 0.073** 0.83 -7.74** 8.33** 0.58
Bacteroidetes -1.28* -0.05 -1.33* -0.22 -2.96** -3.19**
TM7 0.95** 0.37* 1.32** -0.24 1.07** 0.83**
Cyanobacteria 2.58** -0.23 2.35** 2.79** -0.36 2.8**
Unknown -0.31 0.34 0.02 -0.03 -0.24 -0.27
OD1 -1.03* 1.33** 0.29 -0.79 -0.13 -0.92
Verrucomicrobia 0.85** -0.98** -0.13 1.03** -0.31 0.72**
Firmicutes 0.32 -0.19 0.13 0.04 -0.13 -0.09
Chloroflexi 0.56** -0.88** -0.32* 0.29** -0.09 0.2*
Other 2.39** -1.47** 0.92 1.81* -1 0.8

*p ≤ 0.05, **p ≤ 0.01
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Table 3.4: Difference (%) in relative abundance between 1 µm and 0.2 µm fractions
for the dominant bacterial genera.

Phyla October November December
Actinomycetales; ACK.M1 -5.74** -3.96** -5.31**
Acidimicrobiales; C111 -0.39 -0.76** -0.58**
Limnohabitans -1.34** -0.74** -1.75**
Microbacteriaceae -0.43** -1.07** -0.64**
Synechococcus 1.35** 0.74** 0.35**
Comamonadaceae -0.33 0.17 -0.23
Fluviicola 0.01 0.22 -0.62**
Chitinophagaceae 1.24** 0.24* 0.40**
Sediminibacterium -0.44** -0.35** -0.80**
Polynucleobacter -0.99** -0.42** -0.69**
Sphingomonadales 0.00002 -0.09 -0.66**
Actinomycetales; other -0.69* -0.55** -0.73**
Rhodoluna -0.29 -0.59** -0.28**
Sphingobacteriales 0.3* 0.21 -0.42**
Dolichospermum 0.2** 1.16** 1.67**
Flavobacterium -0.02 0.11 -0.23**
Cytophagaceae -0.36** -0.18* -0.57**
Actinomycetales 0.28 -0.27** 0.03
TM7; TM7.1 0.41* -0.17 0.28
Rhodobacter 0.03 0.47** 0.95**
OD1; ZB2 -0.4** -0.27* -0.76*
Rhizobiales 0.3** 0.15* 0.55**
Mycobacterium 0.28* -0.28* 0.02
Rhizobiales; other 0.06 0.06 0.23**
Bacteroidetes -0.25 0.02 -0.28**
TM7; SC3 0.21** -0.18** 0.05
Betaproteobacteria; SC.I.84 0.63** 0.42** 1.24**
OD1; ABY1 -0.16 -0.17 -0.61**
Betaproteobacteria -0.2* -0.09 -0.39**
Gemmataceae 0.33** 0.13** 0.2**
OD1 0.04 -0.03 -0.38**

*p ≤ 0.05, **p ≤ 0.01
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Table 3.5: Difference (%) in relative abundance between 1 µm and 0.2 µm fraction
for the dominant bacterial genera.

1 µm 2 µm

Phyla Oct-Nov Nov-Dec Oct-Dec Oct-Nov Nov-Dec Oct-Dec
Actinomycetales; ACK.M1 -9.17** 4.21** -4.96** -7.39** 2.86** 4.53**
Acidimicrobiales; C111 0.54** 0.99** 1.53** 0.17 1.17** 1.34**
Limnohabitans -0.46** 0.73** 0.27 0.14 -0.28 0.13
Microbacteriaceae -0.77** 0.52** -0.24 -1.4** 0.95** -0.45
Synechococcus 3.34** 0.61** 3.94** 2.73** 0.22* 2.95**
Comamonadaceae -0.52** -0.08 -0.6** -0.02 -0.48 -0.5
Fluviicola -1.7** 1.23** -0.48** -1.5** 0.39* -1.11**
Chitinophagaceae 1.48** -0.3** 1.18** 0.48** -0.14 0.34
Sediminibacterium -0.68** 0.43* -0.25 -0.59** -0.02 -0.61**
Polynucleobacter -0.19** -0.3** -0.49** 0.38** -0.58** -0.19
Sphingomonadales -1.19** 0.2** -0.99** -1.28** -0.38** -1.65**
Actinomycetales; other -0.51** 0.65** 0.14 -0.38 0.48 0.1
Rhodoluna 0.41* 0.85** 1.26** 0.11 1.16** 1.28**
Sphingobacteriales 0.41** -0.14 0.27* 0.92** -0.77** 0.15
Dolichospermum -0.93** -0.67** -1.6** 0.04 -0.16** -0.12
Flavobacterium 0.39* -0.69** -0.3* 0.53** -1.03** -0.5**
Cytophagaceae -0.46** 0.43** -0.04 -0.29** 0.03 -0.25**
Actinomycetales 0.59** -0.09 0.51** 0.04 0.22 0.26
TM7; TM7.1 0.08 –0.14 -0.07 -0.51** 0.3 -0.2
Rhodobacter 0.66** -0.37** 0.28** 1.1** 0.1 1.2**
OD1; ZB2 -0.62** 0.40** -0.22 -0.49 -0.09 -0.58*
Rhizobiales 0.89** -0.08 0.81** 0.74** 0.32** 1.06**
Mycobacterium 0.93** 0.34** 1.26** 0.44** 0.64** 1.08**
Rhizobiales; other 0.51** 0.02 0.52** 0.51** 0.19* 0.7**
Bacteroidetes -0.79** 0.26 -0.53** -0.52** -0.03 -0.55**
TM7; SC3 0.76** 0.36** 1.12** 0.37** 0.59** 0.95**
Betaproteobacteria; SC.I.84 0.19* -0.89** -0.7** -0.01 -0.07* -0.08**
OD1; ABY1 -0.28 0.35 0.07 -0.29 -0.09 -0.38
Betaproteobacteria -0.33** 0.11 -0.23** -0.23** -0.19* -0.42**
Gemmataceae 0.67** 0.1* 0.76** 0.47** 0.16** 0.63**
OD1 0.02 0.39* 0.41* -0.04 0.03 -0.01

*p ≤ 0.05, **p ≤ 0.01
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Chapter 4: Seasonal Dynamics in Taxonomy and Function within

Bacterial and Viral Metagenomic Assemblages Recovered

from a Freshwater Agricultural Pond

4.1 Abstract

Ponds are important freshwater habitats that support both human and en-

vironmental activities. However, relative to their larger counterparts (e.g. rivers,

lakes) ponds are understudied, especially with regard to their microbial commu-

nities. Our study aimed to fill this knowledge gap by using culture-independent,

high-throughput sequencing to assess the dynamics, taxonomy, functionality, and

interaction history of bacterial and viral communities in a freshwater agricultural

pond. Water samples (n=14) were collected from a Mid-Atlantic pond between

June 2017 and May 2018 and filtered sequentially through 1 and 0.2 µm filter mem-

branes. Total DNA was then extracted from each filter, pooled, and subjected to 16S

rRNA gene and shotgun sequencing on the Illumina HiSeq platform. Additionally,

on eight occasions water filtrates were processed for viral metagenomes (viromes)

using chemical concentration and then shotgun sequenced. Ubiquitous freshwater

phylum Protebacteria (e.g. Variovorax ) and Actinobacteria (e.g. Streptomyces)
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were abundant at all sampling dates throughout the year. However, environmental

characteristics appeared to drive the structure of the community. For instance, the

abundance of Cyanobacteria (e.g. Nostoc) increased with rising water temperatures,

while a storm event appeared to trigger an increase in overall bacterial diversity, as

well as the abundance of Bacteroidetes. This event was also associated with an

increase in diversity of antibiotic resistance genes. The viral fractions were dom-

inated by dsDNA of the order Caudovirales, namely Siphoviridae and Myovirdae.

Moreover, phylogenetic analysis of the viral polA marker-gene revealed a diversity

of putative lysogenic phage. Overall, this study provides foundational data on the

temporal variability of bacterial and viral communities in an agricultural pond, a

site underrepresented in freshwater studies.

4.2 Introduction

Ponds are small (1 m2 to ∼50,000 m2), shallow, standing water bodies that

are found ubiquitously among Earth’s terrestrial biomes, with an estimated 2.6 to 9

million within the U.S. alone [22, 281]. Globally, ponds occupy a greater total area

than lakes and are considered to be functionally and ecologically distinct, playing

a major role in global cycling and supporting a high level of macro- and micro-

species diversity [22, 29, 157, 233, 281, 282]. Along with those that are formed by

natural processes, there are many ponds that are human constructed for a variety of

recreational, industrial, agricultural, and aesthetic purposes [22, 283]. For instance,

in areas where municipal and ground water sources are limited or unavailable, ponds
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are built to capture and store water for irrigation [23,284]. Despite the importance

of ponds to both environmental and human activities, the majority of research on

freshwater resources is focused on large water systems (e.g. lakes). As a result, out-

side of extreme environments (e.g. saline/hypersaline [120–122], thermokarst [123])

and aquaculture facilities [124, 125], ponds remain understudied [285], especially

with regard to their microbial communities.

Microbial communities are vital to the health and maintenance of aquatic

ecosystems [42]. However, in some cases, they can cause severe environmental and

public health problems. Ponds, in particular, are uniquely susceptible to microbial

disruptions due to their small size and shallow depth [286]. Nonpoint source nutri-

ent pollution, coupled with warm temperatures, and long water residence times can

result in a high abundance of algal and cyanobacterial concentrations, in some cases

leading to blooms that deplete oxygen levels and produce toxins [287–290]. Storm

events can also trigger the influx of fecal pathogens that can contaminate irrigation

supplies and subsequently crops [291–293]. For instance, a 2002 multistate outbreak

of Salmonella Newport on tomatoes was traced back to contaminated pond water

used for irrigation [66]. In addition to pathogens, runoff can introduce pollutants

originating from land use practices (e.g. antibiotics, pesticides) [294]. Because of

the long water retention times of ponds, these pollutants may then diffuse and ac-

cumulate, potential leading to changes in bacterial community dynamics, including

increased selection pressures for antibiotic-resistant populations [72]. However, the

persistence of these disruptions and foreign bacterial agents depends on complex

factors such as sedimentation, temperature, UV light, and predation [295].
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Despite the value in surveying the microbial composition in ponds, the lim-

ited collection of previous studies have been largely restricted to PCR or culture-

based methodologies and often comprise just a static “snap shot” of the microbial

community. Thus, we are restricted in our understanding of microbial function-

ality, dynamics, and response under multiple conditions. Shotgun metagenomics,

however, makes it possible to observe and analyze a broad sampling of microbial

diversity without cultivation, providing new insights into their genomic complexity

and functional potential [296]. In addition, because shotgun metagenomics does not

rely on a universally distributed marker gene, such as 16S rRNA, it can also be

used to explore the viral community; a component of the microbial world often left

unexplored [97].

Bacteriophage (phage), viruses that infect bacteria, are the most abundant

biological entities in aquatic systems and are critical in shaping the evolution, diver-

sity, abundance, and genetic composition of bacteria [143]. Temperate phage (form-

ing prophage) can influence their host’s phenotype through the horizontal trans-

fer of genes, such as those for antibiotic resistance/toxins and those that promote

host fitness and adaptability [53, 56]. However, phage composition, diversity, and

host-interactions are often linked to fluctuating environmental characteristics [297].

Therefore, assessing phage ecology and relationships with their host(s) is critical

with regard to completing a comprehensive characterization of pond biodiversity.

In the present study, we periodically sampled surface water from a freshwater

agricultural pond located in the Mid Atlantic, United States. From these samples,

we employed culture-independent high-throughput sequencing to characterize the
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dynamics, taxonomy, functionality, and interaction history of their bacterial and

viral communities over time.

4.3 Materials and Methods

4.3.1 Study site and sample collection

Water samples (total n=14) were collected on the following dates: 6/12/17,

7/17/17, 8/8/17, 8/21/17, 9/11/17, 9/25/17, 10/30/17, 11/13/17, 12/18/17, 1/22/18,

2/12/18, 3/12/18, 4/9/18, and 5/7/18 from a temperate freshwater agricultural

pond located in a rural area of central Maryland, United States (maximum depth of

∼3.35 meters and a surface area of ∼0.26 ha). At each date, a utility transfer pump

(0.08 W; Everbilt, Atlanta, GA) powered by a EU1000i generator (American Honda

Motor Co., Ltd., Alpharetta, GA) and connected to a sampling cartridge via vinyl

braided tubing (1.9 cm inner diameter, Sioux Chief, Peculiar, MO) was submerged

15-30 cm below the surface and used to pump roughly 10 L of water into a sterile

polypropylene carboy. Samples were kept in the dark at 4 ◦C and processed within

24 hr of collection.

4.3.2 Water physicochemical assessment

In addition, at each time point a ProDSS digital sampling system (YSI, Yel-

low Springs, OH, United States) was used to measure the following physicochemical

properties of the pond water: temperature ( ◦C), pH, dissolved oxygen (% DO), con-

ductivity (SPC uS/cm), oxidation-reduction potential (ORP, mv), turbidity (FNU),
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nitrate (mg/L), and chloride (mg/L). Using the Nation Weather Services historical

data archive, ambient temperature was recorded for the time and date at each sam-

pling event.

4.3.3 Water sample processing

Microbial DNA was isolated as described in detail previously [157]. Briefly,

for each sample 10 L of water was filtered sequentially through a Whatman 1 µm

polycarbonate filter (Sigma-Aldrich, MO, United States) and a 142-mm diameter 0.2

µm membrane filter (Pall Gelman Sciences, MI, United States) attached via sterile

1.6 mm PVC tubing with a Watson Marlow 323 Series Peristaltic Pump (Watson-

Marlow, Falmouth, Cornwall, United Kingdom). Following filtration, filters (1 and

0.2 µm) containing the cellular fraction were dissected into four equal quadrants

and stored at −80 ◦C until DNA extraction.

4.3.4 Viral concentration and DNA extraction

On 6/12/17, 7/17/17, 8/8/17, 8/21/17, 9/11/17, 9/25/17, 10/30/17, and

5/7/18, the iron chloride procedure was used on the pond water after 1 µm and

0.2 µm filtration. A 1 mL solution of FeCl3 (4.83 g FeCl3 into 100 ml H2O) was

added to the filtered pond water and incubated in the dark for 1 hr. The samples

were then filtered onto 142-mm 1 µm polycarbonate filters (Sigma-Aldrich, MO,

United States) to capture flocculated viral particles. Filters were stored at 4 ◦C

in the dark until resuspension. For resuspension, filters were rocked overnight at
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4 ◦C in 10 mL of 0.1M EDTA-0.2M MgCl2-0.2 M Ascorbate Buffer, described in

detail elsewhere [240]. Resuspended viral particles were then subjected to a DNase

I (Sigma-Aldrich, MO, United States) treatment for 1 hr and passed through a 33-

mm diameter sterile syringe filter with a 0.2 µm pore size (Millipore Corporation,

MA, United States). DNA was extracted from 500 µl of the viral concentrate using

the AllPrep PowerViral DNA/RNA Kit (Qiagen, CA, United States) per the man-

ufacturer’s instructions. Prior to sequencing, viral DNA was tested for the presence

of bacterial contamination via 16S rRNA PCR.

4.3.5 Microbial DNA extraction

Microbial DNA was extracted from the filters using an enzymatic and mechan-

ical lysis procedure [158, 159]. Each filter quadrant was placed in a lysing matrix

tube with a cocktail of PBS buffer, lysozyme, lysostaphin, and mutanolysin. After

incubation at 37 ◦C for 30 min, a second lysing cocktail (Proteinase K and SDS) was

added followed by another incubation at 55 ◦C for 45 min and mechanical lysis via

bead beating with a FastPrep Instrument FP-24 (MP Biomedicals, CA) (6.0 m/s

for 40s). The resulting DNA was purified with the QIAmp DNA mini kit (Qiagen,

CA, USA) and assessed with the NanoDrop 2000 Spectrophotometer. To create a

composite sample, microbial DNA extracts from all four quadrants of both filter

types were pooled for each date.
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4.3.6 16S rRNA sequencing and analysis

From each of the pooled microbial DNA extractions (n=14), the V3-V4 hy-

pervariable region of the 16S rRNA gene was PCR-amplified and sequenced on the

Illumina HiSeq (Illumina, San Diego, CA, United States) utilizing a dual-indexing

strategy for multiplexed sequencing developed at the Institute for Genome Sci-

ences [158,159,241].

The resulting 16S rRNA reads were screened for low quality bases and short

read lengths, merged with PANDAseq, de-multiplexed, and trimmed of artificial

barcodes and primers [241–243]. Using VSEARCH, reads were then checked for

chimeras with the UCHIME algorithm and the ChimeraSlayer RDPGold Trainset

reference training dataset [298]. Chimera-free reads were then clustered (de novo

into Operational Taxonomic Units (OTUs) using VSEARCH with a minimum con-

fidence threshold of 0.97. Following OTU clustering, taxonomic assignments were

performed using the Quantitative Insights Into Microbial Ecology software pack-

age (QIIME; release v. 1.9.1) using the Greengenes database [244]. The resulting

OTU table, OTU reference sequences and phylogenetic tree files were imported to

the R Statistical computing software (v. 3.4.3) using the Phyloseq R package (v.

1.22.3) [249].

Alpha diversity assessed via Observed OTUs was calculated using the R pack-

ages: Bioconductor [247], metagenomeSeq [245], vegan [248], phyloseq [249], fos-

sil [250], biomformat [249], and ggplot2 [183] on unrarefied and data rarefied to an

even sampling depth (13,956 sequences).
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4.3.7 Shotgun sequencing for microbial metagenomes and viromes

For both the microbial (n=14) and viral (n=8) samples, DNA extracts were

shotgun sequenced. Briefly, for each sample DNA was used in a tagmentation reac-

tion, followed by 12 cycles of PCR amplication using Nextera i7 and i5 index primers

per the modified Nextera XT protocol. The final libraries were then quantitated by

Quant-iT hsDNA kit. The libraries were pooled based on their concentrations as

determined by Quantstudio 5 and loaded onto an Agilent High Sensitivity D1000

ScreenTape System. Samples were then sequenced on an Illumina Hiseq X10 flow

(Illumina, San Diego, CA, United States) cell targeting 100 bp paired end reads per

sample.

4.3.8 Microbial metagenomic and virome assembly

The resulting paired-end reads from both microbial and viral libraries were

quality trimmed using Trimmomatic ver. 0.36 (sliding window:4:30 min len:60) [175],

merged with FLASh ver. 1.2.11 [176], and assembled de novo with MEGAHIT [299].

Open reading frames (ORFs) were predicted from the assembled contigs from each

library using MetaGene [104].

4.3.9 Microbial and viral taxonomic and functional classification

For the microbial metagenomes, predicted peptide ORFs were searched against

UniRef 100 (retrieved May 2018) using protein-protein BLAST (BLASTp ver. 2.6.0+)

(E value ≤ 1e-3) [105,106]. Taxonomic classifications were then made to contigs by
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max cumulative bit score. This was calculated by summing the bit scores of all taxa

with a hit to peptide ORFs encoded by the contig. Peptide ORFs were searched

against the SEED databases using BLASTp (E value ≤ 1e-3). Peptide ORFs were

assigned to a SEED subsystem with the maximum sum bit score among all of the

ORF’s hits. Taxonomic and functional classification of viromes were conducted as

described in Chopyk et al., 2017 [157].

For both viromes and microbial metagenomes, coverage was calculated for each

contig by recruiting quality-controlled reads to assembled contigs using Bowtie2 ver.

2.3.3 (very sensitive local mode) and then using the “depth” function of Samtools

ver. 1.4.1 to compute the per-contig coverage [180]. To normalize abundances

across libraries, contig and ORF coverages were divided by the sum of coverage

per million, similar to the transcripts per million (TPM) metric used in RNA-Seq

[181, 257]. Scripts performing these assignments and normalization are available at

https://github.com/dnasko/baby virome. All taxonomic and functional data were

visualized using the R packages ggplot2 ver. 3.1.0 and pheatmap ver 1.0.10 [182,183].

4.3.10 ARGs prediction and host assignment

Peptide ORFs from both viromes and microbial metagenomes were searched

against the “Comprehensive Antibiotic Resistance Database” (CARD; retrieved

July 2018) using protein-protein BLAST (BLASTp ver. 2.6.0+) (E value ≤ 1e-3)

[105, 107]. Hits to CARD proteins were considered valid only under the conserva-

tive criteria described in previous studies (>40% coverage and >80% amino-acid
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identity) [83, 185]. In addition, for the ARGs conferring resistance through tar-

get mutations, a post-processing step (MAFFT alignment with reference sequences

available at CARD) was taken to confirm the presence of resistance-conferring mu-

tations [186]. Taxonomic assignments were parsed for contigs containing ARG-like

peptide ORFs. Networks were visualized by Cytoscape software [300].

4.3.11 Viral Pol I prediction and phylogenetic analysis

To extract the biological informative marker gene, polA, from the viromes,

predicted peptide ORFs were queried against Pol I UniRef90 clusters using protein-

protein BLAST (BLASTp ver. 2.6.0+) (E value ≤ 1e-5) [105, 106]. Along with

informative references, each sequence was annotate with its Phe762 position relative

to E. coli IAI39, a position previously reported to be indicative of phage lifecycle: a

Phe762 or Tyr762 defined as generally virulent, while a Leu762 defined as generally

temperate [238,301]. The extracted sequences, which spanned the 762 position, were

then aligned with MAFFT using the FFT-NS-i 1000 algorithm and trimmed to a

region of interest (I547 to N923 in E. coli IAI39) with Geneious 11.1.5 [157,186,259].

The alignment was then used to create an unrooted maximum likelihood tree with

PhyML [260]. A cladogram was produced, annotated and colored with FigTree

version 1.4.2 [302].
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4.3.12 CRISPRs prediction from microbial metagenomes

For each of the microbial metagenomes, CRISPR arrays were predicted from

the assemblies via the CRISPR detection and validation tool, CASC [303]. Bonafide

CRISPR spacers were clustered at 97% nucleotide similarity with CD-HIT-EST

to determine the number of unique spacers at each time point [184]. Addition-

ally, CRISPR spacers from each library were queried against the eight viromes via

BLASTn (E value ≤ 1e-1), word size seven.

4.3.13 Statistical analysis

Significance tests were conducted using a Tukey’s HSD Test between meteoro-

logical seasons, defined by the American Meteorological Society [304]. Additionally,

to identify associations between the water physicochemical characteristics and the

normalized abundance of the bacterial genera, as well as between the abundance of

bacterial genera and viral families, Pearson’s correlation coefficients were calculated

in RStudio version 1.0.153.

4.4 Results

4.4.1 Sequencing effort and assembly

All samples (n=22) were sequenced on the Illumina HiSeq, 14 microbial and

eight viral. In total, there were 907,056,944 read pairs for the microbial metagenomes

with an average of 64,789,782 read pairs per metagenome (± 7,936,115 Standard
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Deviation, SD) Table 4.1. For the viral metagenomes, there were 489,222,408 read

pairs with an average of 61,152,801 read pairs per metagenome (± 9,064,079 SD)

Table 4.2. After assembly, there were a total of 9,979,705 contigs, with an average

of 712,836 contigs per sample (±142,125 SD) for the microbial metagenomes and a

total of 1,913,254 contigs, with an average of 239,157 contigs per sample (±45,658

SD) for the viromes.

4.4.2 Temporal variations in physicochemical characteristics and bac-

terial diversity

physicochemical variables for each sampling date are shown in Figure 4.1. Wa-

ter temperature ranged from 29 ◦C (7/17/17) to 4 ◦C (1/22/18). By meteorological

season, winter (12/18/17, 1/22/18, 2/12/18) had an average water temperature

of 6 ◦C. This was significantly (p ≤ 0.05) lower than autumn (9/11/17, 9/25/17,

10/30/17, 11/13/17) and summer (6/12/17, 7/17/17, 8/8/17, 8/21/17), which had

an average water temperature of 18 ◦C and 27 ◦C, respectively. In addition, the wa-

ter temperature in summer was significantly higher than spring (3/12/18, 4/9/18,

5/7/18). The only other environmental factor that was significantly different by me-

teorological season was ORP, which was significantly higher in spring compared to

autumn. Precipitation 24-hr prior to sampling occurred only on 8/8/17, 10/30/17,

and 2/12/18.

Furthermore, we examined the bacterial diversity at each time point by way of

amplification and sequencing of the 16S rRNA gene. Overall, the diversity, surveyed
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by rarefied and unrarefied Observed OTUs, was generally steady throughout the

year, with no significant differences found between rarefied, unrarefied diversity and

meteorological season. However, by physicochemical parameter we did find some

differences, specifically with the spike in diversity on 2/12/18 (Figure 4.1). This

date corresponded to an increase in precipitation 24 hr prior to sampling, as well

as turbidity. In fact, precipitation and turbidity were both significantly (p ≤ 0.05)

positively correlated with the abundance of rarefied and unrarefied Observed OTUs.

4.4.3 Temporal variations in bacterial phyla

For the microbial metagenomes collected throughout the year, on average 78%

(± 4% SD) of contigs could be assigned a taxonomic representative (Table 4.3).

Of these, the majority was homologous to Bacteria 93% (± 2% SD), followed by

Eukaryota 3% (± 1% SD), and Viruses 3% (± 0.5% SD).

For each of the contigs, a normalized abundance was calculated to account for

assembly proficiency and sequencing depth and parsed for those assigned as Bac-

teria. Of these, the most frequently observed bacterial phylum was Proteobacteria,

which accounted for 43% (± 5%) of the total bacterial assigned abundance (Figure

4.2). The next most abundant phyla were Actinobacteria at 28% (± 8%), Bac-

teroidetes at 12% (± 4% SD), and Firmicutes at 7% (± 1%). The largest phylum,

Proteobacteria, was composed chiefly of the class Betaroteobacteria 50% (± 6% SD)

and Alphaproteobacteria 23% (± 5% SD), with the largest spike in Alphaproteobac-

teria occurring on 2/12/18. By meteorological season, winter had a significantly (p
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≤ 0.05) higher abundance of Bacteroidetes than all other seasons, while summer

had a significantly (p ≤ 0.05) higher abundance of Cyanobacteria compared to all

other seasons. Summer and autumn both had a high abundance of Firmicutes, with

both significantly (p ≤ 0.05) higher than spring and winter.

In addition to differences by meteorological season, the normalized abundance

of some of these top phyla correlated with physicochemical parameters surveyed in

the water: Actinobacteria (R= 0.65, p ≤ 0.01) correlated with conductivity, Bac-

teroidetes correlated with precipitation (R= 0.63, p ≤ 0.05), conductivity (R=-0.67,

p ≤ 0.01), and turbidity (R=0.74, p ≤ 0.01), Cyanobacteria correlated with water

temperature (R= 0.83, p ≤ 0.001), Firmicutes correlated with water temperature

(R=0.80, p ≤ 0.001) and ORP (R=-0.64 , p ≤ 0.01), Planctomycetes correlated

with water temperature (R=0.74 p ≤ 0.01) and conductivity (R=0.58, p ≤ 0.05)

and Chloroflexi correlated with precipitation (R=-0.68 , p ≤ 0.01) and turbidity

(R=-0.63 , p ≤ 0.05).

4.4.4 Temporal variations in bacterial genera

Within the bacterial assignments classified at the genera level, Streptomyces

(11% ±3% SD), Variovorax (7% ±2% SD), Pusillimonas (4% ±1% SD), and Pseu-

domonas (3% ±0.5% SD) were the most abundant (Figure 4.3). By metrologi-

cal season, winter had a significantly (p ≤ 0.05) higher abundance of Ulvibacter,

Rudanella, and Flavobacterium compared to all seasons. Spring had a significantly

(p ≤ 0.05) higher abundance of Polynucleobacter compared to all seasons and a
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significantly higher abundance of Nitrosovibrio compared to autumn. Summer had

a significantly (p ≤ 0.05) higher abundance of Nostoc compared to all seasons. Au-

tumn had a significantly (p ≤ 0.05) higher abundance of Ferrimicrobium compared

to winter.

Similar to the analysis of the bacterial phyla, we calculated Pearson’s corre-

lations between the normalized abundance of the dominant bacterial genera and

the physicochemical parameters of the pond water (Figure 4.3). In total, precip-

itation and turbidity correlated with the greatest number of genera, followed by

conductivity and water temperature.

4.4.5 Microbial functional potential

On average, 40% (± 3%) of peptide ORFs from the microbial metagenomes

could be assigned at a SEED functional category (Figure 4.4). Of these, “Carbo-

hydrate Metabolism” was the most abundant representing on average 16 % (±

1%) of the total assigned functional abundance followed by “Amino Acids and

Derivatives” at 12% (± 0.3%), “Protein Metabolism” at 9% (± 0.4%), and ei-

ther “Cofactors, Vitamins, Prosthetic Groups, Pigments” at 7% (±0.2 %) or “DNA

Metabolism” at 6% (± 0.5%). By meteorological season, the only SEED functional

category that was significantly (p ≤ 0.05) different between seasons was “Motility

and Chemotaxis”, which was significantly higher in winter compared to autumn

and summer. Similar to the bacterial abundance, precipitation was significantly

correlated with the abundance of a diversity of functional SEED systems includ-
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ing: “Potassium metabolism” (R=0.78, p ≤ 0.001), “Regulation and Cell signaling”

(R=0.76, p ≤ 0.01), “Iron acquisition and metabo physicochemicallism” (R=0.74,

p ≤ 0.01), “Virulence Disease and Defense” (R=0.72, p ≤ 0.01), “Miscellaneous”

(R=0.69, p ≤ 0.01), “Phages Prophages Transposable elements etc. ” (R=-0.69,

p ≤ 0.05), “Carbohydrates” (R=0.68, p ≤ 0.05), “Membrane Transport” (R=0.67,

p ≤ 0.01), “Sulfur Metabolism” (R=0.61, p ≤ 0.05), and “Nitrogen Metabolism”

(R=0.58, p ≤ 0.05). Likewise, turbidity was also correlated with “Iron acquisition

and metabolism” (R=0.76, p ≤ 0.01), “Membrane Transport” (R=0.69, p ≤ 0.01),

“Regulation and Cell signaling” (R=0.66, p ≤ 0.01), and “Potassium metabolism”

(R=0.56, p ≤ 0.05), and “Virulence” (R=0.55, p ≤ 0.05)

Other physicochemical factors that had significant correlations with the nor-

malized abundance of the SEED function systems included the following: water

temperature with “Photosynthesis” (R=0.63, p ≤ 0.05), conductivity with “Iron

acquisition and metabolism” (R=-0.53, p ≤ 0.05), pH with “Dormancy and Sporu-

lation” (R=0.65, p ≤ 0.01), and ORP with “Virulence” (R=0.67, p ≤ 0.01).

4.4.6 Antibiotic resistance and host taxonomy

To assess antibiotic resistance in the microbial and viral metagenomes, we con-

ducted a BLAST analysis of peptide ORFs against CARD. No peptide ORFs within

the viral metagenomes had significantly homology to ARGs within CARD. How-

ever, in the microbial metagenomes, 184 peptide ORFs were identified as 21 unique

ARGs conferring resistance to over 15 drug classes (Figure 4.5). For the ARGs
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whose resistance is associated with target mutations, they were confirmed to carry

the following mutations: rpsL, K88R [192]; gyrA, S95T [190]; murA C117D [191];

rpoB H526T [305]; EF-Tu Q124K [195]; ndh V300G, V246A [306]. A normalized

abundance was also calculated for each ARG-like peptide ORF. From this, the great-

est abundance of ARG-like peptide ORFs was attributed to the sampled collected

on 10/30/17, followed by 9/25/17 and 9/11/17. However, the greatest diversity of

ARGs was identified on 2/12/18, with 11 unique ARGs.

For each ARG-like peptide ORF, the source genera and phyla were parsed

(Figure 4.6). All the ARG-like peptide ORFs originated from contigs assigned as

Bacteria. Of these, 71% of were contigs assigned to the phylum Actinobacteria (9

unique ARGs), largely of the genus Ferrimicrobium (30 rpsL), Saccharomonospora

(1 RbpA, 4 gyrA, 12 mtrA, 4 murA, 2 rpsL), and Aeromicrobium (5 EF-Tu, 1 rpoB,

13 rpsL). The next largest phylum assigned to contigs with an ARG-like peptide

ORF was Proteobacteria, which accounted for 21% of the contigs, but had a wide

diversity of ARGs (14 unique ARGs). Within this phylum, Sphingopyxis (1 ESP-1,

1 PEDO-2, 12 rpsL) and Pseudomonas (3 rpsL, 1 CpxR, 1 mtrA) were assigned to

the most contigs.

4.4.7 Viral taxonomic composition

For the viromes, on average 47% of contigs (± 1%) contigs could be assigned a

taxa, which is in agreement with results described in other viral metagenomic studies

[157,261]. For those that could be assigned, a normalized abundance was calculated.
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The vast majority of viral abundance was assigned to the tailed bacteriophage of

the order Caudovirales (Figure 4.7). Of these, the majority were similar to members

of the Siphoviridae (49% ± 4%) family, followed by the Myoviridae (34% ± 5%)

and Podoviridae families (14% ± 2%). The remaining proportion were either viral

contigs that could not be assigned a family (2% ± 0.1%) or were other viral families

(1% ± 0.2%). The other viral families included viruses infecting other bacteria and

archaea, ssDNA bacteriophage Microviridae and Inoviridae, plant viruses from the

family Tymoviridae, and animal/arthropod viruses from the family Poxviridae.

4.4.8 Viral Pol I phylogeny

The Pol I peptide was used as a marker gene to analyze the taxonomic affil-

iations and potential life cycle of phage in pond water (Figure 4.8). In total, we

identified 3,749 Pol I peptides that spanned the 762 amino acid position. Of these,

55% had leucine at the 762 position (Leu762), 29% had the wildtype phenylala-

nine (Phe762), and 16% had a tyrosine (762Tyr). A subsection of these peptides

(Phe762: 230, Leu762: 512, Tyr762: 164) could then be used to build a phyloge-

netic tree. Similar to previous studies, Pol I peptides claded largely by their 762

positions [157,301].

4.4.9 Phage-host relationships

To determine the interaction between phage and potential host(s) we calcu-

lated any correlation between the abundance of the dominant viral families and
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the dominant bacterial genera and phyla. At the phylum level, the normalized

abundance of Siphoviridae correlated with the normalized abundance of Proteobac-

teria (R=0.74, p ≤ 0.05) and Podooviridae normalized abundance correlated with

the normalized abundance of Firmicutes (R=-0.71, p ≤ 0.01). At the genera

level, Siphoviridae correlated with Sphingomonas (R=0.85, p ≤ 0.05), Sphingopyxis

(R=0.82, p ≤ 0.01), Nitrosovibrio (R=0.80, p ≤ 0.05), Achromobacter (R=0.77,

p ≤ 0.05), Pusillimonas (R=0.77, p ≤ 0.05), and Polynucleobacter (R=0.75, p ≤

0.05). Podoviridae correlated with Polynucleobacter (R=0.91, p ≤ 0.01), Nitroso-

vibrio (R=0.73, p ≤ 0.05), and Ferrimicrobium (R=-0.71, p ≤ 0.05). Myoviridae

correlated only with Microvirga (R=0.80, p ≤ 0.05)

Additionally, we predicted CRISPR arrays from the microbial metagenomes.

Because CRISPRs arrays contain short segments of cleaved viral DNA (termed spac-

ers) they can be used to provide a record of past infections [307,308]. In total, there

were 319 CRISPR arrays detected in the metagenomes, with 1,041 unique spacers

(Figure 4.9). To assess the relationship between microbial species and viromes, the

unique spacers within each time point were queried against contigs from the eight

viromes (Figure 4.9). Overall, 26% of spacers had a significant hit to 1,161 contigs

from the eight viromes (10/30/17: 165, 5/7/18: 147, 6/12/18: 136, 7/17/18: 81,

8/21/18: 202, 8/8/18: 210, 9/11/18: 105, and 9/25/18: 115). These contigs were

largely unknown, with only 24% assigned a taxonomy (31%: Siphoviridae, 35%:

Myoviridae, and 5%: Podoviridae). For the microbial metagenomes, 6/12/17 and

5/7/18 had the greatest portion of spacers that had hits to any of the eight viromes,

42% and 27%, respectively (Figure 4.9). For both of these dates, the greatest number
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of hits was to the viromes sampled on the same date.

4.5 Discussion

Freshwater is a finite natural resource essential to life on Earth. It is critical

in supporting urban, agricultural, and industrial activities, as well as providing a

home for a rich diversity of macro- and micro- organisms [21, 22, 29, 157, 282]. Yet,

anthropogenic activities, climate change, and a growing global population threaten

its quality and availability worldwide [309, 310]. Here, we focused our attention on

one freshwater resource that has been historically disregarded in favor of studies on

larger aquatic systems, ponds.

In this study, the pond freshwater was dominated by Proteobacteria, largely

that of Betaproteobacteria, a class found ubiquitously in freshwater [119]. However,

there were seasonal changes in the abundance of the bacterial phyla that corre-

sponded to environmental conditions. For instance, during the summer months,

the abundance of Cyanobacteria, as well as the abundance of genes designated for

photosynthesis, increased with increasing ambient water temperature (Figure 4.2

and 4.4). This is not surprising as water temperature has been found in multiple

prior studies to be a predictor of the abundance of Cyanobacteria [311,312]. More-

over, these results agree with those reported in an earlier study from our lab, where

we found, through 16S rRNA sequencing, the abundance of Cyanobacteria, Syne-

chococcus, decreased significantly with declining temperature [157]. In this study,

Cyanobacteria peaked in the summer season (specifically on 7/17/17), but contin-
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ued at high abundance into autumn, where mild temperatures likely sustained their

growth. During these peak seasons, the genus Nostoc was the most abundant within

the Cyanobacteria phylum (Figure 4.3).

The Nostoc genus includes a highly diverse range of nitrogen-fixing species,

commonly found in aquatic environments either free-living, engaged in cooperative

growth on plants and fungi, or in gelatinous colonies on rocks and stones [313].

While Nostoc blooms in freshwater ponds and lakes are often just considered a

nuisance, they may also carry concern for use recreationally or for agricultural ir-

rigation [314, 315]. Nostoc spp. are becoming increasingly recognized for their role

in the production of cyanotoxins, as well as other bioactive compounds that can

cause serious health problems in humans and animals [314, 315]. In fact, Nostoc is

reported by the EPA as one of the eight most common Cyanobacteria for the pro-

duction of microcystin [316]. In humans, microcystin exposure is associated with

both acute health effects (e.g. abdominal pain, headache, diarrhea, pneumonia,

etc.), as well as chronic conditions (e.g. primary liver cancer, colon and rectum

carcinomas) [317,318]. While we do not know from the data presented in this study

if the Nostoc spp. are toxin-producing, their persistence in the summer months is

cause for future investigation to protect environmental and public health.

In addition to fluctuations driven by seasonal trends, we saw a large shift in

bacterial composition that correlated with a sizable precipitation event on 2/12/18.

Likely, this event triggered an influx of upland runoff into the pond, resulting in

an increase in bacterial diversity, as well as an increase in the abundance of Bac-

teroidetes (e.g. Rudanella, Flavobacterium) and Proteobacteria (e.g. Alphaprotebac-
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teria) (Figure 4.1, 4.2). Bacteroidetes are often limited in freshwater environments,

likely due to their dependency on organic matter [119, 319]. However, previous

studies have found Bacteroidetes increased in abundance within freshwater creeks

following storm events [320, 321]. In these studies, the authors suggested that the

increase in Bacteroidetes may be a concern, as they are often indicative of human

fecal and sewage material contamination [322, 323]. In fact, they have been sug-

gested as better alternatives to traditional fecal indicators such as E. coli or fecal

coliforms [322–324]. Along with potential pathogens and a diversity of terrestrial

microorganisms, runoff can also introduce upland pollutants, such as antibiotics.

While antibiotics and ARGs are both naturally occurring, nonpoint and point

source pollution of human and animal-derived wastes may select for an abundance

that is atypical and may ultimately have repercussions for environmental and public

health [213, 325]. Freshwater environments have become established as important

reservoirs for the potential maintenance and dissemination of ARGs, especially small

lakes and pond [326]. These lentic bodies tend to have longer water retention times

compared to lotic environments, which can result in the accumulation of antibiotics

and selection for resistant bacteria [327, 328]. In this study, we identified ARGs at

all the sampling dates conferring resistance through a wide range of mechanisms

across clinical, veterinary, and agricultural antibiotics. This varied resistome may

be attributed to the selective forces driven by the pond topography, environmental

contributions, and the commensal bacterial community composition. Unlike other

surface freshwater sites, the pond surveyed here was dominated by Streptomyces

of the phylum Actinobacteria. Actinobacteria, particularly Streptomyces, produce
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many clinically-significant antibiotics [213,329,330]. As a result, they can contain a

wide array of ARGs for self-protection, as well as those inherited horizontally from

other Actinobacteria [331, 332]. Thus, it was not surprising to the see the majority

or ARG putative hosts were Actinobacteria (Figure 4.6).

As for the environmental contributions, the largest spike in ARG diversity was

on 2/12/18, which corresponded to a large precipitation event. Here, we saw the

emergence of seven unique ARGs (JOHN-1, ESP-1, CRP, PEDO-2, CPS-1, CpxR,

and bacA) conferring resistance to a broad range of clinically relevant antibiotics,

including three beta-lactamases against carbapenem. The majority of these ARGs,

unlike in the other months, were identified on contigs assigned as Gammaprote-

bacteria. This is consistent with the idea that these ARGs were introduced by

an influx of upland runoff, as Gammaproteobacteria are not common in freshwater

and are thought to be transient members introduced from the surrounding environ-

ment [119].

While we did not observe any ARGs in the viral fraction, we did identify

an abundance of Siphoviridae, a family of largely temperate dsDNA bacteriophage

previously found to dominate in this agricultural pond [157]. This is in line with the

results reported in the Pol I peptide phylogenetic analysis (Figure 4.8), where we

saw a high diversity of Pol I peptides with leucine at the 762 amino acid position.

In a previous metanalysis of phage genomes, Leu762 mutation occurred primarily in

temperate phage [157,238]. This was suggested, from previous biochemical analyses,

to be due to the mutation producing a slower, but more accurate polymerase that

would be advantageous to a lysogenic lifestyle [333]. Lysogeny is not uncommon to
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freshwater environments, especially in freshwater sediments [334,335].

For phage, lyosgeny is suggested to be advantageous when conditions are poor,

such as during times of nutrient-starvation [336]. Whereas, the lytic lifestyle is

suggested to dominate when the bacterial community is the most productive (e.g.

summer) [337]. While we do not have viral data that spans the coldest months of

the year, the abundance of Siphoviridae did decrease and the abundance of Myoviri-

dae, a traditionally virulent phage family, did increase during the warmer months

(7/17/17-9/11/17) surveyed. However, the dominance of phage lifestyle strategy

may be more complex then previously thought, as not all studies find lysogeny to be

prevalent only in times of low bacterial productivity [338]. For instance, the “piggy-

back-the-winner” model was born by observations that show lysogeny is more preva-

lent at higher host cell densities [339,340]. In this study, the prevalence of lysogenic

phage may also be due to the composition of the host taxa, as the dominant bacte-

rial phylum of the pond, Actinobacteria, and Proteobacteria, have been previously

reported in some environments to be ideal hosts for temperate phage [341].

The phage-host relationship is often left unexplored in microbial ecology stud-

ies, largely because it is difficult to link a phage with its host(s) due to heterogeneity

of phage host range and culture limitations [342, 343]. Here, we utilized the phage

regions (termed spacers) within the microbial CRISPR-Cas system to investigate

bacteria-phage interactions in this freshwater system [307, 308]. CRISPR arrays

were detected in all the microbial metagenomes, suggesting both the widespread

use of this defense system and previous infections with sympatric phage species

(Figure 4.9). For the majority of dates, spacers had more hits to the viromes col-
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lected on the same date or neighboring months compared to dates further away in

time. This agrees with the notion that CRISPR spacers are dynamically added into

arrays, matching coexisting phage species [344,345]. In addition to their significance

as a freshwater resource for human industrial and agricultural activities, ponds are

also a “hot spot” of biodiversity that significantly contributes to global ecosystem

health [27]. Here, we provide one of the largest datasets on pond water microbial

ecology to date. We expect these data will serve to not only improve understanding

of the factors that may contribute to the disruption of pond biodiversity, but also

further our knowledge regarding the potential microbial risks of using pond water

for agricultural irrigation.
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4.6 Figures
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Figure 4.1: Temporal dynamics of physicochemical properties and bacte-
rial diversity in agricultural pond water. Line graph displaying the alpha
diversity (Observed OTUs, rarefied; dark orange, raw; light orange) and
physicochemical properties (black) through time. The following physico-
chemical properties were surveyed: temperature ( ◦C), pH, dissolved oxy-
gen (% DO), conductivity (SPC uS/cm), oxidation-reduction potential
(mv), turbidity (FNU), nitrate (mg/L), and chloride (mg/L). Sampling
dates ordered temporally.
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Figure 4.2: Temporal dynamics of bacterial composition in agricultural
pond water. Stacked area chart depicting the normalized relative abun-
dance of the bacterial communities at the (A) phylum level, as well as
with the (B) Proteobacteria phyla split into classes. Sampling dates
ordered temporally.
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Figure 4.3: Bacterial genera abundance and correlations with physic-
ochemical factors in agricultural pond water across sampling dates.
Heatmaps based on the log-transformed normalized abundance of the
most dominant genera (>1% in at least one sample) and the Pearson’s
correlation coefficients between the water physicochemical factors and
the bacterial genera normalized abundance listed on the Y-axis. Genera
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distances on the bacterial abundances. Asterix denote significant corre-
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Figure 4.4: Functional composition in agricultural pond water across
sampling dates. Heatmap of the normalized abundance assigned to the
SEED systems at each sampling date for the microbial metagenomes.
Hierarchical clustering of samples was performed using the complete
clustering method with Euclidean distances.

132



emrR

gyrA

qacH

murA

CRP

mtrA

CpxR

bacA

MCR-3

PmrE

rpsL

RbpA

rpoB

CPS-1

ESP-1

JOHN-1

PEDO-2

THIN-B

EF-Tu

ndh

thyA

20

9/1
1/1
7

para-aminosalicylic acid

isoniazid

elfamycin

cephalosporin;penam;carbapenem

carbapenem

rifamycin;peptide 

rifamycin 

aminoglycoside

peptide

multidrug

macrolide;penam

macrolide;fluoroquinolone;penam

fosfomycin

fluoroquinolone

fluoroquinolone;nybomycin

5

Normalized ORF 
Abundance

Drug Class Gene name

9/2
5/1
7

10
/30
/17

11
/13
/17

12
/18
/17

1/2
2/1
8

2/1
2/1
8

3/1
2/1
8
4/9
/18

5/7
/18

6/1
2/1
7

7/1
7/1
7

8/8
/17

8/2
1/1
7

1 510152025

Water temp. (C)

Figure 4.5: Antibiotic resistance genes (ARGs) in agricultural pond wa-
ter across sampling dates. Dotplot of the ARG-like peptide ORFs pre-
dicted from the microbial metagenomes at each sampling date. The size
of each dot is equivalent to the normalized peptide ORF abundance with
homology to each ARG listed on the y-axis, and the color representative
of the temperature of the water at the time of sampling.

133



Actinobacteria
Bacteroidetes

Firmicutes

Spirochaetes

Alphaproteobacteria
Betaproteobacteria
Gammaproteobacteria

Other proteobacteria

SphingomonasDevosia

Nocardia

Sphingopyxis
Alphaproteobacteria*

Nitro
sovibrioPusillim
onas

Vari
ovo

rax

Le
pt

os
pir

a

Alic
yc

lo
ba

cil
lu

s

At
op

oc
oc

cu
s

Th
er

m
oa

na
er

ob
ac

te
r

Pe
pt

os
tre

pt
oc

oc
ca

ce
ae

*

B
ac

ill
us

M
ar

ic
hr

om
at

iu
m

A
ci

ne
to

ba
ct

er

Mycolicibacterium
Mycobacterium

Kutzneria
AeromicrobiumFerrimicrobium

Streptomyces

KlenkiaKitasatospora

Intrasporangium

Rhodococcus

Saccharom
onospora

Celluluosim
icrobium

Frankia

C
andid. N

anopelagicus

U
nclassified

Phycisphaerae*

PEDO-2

PmrE

qacH

RbpA

rpoB

rpsL

THIN-B

thyA

ba
cA

CPS
-1

Cp
xR

CR
P

EF
-T

u

em
rR

ES
P-

1

gy
rA

ndh

murA

mtrA

MCR-E

JOHN-1

Niastella

Helicobacter

Kluyvera
Kosakonia

Serratia
Pseudom

onas
Rahnella

M
arinobacter

Planctomycetes

ARG 

Putative Taxa with ARG 

# of ARG-containing contigs 
w/ specific genera assignment

1
30

Figure 4.6: ARG host network. Bipartite network of the bacterial taxa
with predicted antibiotic resistance genes (ARGs). Grey triangles rep-
resent ARGs connected by an edge to its putative bacterial host, with
each edge colored by the host phyla. Bacterial host defined as the taxa
assigned to the contig the ARG-like peptide ORF originated from and
colored accordingly. Asterix represent taxa that could not be assigned
at the genera level.

134



Leviviridae
Plasmaviridae
Cystoviridae
Tymoviridae
Fuselloviridae
Pleolipoviridae
Ampullaviridae
Bicaudaviridae
Turriviridae
Corticoviridae
Microviridae
Sphaerolipoviridae
Poxviridae
Rudiviridae
Lipothrixviridae
Inoviridae
Tectiviridae
Lavidaviridae
Ackermannviridae

0246

0

25

50

75

100

Viral Families

Myoviridae

None OtherPodoviridae

Siphoviridae

9/1
1/1

7

9/2
5/1

7

10
/30

/17
5/7

/18

6/1
2/1

7

7/1
7/1

7

8/8
/17

8/2
1/1

7
5/7

/18

7/1
7/1

7

6/1
2/1

7

9/2
5/1

7

8/2
1/1

7

10
/30

/17
8/8

/17

9/1
1/1

7

Log Normalized Abudance 

 R
el

at
iv

e 
 A

bu
nd

an
ce

 (%
)

A B
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Figure 4.8: Cladogram of Pol I peptides across sampling dates. Un-
rooted maximum likelihood tree of representative Pol I peptide sequences
predicted from each sampling date. Branches colored by 762 position
residues, Phe762 (orange), Tyr762 (blue), and Leu762 (purple). Node
tip labels indicate the date samples were collected and are colored ac-
cordingly.
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in agricultural pond water. (A) Stacked bar chart of the number of
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4.7 Tables

Table 4.1: Descriptive sequencing statistics for microbial
metagenomes.

Date

no.
Read
Pairs

no.
Contigs

Mean
Contig

Size

Median
Contig

Size

Max
Contig

Size
%

GC

6/12/17 56253234 710332 850 487 277707 49
7/17/17 63779336 825414 807 477 117814 51
8/8/17 64585947 785337 763 461 205041 49

8/21/17 69809556 805980 843 486 322391 49
9/11/17 64832833 815793 794 464 164272 49
9/25/17 63781249 840001 777 466 227816 50

10/30/17 59929487 665594 866 490 356886 48
11/13/17 71006872 821949 831 476 500323 48
12/18/17 69728632 759516 820 470 266589 48
1/22/18 85726602 317644 681 441 133727 48
2/12/18 56732600 762015 576 404 155163 49
3/12/18 54167570 541845 799 453 456402 47
4/9/18 65786989 651522 797 450 442516 46
5/7/18 60936037 676763 868 473 443357 48
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Table 4.2: Descriptive sequencing statistics for viromes.

Date

no.
Read
Pairs

no.
Contigs

Mean
Contig

Size

Median
Contig

Size

Max
Contig

Size
%

GC

6/12/17 64110963 276729 865 470 180347 44.67
7/17/17 62502798 273781 667 438 169626 46.72
8/8/17 81168407 258993 729 452 226706 45.62

8/21/17 56676868 254571 873 472 304756 44.08
9/11/17 58609455 194360 704 451 163936 45.27
9/25/17 56219160 153900 670 442 133962 46.72

10/30/17 50692882 280625 715 454 89836 46.39
5/7/18 59241875 220295 786 445 191403 45.58
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Table 4.3: Contig taxonomic assignments for microbial
metagenomes.

Date

no.
Contigs

Assigned Bacteria Archaea Eukaryota Virus

6/12/17 595070 558560 4446 10428 17018
7/17/17 682721 643284 5246 15071 13909
8/8/17 613967 575392 5086 13920 14510

8/21/17 638184 592345 6260 15298 18359
9/11/17 621912 580804 5118 14605 16113
9/25/17 647567 603594 5287 17045 16056

10/30/17 551826 520367 4081 11014 12117
11/13/17 601780 537650 4785 34534 18709
12/18/17 596552 550304 4303 19664 16942
1/22/18 259134 240201 1702 7537 7786
2/12/18 619155 588965 2679 15543 8704
3/12/18 402761 371034 2688 12175 13094
4/9/18 449222 409371 2896 20077 12875
5/7/18 499438 455695 3087 23363 13349
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Chapter 5: Metagenomic Analysis of a Freshwater Creek and Irri-

gated Field Reveals Temporal and Spatial Dynamics in

Bacterial and Viral Assemblages

5.1 Abstract

Lotic surface water sites (e.g. creeks) are important resources for localized

agricultural irrigation. However, there is a concern about the presence of microbial

contaminants within untreated surface water that may be transferred onto irrigated

soil and crops. To evaluate this issue water samples were collected between January

2017 and August 2018 from a freshwater creek used to irrigate kale and radish plants

on a small farm in the Mid-Atlantic, United States. Furthermore, on one sampling

date a field survey was conducted in which additional water (creek source and point-

of-use) and soil samples were collected to assess the viral and bacterial communities

pre- and post- irrigation. All samples were processed for DNA extracts and shotgun

sequenced on the Illumina HiSeq platform. The resulting metagenomic libraries

were assembled de novo and taxonomic and functional features were assigned at

the contig and peptide level. From these data we observed that Betaproteobacteria

(e.g. Variovorax ) dominated the water, both at the source and point-of-use, and Al-
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phaproteobacteria (e.g. Streptomyces) dominated both pre- and post-irrigated soil.

Additionally, in the creek source water there were variations in the abundance of

the dominant bacterial genera and functional annotations associated with seasonal

characteristics (e.g. water temperature). Antibiotic resistance genes and virulence

factors were also identified in the creek water and soil, with the majority specific

to their respective habitat. Moreover, an analysis of clustered regularly interspaced

short palindromic repeat (CRISPR) arrays showed the persistence of certain spacers

through time in the creek water, as well as specific interactions between creek bac-

teriophage and their hosts. Overall, these findings provide a more holistic picture

of bacterial and viral composition, dynamics, and interactions within a freshwater

creek that can be utilized to assess its suitability and safety for irrigation.

5.2 Introduction

Lotic ecosystems (e.g. rivers, streams, creeks), which span an estimated 3.5

million miles in the United States, are reliable sources of agricultural irrigation wa-

ter, especially in the Eastern states [30]. However, concern remains about the micro-

bial communities that inhabit these water sources. In the farm-to-fork continuum,

surface water used for irrigation is a known contributor to microbial contamina-

tion of fresh produce, responsible for multiple foodborne illness outbreaks [66,346].

The National Rivers and Streams Assessment of 2008-2009 found that 23% of the

evaluated river and stream miles in the U.S. exceeded the EPA’s recreational water

quality standard for enterococci [347]. Despite this, irrigation water quality is as-
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sessed primarily through culture and PCR-based tests for fecal indicator bacteria,

frequently with emphasis on Escherichia coli [38], which provides limited data and

lacks perspective on the complete profile of resident microbial communities. There-

fore, there is a compelling need for more comprehensive characterization of these

complex microbial communities and the relationship between communities in sur-

face water sources and irrigated soil in order to ensure the safe use of lotic water

sources in agriculture.

While there exist some general criteria that help differentiate lotic water bod-

ies, such as size, depth and flow direction, they are not universally accepted and

are often indicative of local or regional characteristics [31]. For instance, creeks

are often considered smaller, shorter and shallower than rivers, with no branches or

tributaries. Nevertheless, microorganisms can be introduced into these water sys-

tems via connected waterways, overland runoff and groundwater flow, aerial deposi-

tion, and upstream discharge (e.g. sanitary sewer flows, and wastewater treatment

plants) [293,348,349]. Once present, these microorganisms can disperse downstream

or associate to the stream bank/bed where they are subjected to biotic and abiotic

factors that will ultimately control their composition and persistence [350].

Data on the microbial communities of small lotic water bodies (e.g. creeks)

are limited, but previous reports on riverine waterways have given us insight into

the major factors influencing the composition of planktonic bacterial taxa, such as

geography [351], nutrient concentration [150, 152, 352], number of daylight hours

[152], pH [353], water temperature [291, 352], water residence time [353, 354], and

storm events [352]. The presence and persistence of pathogenic bacteria have also
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been associated with some of these factors. For instance, rain events have been

associated with an increase in pathogen isolation (e.g. Escherichia coli O157:H7)

from surface water bodies, likely due to the increased influx of runoff water and/or

resuspension of streambed bacteria [290–292]. This incursion of pathogens into

surface waters that are used for agricultural irrigation raises concern with regard to

their potential transmission to crops and ultimately consumers, as several foodborne

pathogens are capable of long-term persistence on fruit and vegetable crops following

irrigation [62–64].

In addition to foodborne pathogens, antibiotic resistance determinants have

been identified in lotic waterways [355, 356], although their persistence on soil and

food crops is less clear [351, 351, 357]. While antimicrobial compounds are ancient

and can occur naturally, their large-scale manufacture and use, both in clinical and

agricultural applications, has led to an increased selection of antimicrobial-resistant

bacteria worldwide [213,325]. Like pathogens, antimicrobials can enter lotic ecosys-

tems through upstream anthropogenic inputs and/or runoff from adjacent fields and

pasture [358]. Here, antimicrobial residues can drive selection pressures on native

bacterial communities, restricting susceptible populations while favoring resistant

taxa or the spread and acquisition of resistance traits [359]. When resistant bacte-

ria contaminate lotic ecosystems, their antimicrobial resistance genes (ARGs) can

be disseminated amongst aquatic bacterial communities via conjugation, transfor-

mation, and transduction mechanisms [72]. Consequently, bacteriophage (phage),

the chief vectors of bacterial transduction, are becoming increasingly recognized

for their potential role in the dissemination of ARGs, as well as other genes that
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shape bacterial community composition (e.g. virulence factors, auxiliary metabolic

genes) [73, 360].

Despite this, phage in lotic ecosystems have only been surveyed in a hand-

ful of studies, largely through studies of viral metagenomes (viromes) created from

samples of large riverine watersheds [141, 153–156]. Moreover, very few studies

have sought to integrate phage with their bacterial hosts. Metagenomic analyses of

CRISPR (clustered regularly interspaced short palindromic repeats) arrays can pro-

vide unique insights into the bacteria-phage interactions in environmental samples.

CRISPR spacers, pieces of foreign phage DNA integrated into the host genome,

represent a record of phage infection through time [307, 308]. As a result, they can

be used as a molecular fingerprint to identify unique host strains, link phage with

potential hosts, and reveal information about the heterogeneity of phage present

in an environment; data which are critical in determining the potential impact of

phage within and between environments.

In this present study, we utilized culture-independent high-throughput shot-

gun metagenomic sequencing to obtain a more comprehensive picture of the dy-

namics and potential dissemination of creek microbiota. Briefly, we generated and

characterized microbial metagenomes from water samples collected from an agri-

culturally utilized freshwater creek throughout two growing seasons and from soil

pre-irrigation, immediately post-irrigation, and 24 hours post-irrigation. From these

microbial metagenomes, we focused specifically on the bacterial component, assess-

ing their taxonomy, functional potential, and resistance/virulence profile. We also

performed a preliminary analysis that enabled us to compare the bacterial and viral
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community composition in the creek water at the source and point-of-use.

5.3 Materials and Methods

5.3.1 Site description

The study site was selected from a group of sampling sites that were included in

a 2-year water sampling effort by CONSERVE: A Center of Excellence at the Nexus

of Sustainable Water Reuse, Food and Health (www.conservewaterforfood.org). The

non-tidal freshwater creek that runs through the site is a tributary of the Patuxent

River, is surrounded by forested and peri-urban land, and is characterized by E. coli

levels that consistently exceed the Food Safety Modernization Act Produce Safety

Rule standards for agricultural water [38, 361]. In addition, the creek consistently

tests positive for Salmonella enterica and Listeria monocytogenes [361].

To test whether microbial contaminants present in the creek could be trans-

ferred to irrigated soil, a field was established by the farmer ∼260 meters from the

creek and planted with kale and radish plants, as described in detail in Allard et

al. [361]. Briefly, kale and radish seeds were started in a greenhouse and transplanted

to the field in rows when plants grew to seedling size. Drip irrigation tape (10 mm

wall thickness, 1.0 GPM flow with 10 cm spacing, Nolt’s Produce Supplies, Leola,

PA #CH-101041) was laid when plants were at the seedling stage, and drip irri-

gation was carried out intermittently throughout the season using unfiltered water

pumped from the creek.
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5.3.2 Water sample collection

Creek water samples were collected on the following dates: 1/23/17, 2/27/17,

7/17/17, 8/8/17, 9/11/17, 10/2/17, 7/16/18, and 8/6/18. On each date, a sterile

1 L polypropylene sampling container (Thermo Fisher Scientific, MA, USA) was

submerged 15-30 cm below the creek surface (adjacent to the hose intake) using

a long-range grabbing tool. On 10/2/17, an additional water sample (5 L) was

collected from the creek for virome processing using a utility transfer pump (0.08

W; Everbilt, Atlanta, GA) powered by a EU1000i generator (American Honda Motor

Co., Ltd., Alpharetta, GA) and connected to the cartridge via vinyl braided tubing

(1.9 cm inner diameter, Sioux Chief, Peculiar, MO).

In addition, on 10/2/17 water samples were collected at the point-of-use.

Roughly 6 L of water was collected into sterile 20 L Nalgene polypropylene car-

boys from a junction in the irrigation hose next to the field. Of this sample, 5 L

was allocated for virome processing and 1 L for microbial metagenomic processing.

Samples were transported on ice to the laboratory and stored at 4 ◦C.

5.3.3 Soil sample collection

Starting on 10/2/17, soil samples were collected immediately before irrigation,

immediately post-irrigation, and 24 h post irrigation. Prior to 10/2/17, irrigation

was halted for a full week to allow for microbial die-off. For the initial irrigation

event on 10/2/17, water was turned on and run for ∼2 h. Composite soil samples

were collected using sterile scoops from within the kale rows, directly underneath
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2 parallel lines of drip tape and places into sterile Whirl-Pak bags. Soil samples

were collected from the same ∼15 cm sampling zone at each soil-sampling event:

pre-irrigation, immediately post-irrigation, and 24 h post irrigation. Samples were

transported on ice to the laboratory and stored at 4 ◦C until processing.

5.3.4 Assessment of water characteristics

At each time point, a ProDSS digital sampling system (YSI, Yellow Springs,

OH, United States) was used to measure, in triplicate, the water temperature ( ◦C),

pH, dissolved oxygen (% DO), conductivity (SPC µS/cm), oxidation-reduction po-

tential (mv), turbidity (FNU), nitrate (mg/L), and chloride (mg/L). Ambient tem-

perature and precipitation levels (24 h prior to sampling) were also collected for

each sampling event via the Nation Weather Services historical data archive.

5.3.5 Water sample processing for microbial metagenomes

To isolate the cellular fraction for microbial metagenomes, 1 L samples were

vacuum filtered through a 0.2 µm membrane filter (Pall Corporation, MI, USA).

Microbial DNA was then extracted from the filters using an enzymatic and mechan-

ical lysis procedure [158,159]. Briefly, the filters were added to lysing matrix tubes

along with a cocktail of PBS buffer, lysozyme, lysostaphin, and mutanolysin. After

incubating (30 min, 37 ◦C), samples were subjected to a second lysing cocktail (Pro-

teinase K and SDS) followed by another incubation (55 min, 45 ◦C) and mechanical

lysis via bead beating. The resulting DNA was purified with the QIAmp DNA mini
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kit (Qiagen, CA, USA) and assessed with a NanoDrop 2000 Spectrophotometer.

5.3.6 Water sample processing for viromes

Viral DNA extracts were generated as previously described [157]. Briefly, to

remove the cellular fraction, 5 L of creek water sampled at the source (10/2/17)

and at the point-of-use were filtered sequentially through a Whatman 1 µm poly-

carbonate filter (Sigma-Aldrich, MO, United States) and a 142-mm diameter 0.2

µm membrane filter (Pall Gelman Sciences, MI, United States) attached via sterile

1.6 mm PVC tubing with a Watson Marlow 323 Series Peristaltic Pump (Watson-

Marlow, Falmouth, Cornwall, United Kingdom).

The resulting filtrate was chemically concentrated for viruses using an iron

chloride procedure [240], in which 0.5 mL of FeCl3 solution (4.83 g FeCl3 into 100 mL

H2O) was added and incubated in the dark for 1 h. Flocculated viral particles were

then filtered onto 142-mm 1 µm polycarbonate filters (Sigma-Aldrich, MO, United

States) and stored at 4 ◦C in the dark until resuspension. For viral resuspension,

filters were rocked overnight at 4 ◦C in 5 mL of 0.1M EDTA-0.2M MgCl2-0.2 M

Ascorbate Buffer, described in detail elsewhere [240]. Additionally, to ensure total

removal of free DNA contamination, resuspended viral particles were subjected to a

DNase I (Sigma-Aldrich, MO, United States) treatment for 2 h and passed through a

33-mm diameter sterile syringe filter with a 0.2 µm pore size (Millipore Corporation,

MA, United States). DNA was then extracted from the viral concentrate using the

AllPrep DNA/RNA Mini Kit (Qiagen, CA, United States) per the manufacturer’s
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instructions and quantified with an HS DNA Qubit fluorescent concentration assay.

5.3.7 Soil sample processing for microbial metagenomes

Soil samples were hand-homogenized in Whirl-Pak bags, and 0.2 g per sample

was transferred into Lysing Matrix B tubes (MP Biomedicals). Samples were stored

at −80 ◦C until DNA extraction utilizing the same methodology as performed for

the water samples.

5.3.8 Shotgun sequencing for microbial metagenomes and viromes

For each sample, DNA was used in a tagmentation reaction followed by 12

cycles of PCR amplification using Nextera i7 and i5 index primers per the modified

Nextera XT protocol. The final libraries were then quantitated by Quant-iT hs

DNA kit. The libraries were pooled based on their concentrations as determined

by Quantstudio 5 and loaded onto an Agilent High Sensitivity D1000 ScreenTape

System. Samples were sequenced on an Illumina Hiseq X10 flow cell (Illumina, San

Diego, CA, United States) generating 100 bp paired end reads.

5.3.9 Metagenomic assembly

The resulting paired-end reads from both microbial metagenomes and viromes

were quality trimmed using Trimmomatic ver. 0.36 (sliding window:4:30 min len:60)

[175], merged with FLASh ver. 1.2.11 [176], and assembled de novo with MEGAHIT

[299]. Open reading frames (ORFs) were predicted from the assembled contigs using
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MetaGene as described in Noguchi et al. [104].

5.3.10 Taxonomic and functional classification

For the microbial metagenomes, peptide sequences encoded by the predicted

ORFs were searched against UniRef 100 (retrieved May 2018) using protein-protein

BLAST (BLASTp ver. 2.6.0+) (E value ≤ 1e-3) [105]. Taxonomic classifications

were then made to contigs by max cumulative bit score. This was calculated by sum-

ming the bit scores of all taxa with a hit to peptides encoded by the contig. Peptide

sequences were assigned all Gene Ontology GO terms that were linked to UniRef

100 peptides within 3% of the top hit’s bit score [179]. Taxonomic classification of

viromes were conducted as described in Chopyk et al. [157].

For all microbial metagenomes and viromes, coverage was calculated for each

contig by recruiting quality-controlled reads to assembled contigs using Bowtie2 ver.

2.3.3 (very sensitive local mode) and then using the “depth” function of Samtools

ver. 1.4.1 to compute the per-contig coverage [180]. To normalize abundances

across libraries, contig and ORF coverages were divided by the sum of coverage

per million, similar to the transcripts per million (TPM) metric used in RNA-

Seq [181,257]. Scripts performing these assignments and normalization are available

at https://github.com/dnasko/baby virome. Taxonomic and functional data were

visualized using the R packages ggplot2 ver. 3.1.0 and pheatmap ver 1.0.10 [182,183].
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5.3.11 ORF clustering

To assess the shared and unique nucleotide composition among the water and

soil microbial metagenomes, all complete nucleotide ORFs (i.e. ORFs with both a

start and a stop codon) were clustered at 97% with CD-HIT-EST and subsequently

parsed with the clstr2txt.pl script [184].

5.3.12 Identification of ARGs and VFs

For both the microbial metagenomes and viromes peptide sequences encoded

by the predicted ORFs were searched against the “Comprehensive Antibiotic Resis-

tance Database” (CARD; retrieved July 2018) and the core dataset of virulence fac-

tors (VFs) (genes associated with experimentally verified VFs) from the “Virulence

Factor Database” (VFDB; retrieved December 2018) [362] using protein-protein

BLAST (BLASTp ver. 2.6.0+) (E value ≤ 1e-3) [105, 107]. A queried translated

ORF was regarded as ARG or VF-like if >40% coverage and >80% amino-acid

identity to a protein in the CARD or VF database, a conservative threshold defined

previously [83, 185]. In addition, for the ARGs conferring resistance through mu-

tations (i.e. KasA, gyrA, gyrB, murA, ndh, ThyA, rpsL, rpsJ ), a post-processing

step (MAFFT alignment with reference sequences available at CARD) was taken to

confirm the presence of resistance-conferring mutations [186]. ARG and VF data

were visualized using the R package ggplot2 ver. 3.1.0 [183].
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5.3.13 Prediction and analysis of CRISPRs in microbial metagenomes

CRISPR arrays were predicted from assembled contigs using the CRISPR

detection and validation tool, CASC [303]. Valid CRISPR spacers were clustered

with CD-HIT-EST at 97% nucleotide similarity to determine the number of unique

and shared spacers both through the course of the experiment and between soil and

water samples [184]. Spacers were also used as query sequences to search against

the viromes from the creek source and the point-of-use using BLASTn (E value ≤

1e-1, word size 7). Only alignment of length 28-40 bp (inclusively), with bit score

≤ 42, and ≤ 3 mis-matches were considered valid and used in the network analysis.

Only viral contigs that were assigned a taxon were shown in the network analysis,

visualized by Cytoscape software [300].

5.3.14 Statistical tests

Pearson correlation coefficients were calculated to identify associations be-

tween the water characteristics and the normalized abundance of the bacterial gen-

era and functional assignments.

5.3.15 Data availability

Metagenomic reads were submitted to NCBI’s Sequence Read Archive un-

der the accession numbers SRS4362885-SRS4362895 for the water samples and

SRS4378913-SRS4378915 for the soil samples.
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5.4 Results

5.4.1 Creek water physicochemical characteristics

Water physicochemical factors measured in both the creek source water and

at the point-of-use are described in Table 5.1. During the course of the study,

the creek source water ranged in temperature from 7 ◦C to 24 ◦C, with an average

temperature of 17 ◦C. The only dates with precipitation 24 hours prior to sampling

were on 1/23/17 and 8/8/17. Additionally, the physicochemical factors measured

at the point-of-use were similar to those measured at the creek source water on the

same sampling date (10/2/17), with only slight increases in ambient temperature,

dissolved oxygen, conductivity, ORP, turbidity, and nitrate levels.

5.4.2 Sequencing effort and assembly

In total, 12 samples were processed for microbial metagenomes, eight from 1 L

samples collected from the freshwater creek periodically over two years, one from a

1 L sample collected from the point-of-use on 10/2/17, and three from soil samples

collected beginning on 10/2/17 (one pre-irrigation, one immediately post-irrigation,

and one 24 h post-irrigation). Additionally, two samples were processed for viromes:

one from a 5 L sample collected from the creek source water and one from a 5 L

sample collected from the point-of-use, both on 10/2/17. All samples were shotgun

sequenced for a total of 989,086,930 read pairs at an average of 70,649,066 read pairs

per metagenome (± 13,168,798) (Table 5.2, Table 5.3). Following assembly, there

154



were a total of 13,607,046 contigs, with an average of 971,932 contigs per sample (±

338,945).

5.4.3 Bacterial phyla in water and soil microbial metagenomes

In both the soil and water microbial metagenomes between 71 and 88% of

contigs could be assigned a taxonomic representative (Table 5.4), with the majority

(>95%) homologous to Bacteria. Of the contigs that could be assigned a taxon,

normalized abundance was calculated to account for sequencing effort and assembly

proficiency (TPM-like normalization). For the creek source water Proteobacteria

dominated at all time points in creek source water, accounting for 62% (± 3%)

of the total normalized abundance assigned to Bacteria. The next most abundant

phyla in the creek source water were Actinobacteria (15% ± 3%), Bacteriodetes

(13% ± 2%), and Firmicutes (5% ± 2%). The distribution of these dominant phyla

was similar at the point-of-use, especially compared to the creek water collected at

the source on the same date (Figure 5.1).

In soil, Proteobacteria also dominated (pre = 44%, post = 46%, 24 h = 47%)

(Figure 5.1). However, the Proteobacteria phylum was composed largely of the class

Alphaproteobacteria (pre = 44%, post = 43%, 24 h. = 45%) instead of Betapro-

teobacteria, which dominated the creek source water (71% ± 4) (Figure 5.1). In soil,

the next largest phyla were Actinobacteria, (pre = 25%, post = 20%, 24 h = 23%)

followed by Firmicutes (pre = 11%, post = 11%, 24 h = 10%), and Acidobacteria

(pre = 5%, post = 7%, 24 h = 5%), all of which exhibited a much higher normalized
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abundance in soil than in water.

5.4.4 Bacterial genera of water and soil microbial metagenomes

For the contigs assigned to bacterial taxa we also report the normalized abun-

dance of the dominant genera (>1% of the total bacterial genera in a least one

sample) detected in water and soil (Figure 5.2). Variovorax was the most abundant

genus in the creek source water accounting for an average of 21% (± 4%) of the

total normalized abundance of the bacteria assigned contigs. Following Variovorax,

Streptomyces (5% ± 1%), Pusillimonas (5% ± 0.4%), Achromobacter (4% ± 0.4%),

and Microbacterium (3% ± 2%) were the most abundant. In agreement with the

phyla distributions described above, the abundance of these bacterial genera was

similar between the creek source and the point-of-use.

In soil, the distribution of dominant genera was as follows: Streptomyces (pre

= 9%, post = 7%, 24 h = 9%), Mesorhizobium (pre = 5%, post = 5%, 24 h = 6%),

Sphingomonas (pre = 4%, post = 3%, 24 h = 4%), Bacillus (pre = 3%, post = 3%,

24 h. = 3%), and Achromobacter (pre = 2%, post = 3%, 24 h = 3%).

5.4.5 Creek source water characteristics and bacterial genera abun-

dance

To investigate the dynamics of the bacterial genera over time in the creek

source water, correlation analysis was performed between the dominant bacterial

genera and the measured water characteristics described in Table 5.1 (Figure 5.3).
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Water temperature had the greatest significant impact on the normalized abundance

of the most genera. For instance, Mesorhizobium, Rhodopseudomonas, Microvirga,

Ferrimicrobium, Sphingopyxis, Syntrophomonas, Saprospira, Desulfotignum, Sphin-

gomonas, and Alicyclobacillus were all positively correlated (Pearson’s correlation,

p ≤ 0.05) with water temperature, whereas the abundance of Flavobacterium and

Clostridioides was negatively correlated with water temperature.

Other water characteristics that were significantly (p ≤ 0.05) correlated with

the normalized abundance of the dominant bacterial genera were as follows: dis-

solved oxygen was negatively correlated with Sphingopyxis, Pseudomonas, Methy-

lophaga, Desulfotignum; conductivity (SPC uS/cm) was negatively correlated with

Polynucleobacter; oxygen reduction potential was positively correlated with Ulvibac-

ter, Flavobacterium, Clostridioides and negatively correlated with Syntrophomonas,

Ferrimicrobium, Mesorhizobium, and Microvirga; turbidity was positively correlated

with Clostridium and Sphingomonas ; and precipitation positively correlated with

Clostridium.

5.4.6 Functional potential of water and soil microbial metagenomes

To characterize the functional profiles of the microbial metagenomes, Gene

Ontology (GO) annotations were assigned to peptide sequences encoded by the

predicted ORFs based on BLASTp matches to UniRef100 proteins (Figure 5.4). On

average, 70% (± 9%) of peptide sequences in the source creek water and 74% in

the point-of-use water were assigned at least one GO-term. Similarly, for the soil
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an average of 72% (± 3%) of peptide sequences were assigned at least one GO-

term. For both sample types, the GO-term “transferase activity” (GO:0016740)

was assigned to the greatest percentage of the normalized abundance assigned to

the predicted peptides, accounting for 27% (± 1%) in the creek source water, 28%

in the point-of-use, and 28% in the soil (pre = 28%, post = 28%, 24 h. = 29%)

(Figure 5.4). Other functions exhibiting high normalized abundance in both water

and soil metagenomes included “metal ion binding”, “catalytic activity”, “oxidation-

reduction process” and “oxidoreductase activity”.

5.4.7 Relationships between water characteristics and functional po-

tential

Correlation analysis was performed between the normalized abundance of func-

tional profiles (GO-terms) and the measured water characteristics described in Table

5.1 (Figure 5.5). Again, water temperature was the most significant factor and was

positively correlated (p ≤ 0.05) with the normalized abundance of following GO-

terms: “catalytic activity” (GO: 0003824), “lyase activity” (GO: 0016829), “pro-

teolysis” (GO: 0006508), “metabolic process” (GO: 0008152), “oxidation reduction

process” (GO: 0055114), “hydrolase activity” (GO: 0016787), and “oxidoreductase

activity” (GO: 0016491).
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5.4.8 ORF clustering in water and soil microbial metagenomes

To explore the persistence and overlap of microbiota within the samples col-

lected at the creek, as well as with the point-of-use water and soil samples, all ORFs

were clustered at 97% similarity (Figure 5.6). Between 19 and 70% of ORFs from

water clustered with at least one other sample. These were largely other water sam-

ples from the same general season. For example, 20% of ORFs from 8/8/17 clustered

with ORFs from the following month, 9/11/17, and 11% from the preceding month,

7/17/17. In contrast, only 2 and 3% of ORFs from 8/8/17 clustered with the ORFs

from the winter months, 1/23/17 and 2/27/17, respectively. For the point-of-use,

45% of ORFs formed clusters with ORFs from the creek water source collected on

the same date, 10/2/17.

Few ORF clusters contained ORFs from both soil and water. In total ∼0.002%

of ORFs from the pre-irrigated soil, ∼0.01% of ORFs from the post-irrigated soil,

and ∼0.02% of ORFs from the 24 h post-irrigated soil clustered with ORFs from any

of the water samples. Not surprisingly, ORFs from the soil clustered at a greater

proportion with each other (Figure 5.7). For instance, 10% of the ORFs in the

pre-irrigation soil formed clusters with ORFs from the post-irrigation soil and 9%

with ORFs from the 24 h post-irrigation soil.

5.4.9 ARGs in water and soil microbial metagenomes

In total, 138 peptide sequences encoded by the predicted ORFs from both the

water and soil microbial metagenomes were classified as 23 unique ARGs (Figure
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5.8). Of these, eight ARGs were identified only in creek source water, conferring

resistance to cephalosporin, penam, fluoroquinolone, phenicol, elfamycin, peptide,

tetracycline, and aminoglycoside antibiotics. Ten ARGs were identified only in the

soil, conferring resistance to aminoglycosides, glycopeptide, fosfomycin, rifamycin,

isoniazid, macrolides streptogramin and tetracycline antibiotics. Five ARGs were

identified in at least one creek water source and one soil sample, conferring resistance

to aminoglycoside, peptide, rifamycin, diaminopyrimidine, macrolide, and penam

antibiotics. Finally, three ARGs were detected in the point-of-use, one of which was

identified also in the creek source water and two in both the creek source water and

soil samples.

The greatest diversity of ARGs in the creek source water was identified in the

sample retrieved on 8/6/18, which had five unique ARGs. However, the majority of

the ARG diversity was identified from soil, with 11 unique ARGs predicted in the

pre-irrigation soil, eight unique ARGs in post-irrigated soil, and seven unique ARGs

in the 24 h post-irrigated soil. Additionally, for the ARGs that confer resistance

through target mutation, the following mutations were identified: murA C117D

[191], rpsL, K88R [192], rpsJ V57M [363], rpoB H526T [305], and EF-Tu Q124K

[195] Y161N [364].

5.4.10 Putative hosts of antimicrobial resistance genes

All of the ARGs that could be confidently assigned a taxonomic representa-

tive (134/138) were assigned to Bacteria (Figure 5.8, Table 5.5). For each ARG,
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we calculated its normalized abundance. In the creek source water, 49% of the

normalized abundance assigned to ARGs was attributed to Acidobacteria (Saccha-

romonospora, Streptomyces, Ferrimicrobium, and Nocardia) and 43% to Proteobac-

teria (Variovorax, Stenotrophomonas, Achromobacter, Burkholderia, Nitrosovibrio,

Caulobacter, Chania, Pseudomonas, and Agrobacterium). In the point-of-use 59%

of the normalized abundance assigned to ARGs originated from Acidobacteria (Sac-

charomonospora, Streptomyces) and 41% from Proteobacteria (Sphingopyxis and

Limnohabitans).

For the soil samples, while the abundance and diversity of ARGs was much

greater than that in water, most (96%) of the normalized abundance assigned

to ARGs was attributed to one phylum, Acidobacteria (Streptomyces, Nocardia,

Frankia, Rhodococcus, Ferrimicrobium, Actinoplanes, Aeromicrobium, Cellulosimi-

crobium, Mycobacterium, Nocardia, and Williamsia) (Figure 5.8, Table 5.5).

5.4.11 Virulence factors in water and soil microbial metagenomes

In addition to ARGs, we identified several putative virulence factors (VFs) in

the soil and water microbial metagenomes. In total, 629 peptide sequences encoded

by the predicted ORFs from both the water and soil were classified as 67 unique

VFs (Figure 5.9, Table 5.6, 5.7). Of these, 37 VFs were predicted only in creek

source water and included proteins involved in regulation, stress response, mobility,

the formation of the lipopolysaccharide (LPS) and/or capsule, hemolysis, adherence,

and type II, III and VI secretion systems. Additionally, 13 VFs were identified only
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in the soil and included proteins involved in binding at the cell surface, mobility,

cell wall formation, iron uptake, metabolic adaption, and type VII secretion sys-

tem. There were also 16 VFs found in at least one creek source water and one

soil sample, which included proteins involved in the formation of the LPS and/or

capsule, regulation, mobility, adherence, and type VI secretion system. Finally, 12

VFs were identified in the point-of-use, one of which, algU, was identified only in

the point-of-use.

Overall, the creek freshwater in August had the highest diversity of VFs, with

the 8/8/17 sampling date characterized by 22 unique VFs and the 8/6/18 sampling

date characterized by 30 unique VFs. In the soil, there was also a high diversity

of VFs, with 19 unique VFs predicted in the pre-irrigation soil, 19 unique VFs

predicted in the post-irrigated soil, and 17 unique VFs in the 24 h post-irrigated

soil.

5.4.12 Putative hosts of virulence factors

Similar to the ARGs, all VFs that could be confidently assigned a taxonomic

representative were assigned to Bacteria (Figure 5.9, Table 5.7). However, in this

case, the host phyla were largely Proteobacteria as opposed to Actinobacteria, which

hosted the ARGs. In the creek source water 98% of the normalized abundance of VFs

was attributed to Proteobacteria (Polynucleobacter, Pseudomonas, Lutimaribacter,

Aeromonas, Desulfotignum, Delftia, Nitrosovibrio, Variovorax, and 33 other genera).

Likewise, in the point-of-use water, 98% of the normalized abundance assigned to
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VFs originated from Proteobacteria (Aeromonas, Polynucleobacter, Pseudomonas,

Lutimaribacter and 12 other genera). Finally, in the soil 76% of the normalized

abundance assigned to VFs was also attributed to the Proteobacteria phylum (Lu-

timaribacter, Sphingomonas, Sphingopyxis, Pseudomonas, Rhodopseudomonas, Mi-

crovirga, and 21 other genera) (Figure 5.9, Table 5.7).

5.4.13 Viral taxonomy and ARG/VF in source and point-of-use vi-

romes

For the creek water source and the point-of-use water viromes, the major-

ity of assigned contigs were homologous to Viruses (source = 61%, point-of-use =

58%), followed by Bacteria (source = 10%, point-of-use = 15%). In the same man-

ner as was conducted for the microbial metagenomes, a normalized abundance was

calculated for these viromes (Figure 5.10). At both the source and point-of-use,

the majority of the normalized abundance of viral contigs was assigned to the ds-

DNA bacteriophage of the order Caudovirales (source = 98%, point-of-use = 98%).

Within the Caudovirales, Siphoviridae (source = 42%, point-of-use = 42%) dom-

inated at all time points followed by Podoviridae (source = 31%, point-of-use =

27%), Myoviridae (source = 23%, point-of-use = 27%), and the newly introduced

Ackermannviridae (source = 1%, point-of-use = 1%) [365]. No VFs or ARGs were

identified in either virome.
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5.4.14 CRISPR arrays in water and soil microbial metagenomes

To determine the prevalence of the CRISPR-Cas defense system, as well as

track specific microbial strains among sample types and through time we predicted

CRISPR arrays in the soil and water microbial metagenomes (Table 5.8). A total of

370 arrays were identified with 1,645 CRISPR spacers, of which 1,301 were unique.

No spacers were shared between the soil and water samples. However, for the soil

samples, the pre-irrigated soil shared five spacers with the soil 24 h post irrigation.

Moreover, it appeared that some spacers persisted throughout the study within

the creek water source and, in some cases, appeared over a year apart (Figure 5.11).

Of the 1,114 unique spacers found in the creek source water, 124 were found in

at least two time points. For example, three spacers with shared homology were

predicted in the creek source water from 2/27/17, 9/11/17 and 8/6/18 (Figure

5.11).

The point-of-use sample also shared spacers with creek source water (Table

5.9). Of the 333 spacers predicted in the point-of-use water, 42% (140 spacers) were

also found in the creek source water on the same sampling date (10/2/17). Addi-

tionally, the point-of-use shared spacers with creek source water for the following

dates: 7/17/17 (34 spacers), 7/16/18 (22 spacers), and 9/11/17 (10 spacers).

5.4.15 Phage-host relationships

To make connections between the viromes and microbial metagenomes the

CRISPR spacers identified in the microbial metagenomes were utilized to link phage
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with putative hosts (Figure 5.12). Here, we observed that 61 spacers from 38 dif-

ferent contigs from the water metagenomes matched 18 different viral contigs from

the creek water source virome (7 Siphoviridae, 4 Podoviridae, 5 Myoviridae, and 2

unclassified) and 39 from the point-of-use virome (19 Siphoviridae, 8 Podoviridae,

11 Myoviridae, and 1 unclassified). For the total 57 viral contigs that were matched

to microbial metagenomes, five hit more than one microbial contig.

Of the 38 contigs from the water microbial metagenomes, 16 had specific one-

to-one relationships, in other words, one contig from any of the water microbial

metagenomes matched one viral contig either from the creek water source virome

or the point-of-use virome. Similarly, there were many one-to-two relationships, in

which 16 contigs from any of the water microbial metagenomes each matched to two

viral contigs from the viromes. For these, the two matched viral contigs were usually

split between the two sites, one from the creek source water virome and one from

the point-of-use virome and were likely the same viral population present at both

sites. Finally, there were some one-to-many relationships, in which six contigs from

any of the water microbial metagenomes each matched at least three viral contigs

from the creek source water virome and/or from the point-of-use virome.

5.5 Discussion

Comprehensive surveillance of microbial community composition and func-

tional potential in lotic agricultural water is essential, not only for maintaining food

safety, but also for ensuring the health of the entire waterway. Despite this, micro-
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bial communities of lotic surface waters are far less studied than those of marine and

lake ecosystems, especially small lotic systems like creeks [146]. Here, we present

a temporal survey of microbial communities from water samples collected from a

freshwater creek used actively for agricultural irrigation of a small produce farm.

We also report preliminary data on the dynamics and potential dissemination of

these communities from water source to soil.

5.5.1 Composition and dynamics of bacteria in water and soil sam-

ples

Similar to other freshwater lotic environments, such as the James River in

Virginia [147] and the Santa Ana River in California [149], the freshwater creek

sampled here was dominated by Proteobacteria, specifically Betaproteobacteria at

all time points (Figure 5.1). However, there appeared to be strong seasonal vari-

ability that influenced the taxonomic and functional composition of the community.

Seasonal changes in the abundance and functional profile of bacteria, likely brought

on by increases in water temperature, organic matter and nutrient availability, are

common in aquatic systems [350]. In this study, we found that out of the physico-

chemical factors tested, water temperature appeared to have the most marked effect

on the abundance of functional genes related to production and metabolism, as well

as the abundance of several dominant bacterial genera (Figure 5.3, 5.5). In addition,

ORFs were shared between samples that were collected at the same time points and

seasons (Figure 5.7), suggesting a persistence and reemergence of specific bacterial
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lineages over time. This seasonal synchrony in microbial diversity has been previ-

ously reported in river water, as well as epilithon (algae on river rocks) and sediment

in lotic systems [366,367].

In contrast to the creek water, the agricultural soil was dominated by Al-

phaproteobacteria, largely Streptomyces, Mesorhizobium, and Sphingomonas. These

genera have been previously identified at high abundance in soil associated with as-

paragus and sugar beets [368,369]. Moreover, at all irrigation stages the community

appeared rather stable, especially after 24 h (Figure 5.1). This confirms previous

observations from a study on agricultural soils from Illinois, in which the microbial

community composition was largely stable year-round, especially when compared

to aquatic systems [370]. The authors attributed this to the large average genome

sizes of soil bacteria, which may enable them to withstand varying environmental

conditions through gene modulation rather than changes in abundance [370]. Ad-

ditionally, because soil is composed of heterogeneous microenvironments shaped by

contrasting physicochemical and biological properties its microbial diversity is nearly

unparalleled [371]. This competitive environment may negatively influence the abil-

ity of aquatic microbes to establish a niche. However, it is important to note that

due to the limited number of soil samples collected in this study we only captured

a snapshot of the diversity of the soil microbiota and its response to irrigation.
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5.5.2 Diversity and abundance of ARGs in water and soil samples

Further variations between water and soil samples, as well as creek water

across time and location were highlighted in the abundance and diversity of VFs

and ARGs (Figure 5.8, 5.9). ARGs were detected over time in the creek source

water and across the different sample types. However, soil had the greatest pool of

ARG diversity. This agrees with a previous study that surveyed 71 environmental

and host-associated shotgun metagenomic libraries and found that soil, regardless

of anthropogenic impact, had the largest diversity of ARGs [372]. Soil is increas-

ingly recognized as a natural reservoir of antimicrobial resistance, not only due to

its close association with agricultural and livestock antibiotics, but also due to the

presence of Streptomyces spp. [373–375]. In this study, the majority of soil ARGs

were predicted from contigs assigned to Streptomyces spp. and are potentially ca-

pable of conferring resistance to a broad range of antibiotics including: aminogly-

cosides, rifamycins, macrolides, and glycopeptides. Streptomyces are responsible

for the production of a large number of clinically significant antibiotics and are

suggested to carry resistance determinants even in the absence of anthropogenic

antimicrobial contamination [213, 329, 330]. Given this, the soil environment may

provide a reservoir of ARGs that could potentially flow via horizontal gene transfer

to pathogen populations. A previous study found that resistance genes encoded

by soil Proteobacteria had a perfect nucleotide match to resistance genes sequenced

from clinical isolates of several human pathogens including species of Escherichia,

Enterobacter, and Salmonella [374]. More work is needed to determine the poten-
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tial drivers of bacterial transduction and conjugation between pathogens that can

persist in the soil and the reservoir of soil ARGs.

5.5.3 Diversity and abundance of VFs in water and soil samples

In addition to ARGs we observed the presence of VFs. Although the identifica-

tion of VF genes does not indicate pathogenicity, it can be a useful guide to highlight

samples that should be explored in greater detail (e.g. transcriptomic, proteomic,

and/or culture-based analyses). We found that the majority of VFs from both water

and soil samples were largely opportunistic factors essential for survival (e.g. motil-

ity, cell wall formation) and, as a result, are not necessarily pathogen-specific [376].

In the soil there was an abundance of genes associated with the type VII secretion

system, largely those involved in the ESX-3 and ESX-5 systems. Mycobacteria, in-

cluding the pathogens M. tuberculosis, M. leprae, M. marinum, M. ulcerans, and

M. avium all use type VII protein secretion systems for both housekeeping func-

tions (e.g. metal homeostasis, cell wall stability) and the secretion of virulence

factors [377–379]. In contrast, the creek water had an abundance of genes involved

in type II and III secretion systems. While type II and III secretion systems are in-

strumental to bacterial survival and found widespread in non-virulent gram-negative

bacteria, a previous study reported that the type III effectors, such as aopN, are

directly involved in virulence and are likely to be pathogen-specific [376, 380, 381].

AopN in pathogenic Aeromonas spp. is responsible for controlling the secretion of

translocator proteins and suppressing immunity inside host cells [382]. This gene
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along with other Aeromonas spp. associated VFs were identified in the creek wa-

ter on 8/6/18. Aeromonas spp. are becoming increasingly recognized as potential

enteric pathogens and their presence in irrigation water may be of concern [383],

especially since they often do not correlate with fecal indicators [384–386].

Moreover, there was one VF, algU from a Pseudomonas spp., that was identi-

fied just in the point-of-use water sample and at no other time within the creek water

source or soil [387]. AlgU is a key regulator involved in alginate biosynthesis in Pseu-

domonas aeruginosa [387]. In response to certain conditions, alginate is secreted and

contributes to the formation of the extracellular matrix, which provides enhanced

adhesion to solid surfaces and protection from external stresses [388]. This provides

preliminary evidence of the capability of biofilm formation in the water distribution

system that transports the creek water to the field. While the water collected at the

source and at the point-of-use were similar with regard to the functional and taxo-

nomic composition of the microbiota, the presence of biofilms may have important

public health implications. Biofilms have been reported to form in irrigation and

drinking water systems and have been suggested to act as a reservoir for pathogenic

microorganisms [389]. Once associated in a biofilm, these pathogens, along with

other microbiota, may be released periodically into the water supply [389]. In fact,

a previous study from our lab recovered, through culture based analysis, Salmonella

enterica only at the point-of-use and not in the creek source water [361]. As a result,

upstream water quality sampling may not fully capture the risk at the point-of-use.
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5.5.4 Phage community structure and interactions in creek water

In addition to assessing the bacterial components from a variety of microbial

metagenomes, we were also able to characterize viral communities from a subset of

water samples. Viral communities are a component of lotic freshwater microbial ecol-

ogy that only a handful of studies have investigated, with the majority of research

limited to large riverine systems. Here, we found that the viral communities of the

water sampled at the creek and at the point-of-use were dominated by dsDNA bac-

teriophage belonging to the order Caudovirales. This has been observed in previous

research on large riverine watersheds (e.g. Bess River in Spain [155], Amazon River

in Brazil [156], Ile River in China [141], Murray River in Australia [154]). However,

these studies identified Myoviridae as the most abundant family of Caudovirales in

their samples, while we found Siphoviridae to be the most abundant family across all

samples. Siphoviridae have been previously found to prevail in terrestrial environ-

ments, as well as in some freshwater ponds and lakes [139,157,390]. This difference

may be attributed to the presence of Siphoviridae in both free-flowting freshwater

and suspended sediment from the creek bank/bed. In a sediment sample of the Seine

River, the majority of viral sequences were homologous to temperate phage infect-

ing Proteobacteria [334]. The majority of cultured representatives of Siphoviridae

are temperate and are thus capable of horizontal gene transfer through lysogenic

integration [276]. While no ARGs or VFs were identified within the viromes, we did

find evidence for the persistent infection of bacteria by phage in the creek water.

By leveraging the CRISPR-Cas system we were able to go beyond simple
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taxonomic classification and begin to survey the history of phage infection within

the creek. Interestingly, we found that 11% of unique spacers identified in the

creek water source persisted, as they were observed months and years apart (Figure

5.11). Likely these spacers have been inherited over multiple generations to ensure

protection against certain phage species. This provides further evidence that, despite

being a flowing water body, some microbial populations are maintained in the creek

over multiple years.

Additionally, 4% of the total unique CRISPR spacers matched phage present at

the creek source water and/or the point-of-use (Figure 5.12). Although the virome

data was limited, this CRISPR analysis showcases the varying degrees of phage

infections through time. Notably, we identified the presence of some generalist

phage, capable of infecting more than one bacterial species [391]. This suggests the

potential for cross-infection and horizontal gene transfer across different bacterial

classes or even phyla; a broad-host range previously reported in phage isolated from

Lake Michigan [392]. However, it is important to note that the spacers matching

contigs from these two viromes only represents a small fraction of the total spacers

that were identified over time, owing to the dynamic viral populations that are likely

present in the creek water.

5.5.5 Limitations and summary

Our research provides an integrated picture of the bacterial and viral commu-

nities in creek freshwater and their potential impact on soil health and microbial
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community structure. However, this study is not without its limitations, mostly

related to the small number of metagenomes created at the point-of-use and from

the soil pre- and post- irrigation. Replicate samples for the point-of-use and each

of the soil stages would be necessary to build a more confident picture of their vari-

ability [393]. Despite this, we anticipate that these data will serve as a foundation

for future studies regarding the impact of creek freshwater from source to soil, as

well as inform research on best practices for water management and monitoring.

5.5.6 Conclusions

One route by which pathogenic microorganisms enter the food production

chain is through irrigation water. As a result, water sources utilized for agricultural

application must be carefully and comprehensively characterized from source to soil.

In this study, we utilized culture independent shotgun metagenomics to analyze

multiple features of the bacterial communities in an agricultural freshwater creek.

Overall, we found that seasonality was strongly associated with certain bacterial

genera, functional potential, and VF diversity in the creek freshwater. By leveraging

the CRISPR-Cas system within the creek source water microbial metagenomes we

also demonstrated the persistence of specific bacterial and phage lineages in this

lotic environment. Moreover, some of these CRISPR spacers matched co-existing

phage present in the creek water at the source and point-of-use. From a small subset

of samples we also found creek water at the source and at the point-of-use shared a

large percentage of ORFs and similar taxonomic and functional composition, both
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viral and bacterial. However, there were some potential differences between these

two sites, such as the presence of biofilm forming genes at the point-of-use. Moreover,

soil, regardless of irrigation status, was dominated by Streptomyces and, as a result,

had a high diversity of ARGs. In conclusion, these findings provide a more complete

picture of the microbiota within a freshwater creek that can be utilized to form more

inclusive surveys on their potential environmental and public health risks.
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5.6 Figures
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Figure 5.1: Bacterial composition in creek source water, water at the
point-of-use, and soil. (A) Stacked bar chart depicting the relative abun-
dance within the bacterial communities at the phylum level. (B) Stacked
bar chart depicting the relative abundance within the Proteobacteria
phyla split into classes. Samples are organized temporally and sepa-
rated by sample type. Sample labels are colored by season collected
(winter: blue, summer: red, autumn: brown). *denotes the date the
point-of-use and soil samples were also collected.
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Figure 5.6: Shared ORFs at each time point in creek water samples. Bar
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Figure 5.9: Virulence factors (VFs) predicted in the creek water source,
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Figure 5.12: Phage-host network from creek water samples collected at
the source and the point-of-use. Edges link bacterial contigs (square-
shaped nodes), colored by taxonomic representative, and viral contigs
by a BLAST matched from at least one spacer. Shape of viral contigs
denotes the assigned family. Edge width corresponds to the % iden-
tify between a CRISPR spacer present in a contig from the microbial
metagenome and a viral contig from either the source (blue) or point-of-
use (teal) viromes.

5.7 Tables
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Table 5.1: Water physicochemical characteristics.

Creek Source Water Point-of-use

Parameter 1/23/17 2/27/17 7/17/17 8/8/17 9/11/17 10/2/17 7/16/18 8/6/18 10/2/17

Ambient Temp.
( ◦C) 7.77 10.5 28.89 21.67 20.1 20.13 31.1 30.5 21.61

Water Temp.
( ◦C) 8.33 6.63 23.55 21.03 15.73 14.8 22.73 22.15 17.83

DO
(%) 92.2 101.17 81.83 88.9 96.6 86.97 95.6 93.17 107.03

Conductivity
(SPC uS/cm) 305.5 301.57 579.67 322.37 266.37 614.33 205.07 163.05 618

ORP
(mv) 163.17 231.63 105.63 114.47 136.57 90.13 87.97 79.73 121.13

Turbidity
(FNU) 3.7 3.8 6.47 27 3.2 3.4 0.2 5.47 3.77

Nitrate
(mg/L) 0.55 0.7 0.69 0.59 0.59 1.23 0.23 0.38 1.87

Chloride
(mg/L) 51.37 57.14 81.15 45.31 30.39 146.98 0.09 0.64 79.79

pH 8 7.64 7.89 7.49 7.6 8.71 7.47 7.36 7.98

Precipitationa 0.66 0 0 1.21 0 0 0 0 0

aPrecipitation 24 h prior to sampling
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Table 5.2: Sequencing effort and assembly characteristics for
water and soil microbial metagenomes.

Sample
Description Date

no.
Read
Pairs

no.
Contigs

Mean
Contig

Size

Median
Contig

Size

Max
Contig

Size
%

GC

Water,
Source 1/23/17 58,787,323 793,611 487 389 202,534 47

2/27/17 60,025,856 918,110 530 405 118,474 48
7/17/17 65,939,596 793,638 727 455 169,756 52
8/8/17 65,391,811 978,548 585 419 97,872 51

9/11/17 65,825,464 1,100,483 661 453 100,674 50
10/2/17 56,919,057 610,662 728 461 286,247 51
7/16/18 81,430,175 910,012 629 428 174,984 50
8/6/18 104,274,389 1,194,393 522 404 61,869 50

Water,
Point-of-use 10/2/17 79,086,736 813,975 708 450 181,875 51

Soil,
Pre
Irrigation 10/2/17 74,570,879 1,616,089 467 399 50,087 63

Soil,
Post
Irrigation 10/2/17 66,728,971 1,455,733 460 395 29,271 61

Soil,
24 h Post
Irrigation 10/3/17 57,579,290 1,216,982 453 392 30,478 62
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Table 5.3: Sequencing effort and assembly characteristics for
viromes.

Sample
Description Date

no.
Read
Pairs

no.
Contigs

Mean
Contig

Size

Median
Contig

Size

Max
Contig

Size
%

GC

Water
Source 10/2/17 67,415,843 271,124 658 435 126,482 54

Water
Point-of-use 10/2/17 85,111,540 933,686 637 425 255,328 52

189



Table 5.4: Taxonomic assignments for contigs from each
water and soil microbial metagenome.

Sample
Description Date

no.
Contigs

Assigned Bacteria Archaea Eukaryota Virus

Water Source 1/23/17 560927 507389 5597 15300 23604
2/27/17 698209 651365 5356 13929 19585
7/17/17 695217 674121 3845 7391 4674
8/8/17 844211 814306 5532 7075 10555

9/11/17 957570 922886 5503 6565 15685
10/2/17 539273 523808 2246 3419 5678
7/16/18 685689 632411 5219 37443 5680
8/6/18 996672 954565 7309 9684 16778

Water,
Point-of-use 10/2/17 707669 684943 3567 4348 8367

Soil,
Pre Irrigation 10/2/17 1341986 1306210 21505 9146 499

Soil,
Post Irrigation 10/2/17 1269513 1230868 24640 8965 429

Soil,
24 h Post
Irrigation 10/2/17 1068741 1038865 18511 7155 355
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Table 5.5: Bacterial genera assignments for contigs with pu-
tative ARGs

Gene Name Sample Type (no. contigs) Host Genera

AAC Soil: (1) Actinoplanes

arr-1 Soil: (1) Streptomyces, (1) Rhodococcus

bacA Water (Source): (1) Chania

cat Water (Source): (1) Agrobacterium

dfr Water (Source): (1) Pseudomonas
Soil: (1) Pseudomonas, (1) Tropicimonas

EF-Tu Water (Source): (1) Achromobacter, (3) Saccharomonospora

efpA Soil: (1) Mycobacterium

mtrA Water (Source): (1) Saccharomonospora
Water (POUa): (1) Saccharomonospora, (1) Cellulosimicrobium,

(1) Unknown
Soil: (9) Saccharomonospora

murA Soil: (1) Williamsia

oleC Soil: (3) Streptomyces

OXA-12 Water (Source): (1) Achromobacter

PmrE Water (Source): (2) Burkholderia
Water (POU): (1) Limnohabitans

qacH Water (Source): (2) Nitrosovibrio

RbpA Water (Source): (1) Nocardia
Soil: (6) Nocardia, (1) Rhodococcus, (1) Unknown

rpoB Water (Source): (1) Streptomyces
Soil: (1) Frankia

rpsJ Water (Source): (2) Variovorax

rpsL Water (Source): (5) Ferrimicrobium, (1) Stenotrophomonas
(4) Streptomyces, (1) Thermoanaerobacter,
(1) unclassified Planctomycetes

Water (POU): (1) Sphingopyxis, (1) Streptomyces
Soil: (2) Ferrimicrobium, (1) Frankia,

(1) Lutimaribacter, (6) Streptomyces,
(1) Tepidibacillus

tap Soil: (1) Rhodococcus

tet(C) Water (Source): (1) Caulobacter

tet(V) Soil: (1) Aeromicrobium

vanRO Soil (48) Streptomyces, (1) Alicyclobacillus,
(1) Unknown

vanSO Soil: (1) Streptomyces

vatF Soil: (1) Aeromonas

aPOU denotes point-of-use
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Table 5.6: Virulence factor descriptions for gene IDs.

Gene Name VFDB Gene Description

AHA 1389 CobQ/CobB/MinD/ParA family protein
AHA 1838 Type VI secretion system protein
AHA 1840 Type VI secretion system protein DotU
AHA 1843 Type VI secretion system protein
AHA 3493 hemolysin III
algU alginate biosynthesis protein AlgZ/FimS
aopN secretion control of translocators and immune suppressor
ascB chaperone protein
bplA probable oxidoreductase
bplB probable acetyltransferase
bplC lipopolysaccharide biosynthesis protein
bscN ATP synthase in type III secretion system
cheB-2 chemotaxis-specific methylesterase
cheW-2 chemotaxis protein
cheY chemotaxis protein
ddhA glucose-1-phosphate cytidylyltransferase
eccB5 ESX-5 type VII secretion system protein
esxG Type VII secretion system protein
esxH Type VII secretion system protein ESXH
esxN ESX-5 type VII secretion system EsxA (ESAT-6) homolog
exeK general secretion pathway protein K
fbpA Secreted antigen mycolyl transferase 85A
fbpB Secreted antigen 85 complex B
fbpC Secreted antigen 85-C antigen 85 complex C)
flgC flagellar basal body rod protein
flgH flagellar basal body L-ring protein
fliA flagellar biosynthesis sigma factor
fliE flagellar hook-basal body complex protein
fliI flagellum-specific ATP synthase
fliJ flagellar export protein
fliL flagellar basal body-associated protein
fliL flagellar basal body-associated protein
fliN flagellar motor switch protein
fliP flagellar biosynthesis protein
fliQ flagellar biosynthetic protein
fliS flagellar protein
flmH short chain dehydrogenase/reductase

family oxidoreductase
galF UTP-glucose-1-phosphate uridylyltransferase subunit
gmd GDP-mannose 4,6-dehydratase
gmhA phosphoheptose isomerase
hbhA iron-regulated heparin binding hemagglutinin
icl Isocitrate lyase
ideR Iron-dependent repressor and activator
katB catalase-peroxidase
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kdsA 2-dehydro-3-deoxyphosphooctonate aldolase
lafF lateral flagella
lfgH lateral flagellar L-ring protein
luxS S-ribosylhomocysteinase
mbtH MbtH-like protein from the pyoverdine cluster
motA flagellar motor protein
mshA mannose-sensitive hemagglutinin pili minor prepilin protein
PE5 PE family protein
pgm phosphoglucomutase
phoP possible two component system response transcriptional

positive regulator
pilG pilus assembly protein
pilH pilin-like protein may involving in pseudopilus formation
pilT twitching motility protein
pilT2 twitching motility protein
pilU twitching motility protein
Rv1794 ESX-5 locus protein
tapC type IV fimbrial assembly protein
tapT twitching ATPase
ugd UDP-glucose 6-dehydrogenase
vipA type VI secretion system tubule-forming protein
vipB type VI secretion system tubule-forming protein
wcbK GDP sugar epimerase/dehydratase
wcbL sugar kinase
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Table 5.7: Bacterial genera assignments for contigs with pu-
tative VFs.

Gene Name Sample Type (no. contigs) Host Genera

acpXL Water (Source): (1) Cystobacter, (1) Loktanella,
(23) Lutimaribacter, (2) Mesorhizobium,
(2) Microvirga, (2) Rhodopseudomonas,
(1) Sinorhizobium, (11) Sphingomonas,
(6) Sphingopyxis,
(1) unclassified Alphaproteobacteria

Water (POUa): (1) Defluviimonas, (1) Loktanella,
(6) Lutimaribacter, (1) Sphingopyxis

Soil: (1) Acinetobacter, (2) Aeromonas,
(20) Lutimaribacter, (3) Mesorhizobium,
(13) Microvirga, (1) Pacificibacter,
(9) Rhodopseudomonas, (6) Sinorhizobium,
(16) Sphingomonas, (11) Sphingopyxis,
(1) Variovorax, (1) Unknown,
(6) unclassified Alphaproteobacteria,
(1) unclassified Bacteria

AHA 1389 Water (Source): (1) Aeromonas

AHA 1838 Water (Source): (1) Chania, (1) Aeromonas

AHA 1840 Water (Source): (1) Chania

AHA 1843 Water (Source): (1) Aeromonas

AHA 3493 Water (Source): (1) Aeromonas

algU Water (POU): (1) Pseudomonas

aopN Water (Source): (1) Aeromonas

ascB Water (Source): (1) Aeromonas

bplA Water (Source): (1) Variovorax
Soil: (2) Rhodopseudomonas

bplB Water (POU): (1) Variovorax

bplC Water (Source): (2) Variovorax, (1) Aquitalea,
(1) Pusillimonas

bscN Water (POU): (1) Aeromonas
Water (Source): (4) Aeromonas, (1) Succinivibrio

cheB-2 Water (Source): (1) Vibrio

cheW-2 Water (Source): (1) Pseudomonas, (1) Aeromonas,
(1) Gallaecimonas

cheY Water (Source): (1) Aliiarcobacter, (1) Chania,
(1) Methylophaga, (3) Rahnella,
(1) Succinivibrio, (1) Unclassified Bacteria,
(2) unclassified Betaproteobacteria

Water (POU): (2) Chania, (1) Pseudomonas

ddhA Water (Source): (5) Achromobacter, (2) Aeromonas,
(1) Aquitalea, (1) Pusillimonas

eccB5 Soil: (1) Mycolicibacterium

esxG Soil: (3) Mycolicibacterium
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esxH Soil: (2) Mycobacterium, (1) Mycolicibacterium

esxN Soil: (3) Mycolicibacterium, (1) Mycobacterium

exeK Water (Source): (1) Aeromonas

fbpA Soil: (1) Mycolicibacterium

fbpB Soil: (1) Mycobacterium

fbpC Soil: (2) Mycolicibacterium

flgC Water (Source): (1) Aeromonas

flgH Soil: (1) Paraburkholderia

fliA Water (Source): (1) Rahnella

fliE Water (Source): (1) Aeromonas

fliI Water (Source): (2) Nitrosovibrio, (1) Delftia,
(1) Pseudomonas, (1) Massilia,
(1) Campylobacter

fliJ Water (Source): (1) Aeromonas

fliL Water (Source): (1) Aeromonas

fliN Water (Source): (1) Massilia, (3) Nitrosovibrio,
(3) Pseudomonas, (1) Stenotrophomonas,
(1) Succinivibrio,
(3) unclassified Betaproteobacteria

Water (POU): (1) Nitrosovibrio, (1) Pseudomonas,
(1) unclassified Betaproteobacteria

Soil: (4) Nitrosovibrio

fliP Water (Source): (1) Campylobacter, (1) Aeromonas

fliQ Water (Source): (1) Aeromonas
Soil: (1) Pseudomonas

fliS Water (Source): (1) Rahnella

flmH Water (Source): (2) Caldicellulosiruptor

galF Water (Source): (1) Kosakonia

gmd Water (Source): (4) Achromobacter, (5) Defluviimonas,
(16) Delftia, (16) Desulfotignum,
(1) Kitasatospora, (1) Marichromatium,
(2) Methylophaga, (11) Nitrosovibrio,
(1) Parapedobacter, (89) Polynucleobacter,
(53) Pseudomonas, (1) Sphingopyxis,
(5) Stenotrophomonas, (2) unclassified Bacteria,
(4) Variovorax, (1) Xanthobacter,
(1) unclassified Alphaproteobacteria,
(2) unclassified Bacteria,
(3) unclassified Betaproteobacteria

Water (POU): (1) Celeribacter, (3) Delftia,
(5) Desulfotignum, (1) Limnohabitans,
(14) Polynucleobacter, (9) Pseudomonas,
(1) Rudanella, (1) unclassified Bacteria

Soil: (1) Delftia, (1) Pseudomonas, (1) Marinobacter

gmhA Water (Source): (1) Desulfovibrio

hbhA Soil: (1) Nocardia
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icl Soil: (2) Nocardia, (2) Pseudarthrobacter

ideR Water (Source): (1) Kitasatospora
Water (POU): (1) Nocardia
Soil: (4) Nocardia, (1) Saccharomonospora,

( 3) Streptomyces, (1) Cellulosimicrobium

katB Water (POU): (1) Pseudomonas,
(1) unclassified Betaproteobacteria

Water (Source): (1) Curvibacter, (1) unclassified Bacteria,
(1) Allochromatium, (1) Pseudomonas

kdsA Water (Source): (1) unclassified metagenome
Water (POU): (1) Mannheimia
Soil: (5) Microvirga, (1) Unknown,

(1) Mesorhizobium

lafF Water (Source): (1) Aeromonas

lfgH Water (Source): (1) Pseudomonas

luxS Water (Source): (1) Chania

mbtH Soil: (1) Pseudomonas

motA Water (Source): (1) Chania

mshA Water (Source): (1) Aeromonas

PE5 Soil: (2) Mycobacteroides, (1) Mycobacterium

pgm Water (Source): (1) Sphingomonas

phoP Water (Source): (2) Nocardia
Soil: (4) Nocardia

pilG Water (Source): (1) Pseudomonas
Soil: (3) Pseudomonas, (3) unclassified Bacteria

pilH Water (Source): (1) Variovorax

pilT Water (Source): (2) Acinetobacter, (1) Methylophaga,
(9) unclassified Betaproteobacteria

Water (POU): (3) unclassified Betaproteobacteria
Soil: (1) Acinetobacter,

(2) unclassified Betaproteobacteria

pilT2 Water (Source): (1) unclassified Betaproteobacteria
Soil: (1) unclassified Betaproteobacteria,

(1) Variovorax

pilU Water (Source): (1) Pseudomonas
Soil: (1) Pseudomonas

Rv1794 Soil: (1) Mycobacterium

tapC Water (Source): (1) Aeromonas

tapT Water (Source): (1) unclassified Betaproteobacteria
Soil: (1) unclassified Betaproteobacteria

ugd Water (Source): (1) Achromobacter, (3) Burkholderia,
(2) Gallaecimonas, (1) Sphingopyxis,
(1) unclassified Bacteria

Water (POU): (1) Limnohabitans

vipA Water (Source): (4) Variovorax, (1) Chania,
(1) Pseudomonas
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Soil: (2) Pseudomonas, (1) Chania,
(1) Variovorax, (1) Unknown

vipB Water (Source): (2) Pseudomonas
Soil: (2) Pseudomonas

wcbK Water (Source): (1) Fusobacterium
Soil: (2) unclassified Rhodospirillales

wcbL Water (Source): (1) Allochromatium

aPOU denotes point-of-use
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Table 5.8: CRISPR array abundance in soil and water mi-
crobial metagenomes.

Sample
Description Date

no.
Contigs

Assigned
Contigs

Abundance
no.

Spacers

no.
Unique
Spacers

Water Source 1/23/17 33 54.873 103 84
2/27/17 33 22.8259 122 107
7/17/17 49 56.8421 282 276
8/8/17 30 21.8518 97 87

9/11/17 51 40.2514 221 213
10/2/17 31 176.426 207 196
7/16/18 20 12.6793 79 73
8/6/18 29 14.0952 90 78

Water,
Point-of-use 10/2/17 64 171.13 349 333

Soil,
Pre Irrigation 10/2/17 10 6.59726 34 30

Soil,
Post Irrigation 10/2/17 12 3.23286 36 30

Soil,
24 h Post
Irrigation 10/2/17 8 6.36801 25 21
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Table 5.9: CRISPR spacers shared with water samples col-
lected at the point-of-use.

Cluster
Representatives no. Spacers

7/17/17 2
7/17/17 and 10/2/17 23
7/16/18 and 10/2/17 18
9/11/17 and 10/2/17 1
7/17/17, 9/11/17, and 10/2/17 9
10/2/17 89
7/16/18 4
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Chapter 6: Zero-valent Iron Sand Filtration Reduces Concentrations

of Virus-like Particles and Modifies Virome Community

Composition in Reclaimed Water Used for Agricultural

Irrigation

6.1 Abstract

Objective: Zero-valent iron (ZVI) sand filtration can remove a broad range

of contaminants, including some types of pathogenic bacteria, from contaminated

water. However, its efficacy at removing complex viral populations, such as those

found in reclaimed water used for agricultural irrigation, has not been fully evalu-

ated. Therefore, the objective of this study was to use metagenomic sequencing and

epifluorescent microscopy to enumerate and characterize the viral populations found

in reclaimed water and ZVI-sand filtered reclaimed water sampled three times over

49 days from a larger ongoing study. Results: ZVI-sand filtered reclaimed water

samples had significantly less virus-like particles than reclaimed water samples at all

collection dates, with the reclaimed water averaging between 109-108 and the ZVI-

sand filtered reclaimed water averaging between 106-107 virus-like particles per mL.

In addition, for both sample types viral metagenomes (viromes) were dominated by
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bacteriophage of the order Caudovirales, largely Siphoviridae, and genes related to

DNA metabolism. However, the proportion of sequences homologous to bacteria,

as well as the abundance of genes possibly originating from a bacterial host, was

higher in ZW viromes. Overall, ZVI-sand filtered reclaimed water had a lower total

concentration of virus-like particles and a different virome community composition

compared to unfiltered reclaimed water.

6.2 Introduction

The intense use of groundwater resources for agricultural irrigation and other

activities continues to overstress aquifers and has led to substantial groundwater

depletions globally [8, 9]. Consequently, demand has grown for the development

of technologies, such as zero-valent iron (ZVI) sand filtration, to treat alternative

irrigation water sources (e.g. reclaimed water, return flows) and allow for their use.

ZVI-sand filters, which were initially designed to remove chlorinated compounds

from groundwater supplies, are composed of mixtures of sand and zero-valent iron

[394]. Currently, they are being developed and utilized to remove or inactivate a

broad range of contaminants, including microorganisms, from multiple water sources

[395–401]. Specifically, ZVI has reduced Escherichia coli populations in water, likely

due to the physical disruption of the cell membranes caused by reactive oxygen

species produced by the interaction between ZVI (Fe0) particles and water molecules

during filtration [398, 399]. For viruses, ZVI has been shown to reduce titers of

Aichi virus, Murine norovirus, Tulane virus, and bacteriophage MS2 and ΦX174
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[400, 402]. However, ZVI has not been evaluated on its ability to remove complex

viral populations, such as those found in reclaimed water.

In reclaimed water, virus-like particles (VLPs) are estimated to be 1000-fold

higher than in potable water, with the majority of these viruses showing homol-

ogy to bacteriophage [114]. Bacteriophage are among the most abundant biological

entities on earth and are critical components in food web-dynamics and nutrient

cycling [143]. Moreover, phage can influence its bacterial host’s phenotype through

the horizontal transfer of genes, such as those coding for antibiotic resistance de-

terminants and toxins [53, 54, 56, 403]. This is potentially of concern for wastew-

ater treatment plants, which are reported to be reservoirs for antibiotic resistance

genes [404]. Therefore, this study aimed to characterize and quantify the DNA

viruses in reclaimed water and ZVI-sand filtered reclaimed water collected during a

larger greenhouse study that assessed the overall effectiveness of ZVI-sand filtration

in treating reclaimed water used to irrigate lettuce.

6.3 Materials and Methods

6.3.1 Sample collection

Samples were collected as part of a larger greenhouse study that evaluated the

impacts of ZVI-sand filtration on levels of multiple antimicrobials, E. coli and total

bacterial communities in conventionally-treated reclaimed water used to irrigate

lettuce [405]. Briefly, in the summer of 2016, 240 L of chlorinated effluent was

collected every two weeks from a tertiary wastewater treatment plant in the Mid-
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Atlantic United States, which processes between 1,136 and 1,420 m3 of domestic

wastewater daily from a rural area. Incoming raw wastewater is treated through

grinding, (for removal of large debris) activated sludge processing, and secondary

clarification, and is then stored in an open-air lagoon where it is chlorinated prior

to land application.

After collection, the reclaimed water was delivered to the University of Mary-

land Research Greenhouse Complex, where it was stored in multiple 189 L storage

barrels (Algreen Products Inc., Ontario, Canada) prior to ZVI-sand filtration.

6.3.2 ZVI-Sand filter and filtration process

A commercially available biosand filter (HydrAid BioSand Water Filter, Na-

tiveEnergy, Burlington, VT, USA) was modified for use in this experiment, and has

been previously described in detail [405].

Briefly, the filter vessel is made of opaque plastic and has a total volume of

∼55.5 L. Fine filtration sand, provided with the filter [406, 407], and ZVI particles

(Peerless Metal Powders and Abrasives Company, Detroit, MI) were sieved (result-

ing in a particle size range of 400 µm to 625 µm) and mixed in equal proportions,

generating a 50:50 volume/volume mixture. The ZVI-sand filter was then estab-

lished in two steps: 1) the empty plastic vessel was filled with 20 L ultrapure water;

and 2) the ZVI-sand mixture was added to the vessel, displacing the water. During

the filtration events (described below), gravel filled diffuser plate (NativeEnergy,

Burlington VT, USA) was then used to pour reclaimed water into the filter, pre-
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venting preferential flow. The porosity of the filter was approximately 0.52 [408], the

average volumetric flow rate was ∼5.6L/min, the filtration rate was 118 L/min/m2

and the approximate ZVI contact time was 2.58 minutes [405].

To mimic the applied use of sand filters in agricultural settings like the Mid-

Atlantic, United States, where irrigation water is not needed every day due to pe-

riodic rain events, reclaimed water was filtered through our ZVI-sand filter every

five days during the larger greenhouse study. During each filtration event, a 20

L composite of the stored reclaimed water was generated from the storage barrels

and then gravity filtered through the ZVI and filter to accommodate the irrigation

needs of the greenhouse study. To maintain the ZVI-sand filter between filtration

events and mimic a real-life agricultural scenario, the filter was kept submerged in

reclaimed water, and right before filtration, the five-day old water within the filter

was completely flushed out by pouring 20 L reclaimed water through the filter and

discarding it. A new 20 L composite reclaimed water sample was then obtained from

the storage barrels and poured completely through the filter. From the total ∼20

L ZVI filtrate, a 1 L subsample of filtrate (ZW sample) was collected for analysis

along with 1 L of unfiltered reclaimed water (RW samples). ZW and RW sam-

ples were collected once a month for the present study on 6/21/2016, 7/30/2016,

and 8/9/2016, and then subjected to direct viral counts and DNA extraction for

sequencing (detailed below).
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6.3.3 VLP quantification

Viral enumeration was performed using the filter mount method adapted from

existing protocols [409]. Briefly, aliquots (1 µL for RW and 100 µL for ZW) of

formalin fixed samples were suspended in sterile deionized water (total volume of

1000 µL), vacuum filtered onto a 13 mm 0.02-µm Anodisc filter (Whatman, USA),

and stained with SYBR Gold (Thermo Fisher Scientific, USA). Triplicate slides

for each sample were made and counted within 24 hours with an Olympus BX61

microscope (20 random fields, 1000X magnification). VLPs were quantified with

iVision software and a paired t-test with Bonferroni correction was performed to

test for differences in VLP counts between the RW and ZW samples at each date.

6.3.4 Virome preparation

Each sample (1L) was vacuum filtered through a 0.2 µm membrane filter (Pall

Corporation, Port Washington, NY) to remove the cellular fraction and collected

in sterile receiving flasks. Viral particles were then concentrated using a chemical

flocculation method where 100 µL of a 4.83 gL-1 FeCl3 solution was added to each

filtrate and incubated for one hour in the dark and then filtered onto a 25-mm 0.2

µm membrane filter [240]. For resuspension filters were rocked overnight at 4 ◦C in 1

mL of 0.1M EDTA-0.2M MgCl2-0.2M ascorbate buffer. The resulting released viral

particles were then subjected to a two-hour treatment with DNase I (Sigma-Aldrich,

MO, USA) and filtered through a 33-mm diameter sterile syringe filter with a 0.2

µm pore size (Millipore Corp., MA, USA). DNA was then extracted from 500 µL
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of the treated viral concentrates via the AllPrep DNA/RNA Mini Kit (Qiagen, CA,

USA).

6.3.5 Virome DNA sequencing

For shotgun DNA sequencing, per the modified Nextera XT protocol, each of

the viral DNA extracts were used in a tagmentation reaction, followed by 13 cycles

of PCR amplification with the Nextera i7 and i5 index primers and 2X Kapa master

mix. The resulting DNA libraries were then sequenced on the Illumina HiSeq 4000

platform (Illumina, San Diego, CA, USA).

6.3.6 Metagenome assembly and analysis

Viromes were assembled as described in detail previously [157]. Briefly, paired-

end reads were trimmed, merged, and de novo assembled using Trimmomatic ver.

0.36 (slidingwindow:4:30 minlen:60) [175], FLASh ver.1.2.11 [176], and metaSPAdes

ver. 3.10.1 (without read error correction) [177], respectively. MetaGene was then

used to predict open reading frames (ORFs) from each assembly [104]. Contigs

were queried against the peptide SEED and Phage SEED databases (retrieved

11/17/2017) using protein-protein BLAST (BLASTp ver. 2.6.0+) (E value ≤ 1e-3)

to assigned taxonomic and functional classifications [105,256].

Coverage was calculated for each contig by: (i) recruiting quality-controlled

reads to assembled contigs using Bowtie2 ver. 2.3.3 (very sensitive local mode), (ii)

processing the BAM file for artificial duplicates using Picard, and then (iii) using
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the “depth” function of Samtools ver. 1.4.1 to compute the per-contig coverage

[180,257]. To normalize abundances across libraries, contig and ORF coverages were

divided by the sum of coverage per million, similar to the transcripts per million

(TPM) metric used in RNA-Seq [181]. Scripts performing these assignments and

normalization are available at github.com/dnasko/baby virome. Taxonomic and

functional data were visualized using ggplot2 and heatplus [183,246].

6.4 Results

6.4.1 VLP abundance

VLP counts from RW and ZW samples were compared at each sampling date

(June, July, and August). At each date the VLPs were significantly (p ≤ 0.05)

less abundant in the ZW samples compared to the RW samples (Figure 6.1). RW

samples contained an average of 1.6x109, 6.7x108, and 7.0x108 VLPs mL-1 in June,

July, and August, respectively. The ZW samples contained an average of 8.6x106,

2.8x107, and 4.2x107 VLPs mL-1 in June, July, and August, respectively.

6.4.2 Sequencing effort and assembly

Viral DNA was extracted from the six samples; however, it was not possible to

obtain enough DNA from the June ZW sample for shotgun sequencing. The remain-

ing samples were sequenced on the Illumina HiSeq for a total of 136,267,357 read

pairs (Table 6.1), with an average of 27,253,471 read pairs per virome ( ±3,234,104

SD). Metagenomic assembly produced a total of 825,658 contigs, with an average of
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165,132 contigs ( ±30,305 SD) and 278,196 ORFs ( ±63,500 SD) per virome.

6.4.3 ORF clusters

To assess the percentage of functional similarity between RW and ZW vi-

romes ORF peptides originating from the same sampling dates (July and August)

were clustered using CD-HIT (60% peptide similarity) [184]. In July, 42% of the

RW peptide ORFs clustered with 68% of the ZW peptide ORFs. For August the

percentage of shared function increased for the reclaimed sample; 60% of the RW

peptide ORFs clustered with 61% of the ZW peptide ORFs (Figure 6.2).

6.4.4 Taxonomic assignment

Similar to other virome studies [114], between 32-38% of contigs could be

assigned a taxonomic representative (Table 6.2). For the contigs that could be iden-

tified, a normalized abundance was calculated. Both the RW and ZW viromes were

dominated by sequences homologous to viral phyla (51-67%), followed by bacte-

rial (11-29%) and unknown (17-23%). However, the proportion of bacteria-assigned

contigs was greater in the ZW viromes (∼29%) than the RW (11-17%) (Figure 6.3).

The most abundant viral taxonomic classifications for each virome (∼98% of

all viral classified taxa) belonged to the dsDNA phage of the order Caudovirales

(Figure 6.3), largely Siphoviridae (51-54%), followed by Myoviridae (28-31%), and

Podoviridae (13-16%). The remaining ∼ 2% of viral sequences were assigned as

unclassified phage and viruses infecting archaea, amoeba, plants, or vertebrates.
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6.4.5 Functional assignment

Peptide ORFs from all contigs were functionally annotated using SEED Sub-

systems [256]. Of those assigned, a normalized abundance was calcuated (Figure

6.4). The majority of functional assignments were classified as DNA metabolism (20-

30%), followed by phage elements (11-17%), and protein metabolism (8-10%). An-

notated SEED Subsystem assignments were parsed for those assigned as resistant to

antibiotics and toxic compounds, which were only between 1-2% of the assignments.

Among the antibiotic and toxic compound annotations, genes for Beta-lactamase

were dominant in both of the August viromes. Additionally, the ZW viromes had a

greater normalized abundance than all of the RW viromes for: cobalt-zinc-cadmium

resistance, copper homeostasis, multidrug resistance efflux pumps, fluoroquinolone

resistance, methicillin resistance in staphylococci, zinc resistance, mercuric reduc-

tase, and mercury resistance operon (Figure 6.4).

6.5 Discussion

Reclaimed water is an important emerging resource that can help alleviate

stress on surface and groundwater systems and is already being implemented in

a number of potable and non-potable applications (e.g. agricultural irrigation)

[231, 410]. However, concerns remain about the levels of microbial and chemical

constituents that may persist in reclaimed water and whether treatment technolo-

gies can be used for further remediation. In this study, we found that reclaimed

water harbors 108-109 VLPs mL-1, similar to the abundances published in previous
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studies on VLPs in reclaimed water [113,114]. After ZVI-sand filtration the number

of VLPs was significantly lower at all sampling dates, ranging between 106 and 107

VLPs mL-1, a roughly 1-2 log reduction. Previous studies have suggested that virus

removal from water during ZVI-sand filtration is likely attributed to adsorption and

inactivation via iron oxides within the iron [397,411]. You et al., 2005 posited that

over time, as water flows through a ZVI-sand filter, new iron oxides are formed

continuously, generating additional adsorption sites that could extend the life of the

filter [397].

Our findings are similar to recent results on the reduction efficiency of sand

filtration alone for viruses ΦX174, MS2, and AiV (<1-2 log) and lower than previous

studies on ZVI-sand filtration, which reported that ΦX174 and MS-2 were reduced

by 4-6 logs [397, 400]. However, these studies focus largely on the removal of a

few specific viral species and, even so, have found that removal efficiencies vary

among species [400]. Here, we used epifluorescence microscopy to look at the entire

viral population. This includes hundreds to thousands of different species, with

a range of capsid sizes and isoelectric points, which may help explain the smaller

removal efficiency [412]. Moreover, while the log-reduction is lower than expected

for the overall population, the total VLP concentration post ZVI filtration is still

comparable to those described in well and potable water [114,413].

In terms of viral taxonomic composition, both RW and ZW viromes were

dominated by Siphoviridae, which are known to be abundant in human waste and

reclaimed water [114, 117]. These viruses present a unique risk, as the majority of

cultured representatives are capable of lysogeny and, thus, may facilitate horizontal
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gene transfer among bacteria [276]. Additionally, in both sample types the functional

profiles were largely composed of genes related to DNA metabolism (Figure 6.4). A

previous study that characterized DNA viruses from a wastewater treatment plant

also found these genes to be highly abundant and attributed this to the elevated

metabolic activity within treatment plants [113].

While the viral composition at the taxa level was similar between the two

samples types, there were some differences that may be attributed to the filtra-

tion process. For instance, between 39-32% of peptide ORFs from the ZW virome

did not cluster with any peptide ORFs from the RW virome collected on the same

date (Figure 6.2). This may be due to the changing microbial ecosystem within

the biosand, which may give rise to new functional potential as it becomes estab-

lished [414]. In addition, ZW viromes had a greater relative abundance of contigs

homologous to bacteria. In virome studies, sequences with significant homology to

bacteria are sometimes unknown prophage embedded in a bacterial genome present

in the database, or phage carrying host genes [114, 415]. During use, ZVI pro-

duces reactive oxygen species, which can promote prophage induction [416,417]. It

could be suggested that ZVI-sand filtration may stimulate the induction of inte-

grated prophage present within the bacteria passed through the filter. However, it

is important to note that, while the abundance of some genes is higher in the ZW

viromes, the overall number of gene copies is likely still higher in the RW sample

due to the increased number of total VLPs. Therefore, additional work is neces-

sary to determine whether the bacterial assigned contigs are indeed prophage and

whether this may have an impact on the dissemination of bacterial genes in water
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reuse systems.

6.5.1 Limitations

Our study was limited in the number of samples (n=6). Therefore, a rigorous

statistical analysis could not be performed. In addition, we could not obtain enough

DNA from the June ZW water sample for shotgun sequencing and, therefore, a

comparison between RW and ZW water for June was not possible. Finally, because

we were not able to include a second sand-only filter control, due to the set-up of

the larger greenhouse based study, within which the present study was designed, we

were unable to tease out the individual effects of ZVI versus sand in terms of virus

removal.
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6.6 Figures
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Figure 6.1: Epifluorescent microscopy counts of virus-like-particles
(VLPs) in reclaimed water (RW) and zero-valent iron sand filtered re-
claimed water (ZW). Samples were collected monthly from June through
August. Data presented as mean ± SD, denoted by error bars. Signifi-
cance determined relative to unfiltered reclaimed water at corresponding
sampling dates (*p ≤ 0.05).
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Figure S1: ORF clustering reveals unique and shared functional content in paired 

reclaimed water (RW) and ZVI sand filtered reclaimed water (ZW) samples from 

July and August.  Bars denote the number of ORFs from each sample type 

contained within 60% similarity peptide clusters. Single bars depict the unique 

ORFs that clustered within water type, while stacked bars depict the ORFs that 

clustered between water types (e.g. shared ORFs). 

Figure 6.2: Peptide ORF clustering reveals unique and shared functional
content in paired reclaimed water (RW) and ZVI-sand filtered reclaimed
water (ZW) samples from July and August. Bars denote the number
of peptide ORFs from each sample type contained within 60% similar-
ity peptide clusters. Single bars depict the unique peptide ORFs that
clustered within water type, while stacked bars depict the peptide ORFs
that clustered between water types (e.g. shared peptide ORFs).
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Figure 6.4: Functional composition of reclaimed water (RW) and zero-
valent iron sand filtered reclaimed water (ZW). (A) Relative abundances
of the SEED subsystems assignments for RW and ZW viromes. (B)
Abundance of antibiotic resistance genes in RW and ZW viromes. Nor-
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6.7 Tables

Table 6.1: Sequencing effort and assembly characteristics.

Water
Type

Sampling
Date

no.
Read Pairs

no.
Contigs

Mean
Contig Size

no.
peptide ORFs

%
GC

RW 6/21/16 23,726,492 194,953 712 337,289 51.1
7/30/16 27,521,057 181,705 750 327,041 51.3
8/9/16 24,228,281 162,620 688 276,213 49.9

ZW 7/30/16 29,933,826 115,436 591 177,082 51.4
8/9/16 30,857,701 170,944 630 273,354 52.4
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Table 6.2: Contigs assigned taxonomy.

Water Type
Sampling

Date
%

Assigned Bacteria Virus Unknown Archaea Eukaroyota
RW 6/21/16 32.8 8,698 39,377 15,656 193 26

7/30/16 32.6 9,221 35,074 14,804 165 19
8/9/16 32.8 10,029 30,711 12,308 181 69

ZW 7/30/16 35.8 15,669 17,519 7,936 137 61
8/9/16 38.2 24,713 28,839 11,410 244 91
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Chapter 7: Conclusions, Public Health Significance, and Future Work

As we continue to face a global freshwater crisis there is an urgent need to

explore alternative irrigation water sources. However, critical for the use of these

water sources is knowledge of their threats to both environmental and public health.

Currently, in the farm-to-fork continuum, irrigation water accounts for one of the

chief sources of microbial contamination on fresh produce [346]. In 2018 alone, two

major outbreaks across the U.S. of pathogenic E. coli on romaine lettuce were pre-

liminarily linked to irrigation water [68]. Although the Food Safety Modernization

Act (FSMA) has made strong strides in shifting the focus of food safety from re-

sponse to prevention, culture-based water quality monitoring–which serves as the

basis of the FSMA Produce Safety Rule– is still limited, especially with regard to as-

sessing the overall capability and diversity of microbes in an environment [38]. Next

generation sequencing (NGS), however, has proven to be a powerful tool to charac-

terize biodiversity within a variety of ecosystems [13,418]. Despite their limitations,

NGS technologies enable us to cast a wide net and search for potential public health

risks that would otherwise be missed by culture alone. My dissertation research

utilized culture independent amplicon and shotgun metagenomic sequencing to gen-

erate foundational data on the microbial communities in reclaimed and untreated
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surface waters.

As a primarily exploratory endeavor, this work proceeded from a broad survey

of a variety of nontraditional irrigation water sources to a more specific assessment

of bacteria and bacteriophage dynamics, composition, and interactions in agricul-

turally utilized irrigation waters. In total, over a billion reads of novel sequence data

was generated on sites rarely studied or studied in isolation including: (i) water from

agricultural ponds, freshwater creeks, brackish rivers, and reclamation facilities; (ii)

agricultural pond water collected throughout the late season (October-November):

(ii) agricultural pond water collected throughout a full calendar year; (iv) water

collected temporally from a freshwater creek and soil from an irrigation field sur-

vey; and (iiv) reclaimed water before and after ZVI-sand filtration. These samples

were used to provide a comprehensive survey of various features of the bacterial

populations such as taxonomy, functional potential, antibiotic resistance and viru-

lence gene presence, persistence, and relationship with abiotic and biotic factors. In

addition, innovative viral enrichment methodologies were employed to examine the

viral communities (Chapter 3, 4, 5), a critical and vastly understudied component

in microbiome research. Together these data present a more holistic picture of the

bacterial and viral community composition and dynamics within nontraditional irri-

gation waters. Nevertheless, it has also brought an onslaught of additional questions

and avenues of future work.

From this work, it is apparent that untreated lotic and lentic surface waters

are rich in microbial life, largely that of environmental bacteria such as Variovorax,

Streptomyces, and Pusillimonas, and dsDNA bacteriophage of the order Caudovi-
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rales. However, they are also home to microorganisms that may have serious public

health implications if spread onto irrigated crops. Completely removing or strictly

limiting microbial growth in natural surface waters is not feasible and, frankly, a

detriment to environmental health. However, this dissertation provides preliminary

data that may be used to inform decisions and criteria for water management and

safe use.

For instance, when assessing the genetic components of the microbiota in sur-

face and reclaimed waters, our data supported the known limitations of our current

culture-based water quality assessment methodologies. The 2012 EPA Guidelines

for Water Reuse suggests total or fecal coliforms (fecal indicator bacteria) as the only

microorganisms to monitor for water reuse and infer the presence of pathogens [17].

However, bacterial taxa hosting potential virulence factors and antibiotic resistance

genes were found in microorganisms that naturally occur in aquatic and soil envi-

ronments (Chapter 2, 4, 5) and would not necessarily correlate with fecal indicator

bacteria. For instance, Aeromonas in surface waters were found in several studies

not to correlate with indicator bacteria and Aeromonas, Legionella, Mycobacterium,

and Pseudomonas have all been previously isolated from reclaimed water in the ab-

sence of coliforms [384–386]. In this dissertation, Aeromonas virulence genes were

identified in a freshwater creek and Aeromonas-hosting ARGs were detected in the

irrigated soil (Chapter 5). While Aeromonas spp. are not among the most infamous

food-borne pathogens, their presence in irrigation water may be of concern. Over

the last few decades, species of Aeromonas, which naturally occur in soil and water

environments, are becoming increasingly recognized as enteric pathogens acquiring

221



a number of virulence determinants linked with human infection (e.g. gastroenteri-

tis, hemolytic-uremic syndrome, septicemia) [383]. In fact, Aeromonas hydrophila

was implicated in a massive foodborne outbreak in China where 200 college stu-

dents were sickened, likely due to the ingestion of salad ingredients washed with

contaminated tank water [418]. As a result, a concerted effort should be made by

researchers and policy makers to produce more comprehensive assays/models and

guidelines for microbial quality monitoring.

Additional evidence that may suggest the need for updates to current culture-

based water quality assessment and sampling methodologies was described in Chap-

ter 5, where preliminary evidence showed the potential presence of biofilm-forming

bacteria at the point of use (drip irrigation spigot). Although these data came from

one sample (and should be explored in greater detail in future studies), biofilm for-

mation in irrigation and drinking water systems is well documented [346]. Because

bacteria can persist in biofilms and then detach into flowing waters, their concentra-

tions may be sporadic and vary between the intake and the point-of-use. This may

impact the accuracy of agricultural water quality monitoring strategies, which, for

the most part, do not specify a required location for water sample collection [346].

Moreover, biofilms, where a vast number of cells live close together, may be a perfect

environment for the horizontal transfer of genes [419,420]. In fact, gene transfer by

phage, plasmid conjugation, and DNA transformation has been reported previously

within biofilms [419, 420]. This could potentially induce a bottleneck where resis-

tance and virulence genes are spread among bacterial populations. Therefore, more

work should be focused on the potential change in microbial community composition
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during transfer in irrigation systems. In fact, the guidelines for drinking water qual-

ity authored by the World Health Organization suggest for effective surveillance and

implementation of remediation strategies water samples should be collected both at

the source and the point-of-use [421].

The research described in this dissertation can also be used to make more

informed decisions regarding irrigation water source management. For instance,

seasonal characteristics (Chapter 3, 4, 5), upstream input systems (Chapter 2),

sampling date (Chapter 2, 3, 4, 5), and storm events (Chapter 4) were factors found

to contribute to the composition and dynamics of microbiota in surface and re-

claimed waters. Many of these may be more easily managed on small farm ponds

compared to larger aquatic systems, such as rivers. Lotic sites can be impacted

by connected waterways and input sources, as well as their catchment area (e.g.

agricultural, urban, forested), which tend to be greater than lentic waters and may

traverse multiple varied landscapes [34]. For instance, in Chapter 2 a freshwater

creek was heavily impacted from an upstream wastewater discharge, resulting in

a diversity of ARGs. Farm ponds can be built with conservation buffers, areas of

permanent vegetation (e.g. native grasses, shrubs, and trees) designed to intercept

pollutants before they reach surface water. This may help mitigate the effects (i.e.

increased bacterial diversity, ARGs) observed in the farm pond following a storm

event described in Chapter 4. In preliminary studies, conservation buffers have been

reported to reduce nutrients, pesticides, pathogens, and sediments by upwards of

50% [422]. However, the full scope of their impact on pond microbial communi-

ties and the influx/persistence of ARGs have not been elucidated and represent an
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avenue for future research.

Furthermore, because ponds are often employed as reference models for larger

aquatic systems they present an ideal candidate to test field-portable systems that

employ advanced remediation technologies (e.g. UV, ozone, and ZVI-filtration)

[423]. Increasing global temperature is poised to change the landscape of climates

globally. Throughout the U.S., normally water-rich regions, such as the Mid Atlantic

and Southeast, are expected to succumb to intense long-term drought conditions and

increased hurricane frequency that may compromise surface water quality and avail-

ability [424]. Further remediation technologies may be necessary (and are currently

necessary in some locations) to ensure their safe use. ZVI sand filtration is an emerg-

ing technology presented in pilot data at the conclusion of the research chapters of

this dissertation (Chapter 6). It has been found to remove viral-like-particles from

reclaimed water and in previous studies to remove Escherichia coli populations, as

well as titers of Aichi virus, Murine norovirus, Tulane virus, and bacteriophage MS2

and ΦX174 from water [397, 398, 400]. However, in Chapter 6 the effectiveness of

ZVI sand filtration for viral removal was found to decrease over time. As a result,

continued studies are needed to examine bacterial and viral community dynamics

at fine resolutions over both short and long timeframes to ensure ZVI efficacy, with

the ultimate goal of utilizing them for the treatment of reclaimed water.

While many questions are still left unanswered and new questions have formed,

this research has provided foundational evidence to aid in our understanding of

bacteria and viruses in untreated surface and reclaimed waters. With continued

improvements in scientific research and technologies it is conceivable that we will

224



further unravel the complexity of these microbial systems and ensure the safe use

of nontraditional water for agricultural applications.
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Appendix A: Mentholation Affects the Cigarette Microbiota by Se-

lecting for Bacteria Resistant to Harsh Environmental

Conditions and Selecting Against Potential Bacterial

Pathogens

Jessica Chopyk, Suhana Chattopadhyay, Prachi Kulkarni, Emma Claye, Kelsey R

Babik, Molly C Reid, Eoghan M Smyth, Lauren E Hittle, Joseph N Paulson, Raul

Cruz-Cano, Mihai Pop, Stephanie S. Buehler, Pamela I. Clark, Amy R. Sapkota,

and Emmanuel F. Mongodin. Mentholation affects the cigarette microbiota by se-

lecting for bacteria resistant to harsh environmental conditions and selecting against

potential bacterial pathogens. Microbiome, 5(1):22, 2017.

Abstract

There is a paucity of data regarding the microbial constituents of tobacco

products and their impacts on public health. Moreover, there has been no com-

parative characterization performed on the bacterial microbiota associated with the

addition of menthol, an additive that has been used by tobacco manufacturers for

nearly a century. To address this knowledge gap, we conducted bacterial community
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profiling on tobacco from user- and custom-mentholated/non-mentholated cigarette

pairs, as well as a commercially-mentholated product. Total genomic DNA was

extracted using a multi-step enzymatic and mechanical lysis protocol followed by

PCR amplification of the V3-V4 hypervariable regions of the 16S rRNA gene from

five cigarette products (18 cigarettes per product for a total of 90 samples): Camel

Crush, user-mentholated Camel Crush, Camel Kings, custom-mentholated Camel

Kings, and Newport Menthols. Sequencing was performed on the Illumina MiSeq

platform and sequences were processed using the Quantitative Insights Into Micro-

bial Ecology (QIIME) software package. In all products, Pseudomonas was the

most abundant genera and included Pseudomonas oryzihabitans and Pseudomonas

putida, regardless of mentholation status. However, further comparative analysis of

the five products revealed significant differences in the bacterial compositions across

products. Bacterial community richness was higher among non-mentholated prod-

ucts compared to those that were mentholated, particularly those that were custom-

mentholated. In addition, mentholation appeared to be correlated with a reduction

in potential human bacterial pathogens and an increase in bacterial species resistant

to harsh environmental conditions. Taken together, these data provide preliminary

evidence that the mentholation of commercially available cigarettes can impact the

bacterial community of these products.
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Background

In 2014, an estimated 264 billion cigarettes were sold in the USA, about

one-quarter of which were mentholated products [425, 426]. Menthol, a cyclic ter-

pene alcohol, is known to activate cold receptors and provide a “cooling” sensa-

tion [427, 428]. In the 1920s, cigarette companies began using this additive to

reduce the harshness of cigarette products and to appeal to a wider spectrum of

consumers [429, 430]. Although non-menthol cigarettes do contain low levels of

menthol, levels in cigarette products labeled as mentholated are 50 to 5000 times

higher [431]. For commercially produced menthol cigarettes, menthol, which is usu-

ally plant-derived or produced synthetically, is added directly to the tobacco or to

other parts of the cigarette (e.g., filter, filter paper) [432]. In addition, several brands

of cigarettes (e.g., Camel Crush) have capsules embedded in the filter, which can

be “crushed” by the user to release a menthol-containing solution. Today, young

adults, minority groups, adult women, and members of low-income households are

the primary consumers of menthol cigarettes [426,433,434].

Previous studies have provided evidence that menthol smokers are character-

ized by decreased nicotine metabolism, enhanced systemic nicotine exposure [434],

increased serum cotinine levels [435], and increased levels of carboxyhemoglobin

[435,436]. The presence of menthol in some cigarette products has also been shown

to increase levels of volatile organic compounds in mainstream smoke [437] and in-

hibit the detoxification of carcinogens in liver microsome studies [438]. Although

results are mixed [439, 440], it appears that menthol cigarettes may be more ad-
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dictive and may convey a greater risk of cancer and other tobacco-related diseases

compared to non-mentholated cigarettes [441, 442]. However, there are relatively

few studies that have evaluated other physiological and toxicological health effects

associated with exposure to menthol cigarettes, including the impact of the bacteria

associated with these products on smokers’ oral health.

The antibacterial nature of menthol has been shown to inhibit human and plant

pathogenic microorganisms; however, its reaction with the bacterial constituents of

the cigarette microenvironment has yet to be explored [443]. The history of microor-

ganisms in tobacco has been documented by several groups [444], with researchers

as early as the late 1890s beginning to characterize the microbiology of tobacco

before and during fermentation. Fast-forwarding to the 1950s and 1960s, major

tobacco companies and researchers began to produce reports describing total num-

bers of cultivable bacteria in tobacco products [444,444–446]. More recently, several

groups have used traditional, culture-dependent methods to identify and character-

ize specific bacterial and fungal species present in tobacco products including Acti-

nomycetes spp. [447], Pantoea spp. [448], Kurthia spp. [449], Bacillus spp. [449],

and Mycobacterium avium (an important respiratory pathogen) [450].

One study, in particular, recovered viable M. avium from cigarette tobacco,

tobacco paper and the cigarette filters before cigarettes were smoked and subse-

quently recovered viable M. avium from the cigarette filters after the cigarettes were

smoked [450]. These data provide evidence that M. avium can survive exposures

to high temperatures and gases generated during the cigarette combustion process

and potentially be inhaled in mainstream smoke [450]. Other studies have shown
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that the mainstream smoke of combustible tobacco products also contains other

microbial constituents, including lipopolysaccharides, peptidoglycan fragments and

fungal components [448]. The same study also showed that cigarettes kept at 94%

relative humidity for over 8 days were characterized by additional bacterial and

fungal growth within the cigarette tobacco, further demonstrating that microorgan-

isms present in the tobacco are viable and metabolically active [448]. Moreover, in

a study by Pauly et al. [444], bacteria growing on single tobacco flakes from mul-

tiple cigarette brands were characterized, and the authors hypothesized that these

tobacco-associated microorganisms could represent a health risk to the smoker as

they are carried to the lungs on the surface of tobacco particulate matter generated

during smoking. The impact of these microbial exposures on tobacco users’ health

is still unclear, as very few epidemiologic studies have focused on the public health

impacts associated with the microbiological components of tobacco products. How-

ever, bacteria in cigarettes have been previously associated with acute eosinophilic

pneumonitis in military personnel deployed in operation Iraqi Freedom, emphasiz-

ing the critical role that these microorganisms might play in acute and chronic

conditions among tobacco users [449].

Culture-based methods that are used to assess the microbiology of cigarettes,

as well as the impacts of menthol on bacterial populations, are limited due to the

small percentage of bacterial species that can be cultured in the laboratory. Pre-

vious work by our group aimed to address this knowledge gap by applying a 16S

rRNA gene-based taxonomic microarray approach to evaluate total bacterial diver-

sity of commercially available cigarettes [451]. In all tested products, 15 different
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classes of bacteria and a broad array of potentially pathogenic microorganisms were

identified, including Acinetobacter spp., Bacillus spp., Clostridium spp., Klebsiella

spp., Pseudomonas aeruginosa spp., and Serratia spp. [451]. This initial study also

provided some preliminary evidence that the bacterial microbiota of menthol vs.

non-menthol cigarettes may vary. However, due to the relatively small number of

bacterial taxa represented on the microarray used in the previous study, our view

of the bacterial diversity within the tested products was limited.

Therefore, in this study, we applied high-throughput next generation sequenc-

ing, which provides a much broader view of total bacterial diversity to characterize

five cigarette products: Camel Crush, user-mentholated Camel Crush, Camel Kings,

custom-mentholated Camel Kings, and Newport Menthols. In addition to compar-

ing mentholated and non-mentholated cigarette pairs we aimed to identify potential

bacterial pathogens that users may be exposed to when they smoke these prod-

ucts, and expand our understanding of the scope of bacterial diversity present in

mentholated and non-mentholated cigarette tobacco.

Methods

Sample collection

In the Spring of 2014, menthol and non-menthol cigarettes were either pur-

chased from selected tobacco stores in College Park, Maryland or provided by our

collaborators at The Battelle Public Health Center for Tobacco Research (Colum-

bus, OH) (Table A.1). The following products were purchased from selected tobacco
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stores in College Park, MD: (1) Camel Crush, regular, fresh (CC) (Camel Crush;

R.J. Reynolds Tobacco Co., Winston-Salem, NC, USA), where the capsule within

the filter was subsequently not crushed during the study; (2) Camel Crush, reg-

ular, fresh (CCM), where the capsule was subsequently crushed during the study

to release a menthol-containing solution into the cigarette filter (user mentholated)

(CCM); and (3) a commercially mentholated brand, Newport Menthol Box (NMB)

(Lorillard Tobacco Co., Greensboro, NC, USA). The following products were provide

by Battelle: 4) Camel full flavor, hard pack, king (CK) (Camel Kings; R.J. Reynolds

Tobacco Co., Winston-Salem, NC, USA); and 5) Camel Kings that were custom-

mentholated by Battelle (CKM) using a vapor deposition technique described in

detail in MacGregor et al. [452]. The custom-mentholated Camel Kings were pre-

pared concurrently in three separate chambers [452]. The Camel Kings that were not

mentholated went through the same motions and preparations and were handled in

the same exact way as those that were mentholated. The only difference was that the

non-mentholated Camel Kings were not exposed to the mentholation chamber. All

custom-mentholated and non-mentholated Camel Kings were shipped from Battelle

on the day that custom-mentholation was completed via overnight carrier with-

out refrigeration and all cigarettes were subsequently stored at room temperature

until processing. We included two pairs of mentholated and non-mentholated prod-

ucts (custom-mentholated Camel Kings versus non-mentholated Camel Kings; and

“non-crushed” Camel Crush cigarettes versus “crushed” Camel Crush cigarettes, as

described above) so that we could specifically evaluate the influence of the addition

of menthol into two different products on the bacterial community composition of
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those products. Three lots of each cigarette product were tested in replicates of 6

for a total of 90 samples (18 cigarettes per brand) tested during the study.

DNA extraction

DNA extraction was performed on cigarettes from freshly opened packages,

with the exception of the custom-mentholated and non-mentholated Camel Kings

(CK and CKM), which were opened at Battelle, processed and shipped as described

above. Our total DNA extraction protocol was adapted from procedures previously

published [453, 454]. Briefly, each cigarette was dissected under sterile conditions,

and 0.2 g of tobacco was weighed out and aseptically placed in Lysing Matrix B

tubes (MP Biomedicals, Solon, OH). Enzymatic lysis was initiated by adding the

following to the tubes containing cigarette tobacco and lysing matrix: 1 ml of ice cold

1 molecular grade PBS buffer (Gibco by Life Technologies, NY), 5 µl lysozyme from

chicken egg white (10 mg/ml, Sigma-Aldrich, MO), 5 µl lysostaphin from Staphy-

lococcus staphylolyticus (5 mg/ml, Sigma-Aldrich, MO) and 15 µl of mutanolysin

from Streptomyces globisporus ATCC 21553 (1 mg/ml, Sigma-Aldrich, MO). Tubes

were then incubated at 37 ◦C for 30 min, after which a second enzymatic cocktail was

added to each tube, composed of 10 µl Proteinase K (20 mg/ml, Invitrogen by Life

Technologies, NY) and 50 µl of SDS (10% w/v, BioRad). Following incubation at

55 ◦C for 45 min, the samples were then further lysed mechanically using a FastPrep

Instrument FP-24 (MP Biomedicals, CA) at 6.0 m/s for 40s. The resulting lysate

was centrifuged for 3 min at 10,000 rcf and DNA was purified using the QIAmp DSP
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DNA mini kit 50, v2 (Qiagen, CA), according to the manufacturer’s protocol. Six

replicate DNA extractions were completed on each sample and negative extraction

controls were included to ensure that no exogenous DNA contaminated the sam-

ples during extraction. DNA quality control/quality assurance was performed using

spectrophotometric measurements on a NanoDrop (Thermo Scientific, City, State),

as well as gel electrophoresis.

16S rRNA gene PCR amplification and sequencing

The V3-V4 hypervariable region of the 16S rRNA gene was PCR-amplified

and sequenced on Illumina MiSeq (Illumina, San Diego, CA) using a dual-indexing

strategy for multiplexed sequencing developed at the Institute for Genome Sciences

and described in detail previously [241].

Briefly, PCR reactions were set-up in 96-well microtiter plates using the 319 F

(ACTCCTACGGGAGGCAGCAG) and 806R (GGACTACHVGGGTWTCTAAT)

universal primers, each of which also included a linker sequence required for Illu-

mina MiSeq 300 bp paired-ends sequencing, and a 12 bp heterogeneity-spacer index

sequence aimed at minimizing biases associated with low-diversity amplicons se-

quencing [241, 243]. This sample multiplexing approach ensured that 500 samples

could be multiplexed in a single Illumina MiSeq run. PCR amplifications were per-

formed using Phusion High- Fidelity DNA polymerase (Thermo Fisher, USA) and 2

ng of template DNA in a total reaction volume of 25 µl . Because of the presence of

PCR inhibitors in the DNA solution, an additional 0.375 µl of bovine serum albumin
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(BSA) (20 mg/ml, Sigma) was added to the PCR reactions. Reactions were run in

a DNA Engine Tetrad 2 thermo cycler (Bio-Rad, USA) using the following cycling

parameters: 30 s at 98 ◦C, followed by 30 cycles of 10 s at 98 ◦C, 15 s at 66 ◦C,

and 15 s at 72 ◦C, with a final step of 10 min at 72 ◦C. Negative controls without

DNA template were performed for each primer pair. The presence of amplicons was

confirmed using gel electrophoresis, after which the SequalPrep Normalization Plate

kit (Invitrogen Inc., CA, USA) was used for clean-up and normalization (25 ng of

16S PCR amplicons from each sample were included), before pooling and 16S rRNA

sequencing using the Illumina MiSeq (Illumina, San Diego, CA) according to the

manufacturer’s protocol.

Sequence quality filtering and analysis of 16S rRNA gene sequences

16S rRNA reads were initially screened for low quality bases and short read

lengths [241]. Paired-end read pairs were then assembled using PANDAseq [242] and

the resulting consensus sequences were de-multiplexed (i.e., assigned to their original

sample), trimmed of artificial barcodes and primers, and assessed for chimeras using

UCHIME in de novo mode implemented in Quantitative Insights Into Microbial

Ecology (QIIME ; release v. 1.9) [243]. Quality trimmed sequences were then

clustered de novo into Operational Taxonomic Units (OTUs) with the SILVA 16S

database [244] in QIIME [243], with a minimum confidence threshold of 0.97 for

the taxonomic assignments. All sequences taxonomically assigned to chloroplasts

were removed from further downstream analysis. Data were normalized to account
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for uneven sampling depth with metagenomeSeq’s cumulative sum scaling [244], a

novel normalization method that has been shown to be less biased than the standard

approach (total sum normalization).

Taxonomic assignments of the most abundant genera, contributing >1% of

the total abundance in at least one sample, were obtained through QIIME [243]

and visualized with RStudio Version 0.99.473 and vegan [248], gplots [455], RCol-

orBrewer [456] and heatplus [246] R packages. Prior to normalization, alpha diver-

sity was estimated with the Chao1 estimator [457], and the Shannon Index [300]

through the R packages: Bioconductor [247], metagenomeSeq [245], vegan [248]

phyloseq [249] and fossil [250]. To account for uneven sampling depth, the data

were also rarefied to the minimum sampling depth of 631 sequences. Alpha di-

versity data was tested for significance using a Tukey test. Beta diversity was

determined through principle coordinates analysis (PCoA) plots of Bray-Curtis dis-

tance performed through QIIME and tested for significance with ANOSIM (9,999

permutations) [253].

Determination of statistically significant differences (p ≤ 0.05) in OTU bac-

terial relative abundance between mentholated cigarette products and their non-

mentholated counterpart (mentholated Camel Crush vs. non-mentholated Camel

Crush and custom-mentholated Camel Kings vs. non-mentholated Camel Kings)

was performed using DESeq2 [458] through QIIME [243], which utilizes Benjamini-

Hochberg multiple-inference correction. DESeq was used due to its high power in

computing smaller sample sizes (<20 samples per group) [459]. The significant

OTUs (p ≤ 0.05) were visualized with RStudio Version 0.99.473 and R packages
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ggplot2 [183], vegan [248], and phyloseq [249]. In addition, species-level assign-

ments were performed for OTUs of interest: reference sequences matching assigned

genera of each OTU were extracted from the Ribosomal Database Project (RDP;

http://rdp.cme.msu.edu/), aligned with the sequences from the OTU(s) of interest

via MAFFT [186], and the V3-V4 region extracted. An unrooted maximum like-

lihood tree with 10 bootstrap replicates was generated with PhyML [460] for each

of the alignments. Trees were visualized with FigTree [302] and branches colored

based on species.

Results

Sequencing data and taxonomic assignments

All 90 cigarette samples were successfully PCR amplified and sequenced, thus

validating our DNA extraction and purification protocol. A total of 2046 different

bacterial OTUs (97% identity) were identified from a total of 909,053 sequences

across all samples, and the average number of sequences per sample was 10,100 ( ±

5004 SD Figure A.1).

The average relative abundance of the most dominant genera (>1.0% in at least

one sample) showed that, across all brands, bacteria from the genus Pseudomonas

dominated, followed by unclassified members of the Enterobacteriaceae family, and

members of the Pantoea and Bacillus genera (Figure A.2). Members from the

Pseudomonas genus were comprised of 15 unique OTUs, with 7 Pseudomonas OTUs

shared between all mentholation states (OTU#s 1532, 10, 134, 1868, 1886, 8, and
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3). Some of these shared Pseudomonas OTUs were assigned via RDP classification

using SILVA to Pseudomonas oryzihabitans (OTUs #1868 and 6) and Pseudomonas

putida (OTU #3) species. Certain OTUs were also unique to the different menthol

products, including OTU #1250 and OTU #1137 for NMB and OTU #77 for CCM.

Species level taxonomic information was assigned only to OTU #1137, Pseudomonas

fulva species. In addition, heatmap hierarchical clustering of the samples revealed

that the bacterial community profiles were more similar between the non-menthol

cigarette products CK and CC, compared to the commercially mentholated (NMB)

and custom-mentholated (CKM) products (Figure A.2).

Alpha and beta diversity metrics by product and menthol state

Because sequence coverage can have an impact on measuring alpha diver-

sity, a quantification of intra-sample diversity, we employed Chao1 and Shannon

indices on both non-rarefied and rarefied data (Figure A.3). Tobacco-associated mi-

crobiota from the custom-mentholated Camel King (CKM) exhibited significantly

lower Chao1 diversity (p ≤ 0.05) compared to its non-mentholated counterpart

(CK), regardless of rarefaction (Figure A.3).

To quantify inter-sample diversity (beta diversity), principal coordinate anal-

yses using the Bray Curtis distance, a measure widely used to measure the compo-

sitional dissimilarity between two different sites in ecology and microbiome studies,

were performed. Separation of the tobacco-associated bacterial profiles was evident

along the first principal component (PC1), which explained 8.59% of the total vari-
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ability between communities, and the second principal component (PC2), which

explained 5.95% of the total variability between communities by brand (ANOSIM

R=0.35, p=0.0001) and mentholation status (ANOSIM R=0.43, p=0.0001) (Fig-

ure A.4). This was especially evident for the commercially-mentholated, custom-

mentholated and non-mentholated products. Unweighted and weighted UniFrac

distances [461] were also used to measure beta diversity between the brands (Fig-

ure A.5), (ANOSIM R value=0.25, p=0.0001) and (ANOSIM R=0.16, p=0.0001),

respectively.

Taxonomic analysis by product and menthol status

There were 173 OTUs at statistically significantly (p ≤ 0.05) different rela-

tive abundances between custom-mentholated Camel Kings and non-mentholated

Camel Kings (Figure A.6). Out of these, 167 OTUs were at lower relative abun-

dance in the custom-mentholated Camel Kings, of which 116 were Gram-negative

(Figure A.6), with species level assignments including Achromobacter sp. HJ-31-2

(OTU #16), Azospirillum irakense (OTU #167), Acinetobacter calcoaceticus (OTU

#40), Pseudomonas putida (OTU #3), Stenotrophomonas maltophilia (OTU #15),

Pseudomonas aeruginosa (OTU #420), Erwinia chrysanthemi (OTU #446), Pro-

teus mirabilis (OTU #450), Acinetobacter baumannii (OTU #29), Agrobacterium

tumefaciens (OTU #1998), and Pseudomonas oryzihabitans (OTU #1868). The re-

maining 51 OTUs at lower relative abundance in custom-mentholated Camel Kings

were Gram-positive (Figure A.6), with species level assignments including Paeni-
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bacillus amylolyticus (OTU #37), Paenibacillus montaniterrae (OTU #91), Paeni-

bacillus sp. icri4 (OTU #51), Streptomyces sp. KP17 (OTU #52), Bacillus pumilus

(OTU #1937, 5, 1948), Bacillus cereus (OTU #176), Bacillus novalis (OTU #530

and 1442), Bacillus clausii (OTU #9), and Bacillus licheniformis (OTU #41). In

addition, six OTUs were at higher relative abundance in the custom-mentholated

Camel Kings and were composed of two Gram-negative bacteria, Schlegelella sp.

(OTU #87) and Silanimonas sp. (OTU #207), and four Gram-positive bacteria,

Anoxybacillus sp. (OTU #31), Vagococcus sp. (OTU #54), Deinococcus sp. (OTU

#272), and Thermus sp. (OTU #266).

There were 60 OTUs at statistically significantly (p ≤ 0.05) different relative

abundances between mentholated Camel Crush and non-mentholated Camel Crush

(Figure A.7). Twenty-two OTUs were at lower relative abundance in the mentho-

lated Camel Crush and, of these, 10 were Gram-negative OTUs including Aeromonas

sp. (OTU #285), Cedecea sp. (OTU #783), unknown Sphingomonadales (OTU

#333), Stenotrophomonas sp. (OTU #1682), Paracoccus sp. (OTU #289), un-

known Enterobacteriaceae (OTU #1969, 2017), Sphingobacterium sp. (OTU #124),

and Pantoea sp. (OTU #398 and 1448). The remaining 12 OTUs at lower relative

abundance in mentholated Camel Crush were Gram-positive and included Bacil-

lus sp. (OTU #30), Facklamia sp. (OTU #104), Jeotgalicoccus sp. (OTU #73),

Staphylococcus sp. (OTU #143), Saccharopolyspora sp. (OTU #293), unknown

Streptomycetaceae (OTU #1729), Nocardioides sp. (OTU #86), Paenibacillus sp.

(OTU #128 and 340), unknown Bacillaceae (OTU #296), unknown Bogoriellaceae

(OTU #193), and unknown Bacillales (OTU #667). Additionally, 38 OTUs were at
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higher relative abundance in the mentholated Camel Crush samples and consisted of

26 Gram-negative OTUs, with species assignments for Azospirillum irakense (OTU

#167) and Pectobacterium carotovorum (OTU #48). The remaining 12 were Gram-

positive and included Sporosarcina sp. (OTU #228), Lysinibacillus sp. (OTU

#93), Solibacillus sp. (OTU #90), Anoxybacillus sp. (OTU #31), Corynebac-

terium sp. (OTU #21 and 551), Aerococcus sp. (OTU #14), unknown Bacillales

(OTU #1182), Brevibacterium sp. (OTU #153), Deinococcus sp. (OTU #272),

Lactobacillus plantarum (OTU #359), and Bifidobacterium sp. (OTU #535).

OTUs of interest were selected to confirm or predict species-level assignments

via phylogenic analyses (Figures A.8-A.15). OTUs included Pseudomonas putida

(OTU #3), Pseudomonas oryzihabitans (OTU #8, 1868), Pseudomonas sp. (OTU

#10, 77, 132, 134, 163, 251, 608, 972, 1250, 1532, 1872, 1886), Pseudomonas aerug-

inosa (OTU #420), Pseudomonas fulva (OTU #1137), Acinetobacter sp. (OTU

#12, 182, 247, 870, 1900), Acinetobacter baumannii (OTU #29), Acinetobacter

calcoaceticus (OTU #40, 496), Proteus mirabilis (OTU #450),Anoxybacillus sp.

(OTU #31), Vagococcus sp. (OTU #54), Deinococcus sp. (OTU #272), Ther-

mus sp. (OTU #266), Stenotrophomonas sp. (OTU #1682, 1899, 1913), and

Stenotrophomonas maltophilia (OTU #15).

Distinct phylogenetic clustering could be seen among the OTUs and repre-

sentative species (Figures A.8-A.15). Pseudomonas oryzihabitans OTU #8 and

1868 and Pseudomonas aeruginosa OTU #420 claded with strains of their assigned

species. Pseudomonas sp. OTU #10 and 1886 grouped closely with strains of

Pseudomonas putida, while OTUs #251, 1250, and 134 claded with strains of Pseu-
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domonas stutzeri (Figure A.8). Although close to several strains of Pseudomonas

putida, OTU #3 did not group within the large clades of this species (Figure A.8).

Acinetobacter baumannii (OTU #29) and Acinetobacter calcoaceticus (OTU

#496) also clustered with strains of their assigned species (Figure A.9). Addition-

ally, Acinetobacter sp. OTU 12 grouped with Acinetobacter baumannii (Figure A.9).

Stenotrophomonas sp. OTUs #1913 and 1682 appeared close to one another within

a clade of Stenotrophomonas maltophilia. Stenotrophomonas maltophilia OTU #15

claded further away from OTUs #1913 and 1682, but was also with strains of

Stenotrophomonas maltophilia (Figure A.10). Stenotrophomonas sp. OTU #1899

appeared most phylogenetically related to strains of Stenotrophomonas chelatiphaga

(Figure A.10). Anoxybacillus sp. (OTU #31) claded closely to strains of Anoxybacil-

lus flavithermus, Deinococcus sp. (OTU #272) appeared closely related to strains of

Deinococcus geothermalis, and Thermus sp. (OTU #266) claded closely to Thermus

scotoductus (Figure A.11-A.15).

Discussion

It has been well established that smokers and those exposed to secondhand

smoke are more susceptible to bacterial infections than are non-smokers [57]. There-

fore, characterizing this exposure and, more specifically, the bacterial components

of cigarette tobacco and their additives, is an important step in uncovering the

relationship between tobacco products and user-health. This study aimed to pro-

vide comprehensive data concerning bacterial communities present in mentholated
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and non-mentholated cigarettes by utilizing next-generation sequencing technologies

that, to date, have been underutilized in the field of tobacco regulatory science.

The most abundant genus detected in all cigarette products tested, regardless

of mentholation status, was Pseudomonas (Figure A.2). This was not unexpected as

species of Pseudomonas are ubiquitous in aquatic and terrestrial environments and

have been hypothesized to be a part of the core pulmonary bacterial microbiome

[462]. Pseudomonas spp. have also been implicated as the dominant genus in cases

of chronic obstructive [463], cystic fibrosis [464], and subjects with decreased lung

function [463], making their high prevalence and high abundance within cigarette

tobacco a potential human health concern. Pseudomonas putida due to its metabol-

ical versatility has a distinct association with tobacco and human disease [465]. For

instance, several strains of Pseudomonas putida (e.g. S16, J5, SKD, and ZB-16A)

have the ability to degrade nicotine [466–470], while others have emerged as signif-

icant human pathogens causing urinary tract infections [471, 472] and nosocomial

pneumonia [471, 473], particularly in ill or immunocompromised patients. In ad-

dition, it has been suggested that the clinical isolate strain, HB3267, acquired an-

tibiotic and biocide resistance genes from opportunistic human pathogens, including

Acinetobacter baumannii [474], which was one of the species found at higher relative

abundance in Camel Kings compared to its mentholated counterpart (Figure A.6).

Acinetobacter baumannii is a Gram-negative opportunistic pathogen of particular

global concern due to its increasing rates of antibiotic resistance [475–477] and con-

nection to nosocomial pneumonia and ventilator-associated pneumonia in patients

with underlying lung disease [475,478,479].
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Additional common and rare bacterial species’ some of which are known to

cause respiratory illnesses’ were found at higher relative abundances in the non-

mentholated Camel Kings compared to the custom-mentholated Camel Kings, in-

cluding Pseudomonas oryzihabitans and Pseudomonas aeruginosa. Pseudomonas

aeruginosa is noteworthy as a member of the tobacco microenvironment not only

due to its association with the occurrence and exacerbation of COPD but also due

to its response to cigarette smoke [480–482]. A study preformed on murine models

showed that exposure to cigarette smoke followed by infection with Pseudomonas

aeruginosa resulted in delayed clearance of infection and increased morbidity com-

pared to controls [482].

Despite the overall decrease in bacterial diversity and potential human pathogens

that we observed in custom-mentholated compared to non-mentholated Camel Kings,

we detected statistically significant (p ≤ 0.05) increases in the relative abundance

of four Gram-positive bacterial species (Thermus sp., Deinococcus sp., Vagococ-

cus sp., and Anoxybacillus sp.) and two Gram-negative species (Silanimonas sp.

and Schlegelella sp.) in the mentholated product. Interestingly, Anoxybacillus and

Deinococcus include species that are able to withstand extreme environmental condi-

tions (e.g., elevated pH, industrial processes, UV treatment, radiation) [41,483–485],

possibly due to the production of protective carotenoids found in strains of both

genera [486–488]. Furthermore, species of Thermus [489], Silanimonas [490] and

Schlegelella [480] are known to be thermophilic, hyperthermophilic and/or alka-

liphilic. For example, strains of Thermus scotoductus have been isolated from a hot

water pipeline [491], a South African gold mine [492], and a sulfide-rich neutral hot
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spring [493].

These data suggest that menthol may be effective against Gram-negative bac-

teria in cigarette products and select and/or introduce resilient bacterial species

that can tolerate the antibacterial activity of menthol. Menthol, although known to

be active against both Gram-positive and Gram-negative bacteria [443], has shown,

in some instances, to be more effective against Gram-negative bacteria, especially

compared to other essential oils [494]. Nevertheless, this overall trend was not

observed in our comparisons between the user-mentholated Camel Crush and the

non-mentholated Camel Crush. This finding may be due to the degree and rate of

menthol exposure in the user-mentholated Camel Crush products. Because these

cigarettes are user-mentholated (by crushing a capsule within the cigarette filter

and releasing a menthol-containing solution immediately before use), the tobacco is

generally exposed to the antibacterial effects of menthol only for a brief period of

time before consumption, if at all. For these products, we only evaluated a single

time point, just following menthol release; as a result the menthol may not have had

the opportunity to migrate fully to the tobacco.

Our study had other limitations as well. We detected more than 2000 OTUs,

but as with all DNA-based 16S rRNA gene-sequencing studies, future studies are

required to confirm whether these bacteria are active and capable of potentially

colonizing a user exposed to these microorganisms. It is also important to note

that, chemically, the only difference between the tobacco content of the custom-

mentholated Camel King and non-mentholated Camel King cigarettes was the ad-

dition of L-menthol. However, the mentholation process used to produce the custom-
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mentholated Camel King could not be performed under DNA-free conditions, and

the introduction of low levels of contaminating foreign bacterial DNA, although un-

likely, could be a possibility. Furthermore, commercially available cigarettes may dif-

fer from each other in more ways than menthol content, such as tobacco blend [432].

However, the presence of increasing Anoxybacillus and Deinococcus OTUs in both

custom and user-mentholated products suggests a relationship with menthol that

should be further tested. Finally, we evaluated the bacterial communities of cigarette

products stored under one environmental condition. Characterization of products

stored under varying temperature and relative humidity conditions would enable

us to better predict the impact of typical daily storage conditions (e.g., pocket

conditions) on the dynamics of the bacterial communities in mentholated and non-

mentholated cigarettes. Such experiments are currently ongoing in our laboratory.

Even with these caveats, our study provides new knowledge regarding the bacterial

constituents of commercially mentholated and non-mentholated tobacco products

and the potential importance of these bacterial communities to human health.

From pre-harvest to puff, cigarette-associated bacteria are a culmination of

ecosystems and commercial manipulations that result in a complex and diverse

bacterial community, which may contribute to the acquisition and exchange of

pathogenic and antibiotic resistance genes and/or species selection. Our data sug-

gest that tobacco flavor additives, such as menthol, can affect the bacterial commu-

nity composition of tobacco products and may lead to the selection or introduction

of more resilient species. The bacteria and bacterial components present in non-

mentholated and mentholated cigarettes may be introduced into the lung and oral
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cavity during the smoking process, carried by the filter-end of the cigarette butt

and/or the tobacco particulate matter within mainstream smoke [444,444,450,495].

These bacterial communities could play a direct role in the development of infectious

and/or chronic illnesses among users or exacerbate existing negative health effects

associated with smoking.

Conclusions

This study comprehensively characterizes the complex bacterial communities

residing in mentholated and non-mentholated cigarette products, which include bac-

terial pathogens of importance to public health. Most importantly, our study also

shows that mentholation of cigarette products, a process used to reduce the harsh-

ness of cigarette products and appeal to a wider spectrum of consumers, significantly

impacts the bacterial community of these products. Mentholation appeared to be

correlated with a reduction in potential human bacterial pathogens and an increase

in bacterial species resistant to harsh environmental conditions. These findings have

critical implications regarding exposure to potentially infectious pathogens among

cigarette smokers, and can be used to inform future tobacco control policies focused

on the microbiology of tobacco, an understudied focus area in tobacco regulatory

science.
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Figure A.2: Heat map showing the relative abundances of the most
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Figure A.6: Overview of relative abundances of bacterial OTUs that
were statistically significantly different (p ≤ 0.05) between custom-
mentholated Camel Kings (CKM) and non-mentholated Camel Kings
(CK). OTUs are colored by Phylum and differentiated by Gram nega-
tive (a) and Gram positive (b) classification. A positive log2-fold change
value denotes an OTU that is significantly higher in custom-mentholated
Camel Kings, while a negative log2-fold change indicates an OTU that
is significantly higher in non-mentholated Camel Kings. The dotted line
and arrows highlight the conversion in log2-fold change from negative to
positive values.
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Tables

Table A.1: Descriptions of cigarette products tested.

Cigarette product Menthol status Abbreviation
Camel King filters Non-menthol CK
Camel King filters Mentholated (custom)a CKM
Camel Crush Non-mentholb CC
Camel Crush Mentholated (user)c CCM
Newport Menthol Box Mentholated (manufacturer)d NMB

aMentholated at The Battelle Public Health Center for Tobacco Research
bCamel Crush capsule within the filter was not crushed
cCamel Crush capsule within the filter was crushed in the laboratory prior to DNA
extraction
dCommercially mentholated by the manufacturer
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Appendix B: Temporal Variations in Cigarette Tobacco Bacterial

Community Composition & Tobacco Specific Nitrosamine

Content are Influenced by Brand and Storage Condi-

tions

Jessica Chopyk, Suhana Chattopadhyay, Prachi Kulkarni, Eoghan M. Smyth, Lau-

ren E. Hittle, Joseph N. Paulson, Mihai Pop, Stephanie S. Buehler, Pamela I. Clark,

Emmanuel F. Mongodin and Amy R. Sapkota. Temporal variations in cigarette to-

bacco bacterial community composition and tobacco-specific nitrosamine content

are influenced by brand and storage conditions. Frontiers in Microbiology, 8, 2017.

Abstract

Tobacco products, specifically cigarettes, are home to microbial ecosystems

that may play an important role in the generation of carcinogenic tobacco-specific

nitrosamines (TSNAs), as well as the onset of multiple adverse human health ef-

fects associated with the use of these products. Therefore, we conducted time-

series experiments with five commercially available brands of cigarettes that were

either commercially mentholated, custom-mentholated, user-mentholated, or non-
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mentholated. To mimic user storage conditions, the cigarettes were incubated for 14

days under three different temperatures and relative humidities (i.e., pocket, refrig-

erator, and room). Overall, 360 samples were collected over the course of 2 weeks

and total DNA was extracted, PCR amplified for the V3V4 hypervariable region

of the 16S rRNA gene and sequenced using Illumina MiSeq. A subset of samples

(n = 32) was also analyzed via liquid chromatography with tandem mass spec-

trometry for two TSNAs: N-nitrosonornicotine (NNN) and 4-(methylnitrosamino)-

1-(3-pyridyl)-1-butanone (NNK). Comparative analyses of the five tobacco brands

revealed bacterial communities dominated by Pseudomonas, Pantoea, and Bacillus,

with Pseudomonas relatively stable in abundance regardless of storage condition.

In addition, core bacterial operational taxonomic units (OTUs) were identified in all

samples and included Bacillus pumilus, Rhizobium sp., Sphingomonas sp., unknown

Enterobacteriaceae, Pantoea sp., Pseudomonas sp., Pseudomonas oryzihabitans, and

P. putida. Additional OTUs were identified that significantly changed in relative

abundance between day 0 and day 14, influenced by brand and storage condition.

In addition, small but statistically significant increases in NNN levels were observed

in user- and commercially mentholated brands between day 0 and day 14 at pocket

conditions. These data suggest that manufacturing and user manipulations, such

as mentholation and storage conditions, may directly impact the microbiome of

cigarette tobacco as well as the levels of carcinogens.
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Introduction

The tobacco microenvironment within cigarettes is home to complex mixtures

of chemicals, metals, salts, trace pesticides, alkaloids, and commercial additives

(e.g., menthol and sweeteners; [496,497]. In fact, over 5,000 components have been

identified in tobacco and over 6,000 in tobacco smoke, many of which are carcino-

genic toxins [497, 498]. Among the potentially harmful constituents of tobacco are

bacteria, fungi, and their microbially derived toxins [496,499,500]. Multiple studies

have shown that bacteria can not only survive the low moisture content of tobacco

but also withstand the harsh smoking process [444,449,450]. Specifically, species of

Bacillus, Kurthia, and Mycobacterium have been successfully recovered in vitro from

cigarette filters, smoked filters, paper, and tobacco microparticulates [444,449,450].

In addition, molecular techniques to assay the bacterial diversity of tobacco

products have identified hundreds of bacterial species present in cured tobacco leaves

[501–503], cigarettes [451], and smokeless tobacco brands [504]. These comprise

species from the families Pseudomonadaceae, Staphylococcaceae, Lactobacillaceae,

Enterobacteriaceae, Enterococcaceae, Aerococcaceae, Corynebacteriaceae, among oth-

ers, and include potential human and respiratory pathogens [451, 501–503]. Fur-

thermore, tobacco and tobacco smoke have been shown to harbor microbial derived

toxins and secondary metabolites [500]. For instance, lipopolysaccharide, a potent

inflammatory endotoxin of gram-negative bacteria, was identified as a bioactive

component of cigarette smoke and a suggested cause of respiratory diseases among

smokers [448,500,505]. These microbial components of the cigarette may be inhaled
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during use and deposited into the lung and oral cavity, where they may directly

impact the health of the user.

Prior to packaging within the cigarette wrapper, tobacco is influenced heav-

ily by bacteria. This occurs largely during the curing process, a necessary part of

cigarette production, whereby tobacco leaves are dried generally by flue (e.g., Vir-

ginia tobacco), air (e.g., Burley tobacco), or sun (e.g., Oriental tobacco) to improve

their color, flavor, and aroma [506]. During the curing stage, the amount of to-

bacco specific nitrosamines (TSNAs), carcinogens derived from the nitrosation of

tobacco alkaloids, increases significantly [507]. This is suggested to be, in part, due

to certain nitrate and nitrite reducing bacterial species present on or in the tobacco

leaves [508]. High temperatures and relative humidities have been shown to be key

factors that contribute to increasing levels of TSNAs throughout curing [509, 510]

and storage [511, 512] of tobacco. TSNA levels in smokeless tobacco brands have

also been shown to be influenced by storage conditions, with high levels of TSNAs

associated with storage for 4 weeks at room and high temperatures (> 37 ◦C), but

not low temperature (4 ◦C [513]). This may be due to changing bacterial diversity

within these products.

Microbial populations are often dynamic and influenced by surrounding en-

vironmental conditions [501, 514]. For instance, changes in temperature, pH, and

nutrient availability throughout the Toscano cigar tobacco fermentation cycle were

shown to be associated with changes in the bacterial community composition of

these products [501]. In addition, storage conditions have also been found to in-

fluence microbial exposures of tobacco users. For example, cigarettes kept at high
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humidity have been characterized by increased levels of fungi [495]. However, to

our knowledge there is no literature describing the longitudinal effects of varying

storage conditions (e.g., temperature and relative humidity) on the bacterial di-

versity of cigarettes. Therefore, this study aimed to utilize high throughput 16S

rRNA gene sequencing to investigate the bacterial community composition of five

cigarette brands over 14 days at average room, refrigerator, and pocket conditions

to identify potential trends in overall bacterial diversity and in specific operational

taxonomic units (OTUs). In addition, a subset of samples was tested for levels of

two TSNAs [N-nitrosonornicotine (NNN) and 4-(methylnitrosamino)-1-(3-pyridyl)-

1-butanone (NNK)] at pocket and refrigerator conditions over time.

Materials and Methods

Sample Collection and Treatment

Five different cigarette brands (including three distinct lots per brand) were

analyzed in this study. Camel Crush, regular, fresh (CC; R.J. Reynolds Tobacco

Co., Winston-Salem, NC, USA) and Newport Menthols (NMB; Lorillard Tobacco

Co., Greensboro, NC, USA) were purchased from tobacco stores in College Park,

MD, USA. CC cigarettes, where the capsule within the filter was not crushed,

were considered non-mentholated, while those where the capsule was crushed to

release a menthol-containing solution into the cigarette filter were considered user-

mentholated (CCM). Camel full flavor, hard pack, king (CK; R.J. Reynolds Tobacco

Co., Winston-Salem, NC, USA) were provided by our collaborators at The Battelle
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Public Health Center for Tobacco Research (Columbus, OH, USA) along with a

custom mentholated version (CKM) as described in MacGregor et al. [452]. To re-

flect normal user storage conditions cigarettes were subjected to 14 days of three

different experimental storage conditions: pocket (25C and 30% relative humidity),

refrigerator (5 ◦C and 18% relative humidity), and room (20 ◦C and 50% relative

humidity). Subsets of cigarettes (n = 6) were sampled from each brand for DNA

extraction and 16S rRNA amplification prior to onset of the experimental condition

(day 0), after 5 days, after 9 days, and after 14 days for each condition (Table B.1).

DNA extraction

Total DNA extraction was adapted from procedures previously published [453,

454]. Cigarettes were dissected separately under sterile conditions and 0.2 g of to-

bacco was removed and aseptically placed in Lysing Matrix B tubes (MP Biomed-

icals, Solon, OH, USA). To achieve an effective enzymatic lysis, 1 mL of ice cold

1X molecular grade PBS buffer (Gibco by Life Technologies, Grand Island, NY,

USA), 5 µl lysozyme from chicken egg white (10 mg/ml, Sigma-Aldrich, St. Louis,

MO, USA), 5 µl lysostaphin from Staphylococcus staphylolyticus (5 mg/ml, Sigma-

Aldrich, St. Louis, MO, USA) and 15 µl of mutanolysin from Streptomyces globis-

porus ATCC 21553 (1 mg/ml, Sigma-Aldrich, St. Louis, MO, USA) was added to

the tubes containing cigarette tobacco and lysing matrix. Tubes were then incu-

bated at 37 ◦C for 30 min followed by the addition of a second enzymatic cocktail

consisting of 10 µl Proteinase K (20 mg/ml, Invitrogen by Life Technologies, Grand
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Island, NY, USA) and 50 µl of SDS (10% w/v, BioRad). Incubation was repeated at

55 ◦C for 45 min. Samples were then subjected to mechanical lysis via the FastPrep

Instrument FP-24 (MP Biomedicals, Santa Ana, CA, USA) at 6.0 m/s for 40 s fol-

lowed by centrifugation for 3 min at 10,000 rcf. Subsequent DNA was purified using

the QIAmp DSP DNA mini kit 50, v2 (Qiagen, Valencia, CA, USA), according to the

manufacturer’s protocol. Negative extraction controls were included to ensure that

no exogenous DNA contaminated the samples during extraction. DNA quality con-

trol/quality assurance was performed using spectrophotometric measurements on a

NanoDrop (Thermo Scientific, Waltham, MA, USA), as well as gel electrophoresis.

16S rRNA gene PCR amplification and sequencing

Using a dual-indexing strategy for multiplexed sequencing developed at the

Institute for Genome Sciences and described in detail elsewhere [241], the V3V4

hypervariable region of the 16S rRNA gene was PCR-amplified and sequenced on

the Illumina MiSeq (Illumina, San Diego, CA, USA). PCR reactions were set-up

in 96-well microtiter plates using the 319F (ACTCCTACGGGAGGCAGCAG) and

806R (GGACTACHVGGGTWTCTAAT) universal primers, each with a linker se-

quence required for Illumina MiSeq 300 bp paired-ends sequencing, and a 12-bp

heterogeneity-spacer index sequence to minimize biases associated with low-diversity

amplicons sequencing [241, 515]. Reactions were performed with Phusion High-

Fidelity DNA polymerase (Thermo Fisher, Waltham, MA, USA) and 2 ng of tem-

plate DNA in a total reaction volume of 25 µl. In addition, due to the presence of
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PCR inhibitors, an additional 0.375 µl of bovine serum albumin (BSA; 20 mg/ml,

Sigma) was added to the PCR reactions. Negative controls without DNA template

were performed for each primer pair. A DNA Engine Tetrad 2 thermo cycler (Bio-

Rad, USA) was used under the following cycling parameters: 30 s at 98 ◦C, followed

by 30 cycles of 10 s at 98 ◦C, 15 s at 66 ◦C, and 15 s at 72 ◦C, with a final step of 10

min at 72 ◦C. Successful amplification was confirmed using gel electrophoresis. This

was followed by cleanup and normalization via the SequalPrep Normalization Plate

kit (Invitrogen Inc., Carlsbad, CA, USA) with 25 ng of 16S PCR amplicons from

each sample prior to pooling and 16S rRNA sequencing using the Illumina MiSeq

(Illumina, San Diego, CA, USA) according to the manufacturer’s protocol.

TSNA analysis

Concentrations of two TSNAs (NNN and NNK) in the unused product were

determined for a subset of cigarette samples (n = 32). The subset included two

samples taken at day 0 and two samples taken at day 14 at pocket conditions for all

five brands. In addition, two samples taken at day 0 and two samples taken at day

14 at refrigerator conditions for CK, CKM, and NMB were included. Samples were

stored at -80 ◦C until analysis. Prior to extraction, the tobacco and the outer wrap-

per (cut into small pieces) were removed, weighed separately, and then combined

for analysis. Filters and the paper encasing them were removed and discarded.

Samples were extracted using a method adopted from those previously pub-

lished for smokeless tobacco products [516, 517]. Each sample was spiked with
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deuterated internal standards (NNN-d4 and NNK-d4) and extracted in 30 mL of

ammonium acetate on a rotary shaker for 1 h at 250 rpm. Each extract was then

filtered with a 0.45 mm syringe filter. Quality control samples, including matrix

spikes, were prepared with each batch of samples using 3R4F cigarettes. Extracts

were analyzed using liquid chromatography with tandem mass spectrometry (LC-

MS/MS). The method detection limit based on average sample tobacco weights was

0.002 mg/g. Matrix spike recoveries averaged 113 ± 23% for NNN and 110 ± 9%

for NNK.

Sequence quality filtering

After screening 16S rRNA gene reads for low quality bases and short read

lengths [241] paired-end read pairs were then assembled using PANDAseq [242], de-

multiplexed, trimmed of artificial barcodes and primers, and assessed for chimeras

using UCHIME in de-novo mode implemented in Quantitative Insights Into Mi-

crobial Ecology (QIIME; release v. 1.9; [243]). The resulting quality trimmed se-

quences were then clustered de-novo into OTUs with the SILVA 16S database [244]

in QIIME [243], with a minimum confidence threshold of 0.97 for the taxonomic

assignments. All sequences taxonomically assigned to chloroplasts were removed.

To account for uneven sampling depth and to ensure less biases than the standard

approach (total sum normalization), data were normalized with metagenomeSeq’s

cumulative sum scaling when appropriate [251].
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Data analysis

Taxonomic assignments of genera were obtained through QIIME [243]. After

removing genera whose maximum relative abundance was less than 1%, a heatmap

was created and visualized with R version 3.2.2 and vegan heatplus [246]. The core

tobacco bacterial microbiome was defined as OTUs present at a minimum fraction of

100% in all tested products with QIIME’s compute core microbiome.py script [243]

and visualized with Cytoscape [300].

Beta diversity for all brands at all times and conditions was calculated using

the Bray-Curtis dissimilarity and compared using Analysis of similarities (ANOSIM)

on normalized data (999 permutations) through the R packages: biomformat [249],

vegan [248], ggplot2 [183], phyloseq [249]. Beta diversity was also calculated as

described above for samples separated by brand.

Diversity was estimated for samples pooled by brand, time point, and condi-

tion using the Shannon Index [300] through the R packages: Bioconductor [247],

metagenomeSeq [245], vegan [248], phyloseq [249], and fossil [250]. Significance was

assessed through Tukey’s test at p ≤ 0.05. To account for uneven sampling depth,

diversity was measured with and data rarefied to a minimum sampling depth.

Determination of statistically significant differences (p ≤ 0.001) in OTU abun-

dance was performed using DESeq2 [458] to compare the NMB brand between day

0 and day 14 at room, pocket, and refrigerator conditions. The significant OTUs

(p ≤ 0.001) were visualized with R version 3.2.2 and R packages ggplot2 [183], ve-

gan [248], and phyloseq [249]. This was repeated for the remaining brands (CC,
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CCM, CK, CKM), as well as, by product lot.

Results

Sequencing

DNA extraction and sequencing was performed on 360 cigarette samples (Table

B.1), with a total of 2,172,847 sequences and an average sequence per sample of

6,262 ( ±3,433 SD). A total of 1,985 different bacterial OTUs (97% identity) were

identified at an average of 185 OTUs per sample ( ±46 SD).

Taxonomic analysis of all cigarette brands

After samples were pooled by brand (CC, CCM, CK, CKM, and NMB), time

point (day 0, day 5, day 0, and day 14), and condition (pocket, room, and refrig-

erator), Pseudomonas had the highest relative abundance in all instances, ranging

from 7.05 to 11.24%. This was followed by either Pantoea (3.58-8.44%) or Bacillus

(4.58-9.38%) (Figure B.1). These three encompassed the furthest clade to the left

of the cladogram (Figure B.1). The second most abundant clade of bacterial gen-

era consisted of Acinetobacter (2.16-4.84%), Enterobacter (3.09-5.27%), Unknown

Enterobacteriaceae (2.53-4.76%), and Sphingomonas (2.97-5.13%) (Figure B.1).

When samples were pooled by brand (Figure B.2) Pseudomonas was signif-

icantly (p ≤ 0.05) higher in relative abundance in CCM compared to CC, CK,

and NMB. CCM also had a significantly higher relative abundance of Pantoea than

CC and a significantly lower relative abundance of Bacillus than CC, CK, CKM,
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and NMB. Furthermore, CKM had significantly higher relative abundance of Pseu-

domonas than CK. NMB had a significantly higher relative abundance of Pantoea

than CC, CK, CKM.

Within brand condition was also a prominent factor impacting the tempo-

ral dynamics of the most abundant genera (Figures B.2). Experimental condition

seemed to have little significant effect on the relative abundance of Pseudomonas

over time. In fact, Pseudomonas only significantly changed in one brand, CKM,

in which it decreased between day 0 and day 14 at room conditions. The relative

abundance of Bacillus was only affected by condition in NMB at pocket conditions

and CKM at room conditions. For CKM there was a significant increase in Bacillus

between day 0 and day 9 at room conditions, followed by a decrease between day

9 and day 14 (Figure B.2). For NMB, Bacillus decreased in relative abundance

between day 0 and day 5 and then stayed relatively unchanged for the remainder of

the study.

The relative abundance of Pantoea appeared to be more affected by condi-

tion, whereas changes in the relative abundance occurred in CC at pocket and room

conditions (Figure B.2), in CCM at room conditions, and in NMB at pocket and

refrigerator conditions (Figure B.2). Specifically, for NMB there was a significant

increase in the relative abundance of Pantoea between day 0 and day 14 and be-

tween day 0 and day 5 at pocket conditions, with an oscillation downward at day

9. In addition, there was a significant increase in the relative abundance of Pantoea

between day 0 and day 5 at refrigerator conditions for the same brand.

For CC, the relative abundance of Pantoea significantly fluctuated between
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day 0 and day 5, day 5 and day 9, and day 9 and day 14 at pocket conditions.

There was also a significant decrease in Pantoea between day 0 and day 9 for CC

at room conditions (Figure B.2). This is in contrast to CCM in which there was

a significant increase in Pantoea between those same times at the same condition

(Figure B.2).

The core microbiome, defined for each brand, comprised 26 bacterial OTUs for

CC, 24 for CK, 22 for NMB, 20 for CKM, and 16 for CCM (Figure B.3). A compar-

ative analysis of these bacterial OTUs revealed that 11 OTUs were shared among

all samples regardless of brand, time, and experimental condition at relative abun-

dances between 1.26% (Pseudomonas putida, OTU #3) and 0.83% (Rhizobium sp.,

OTU #11). A comparative analysis of these bacterial OTUs revealed that 11 OTUs

were shared among all samples regardless of brand, time, and experimental condi-

tion at relative abundances between ( Rhizobium sp., OTU #11). These included:

B. pumilus (OTU #5), Rhizobium sp. (OTU #11), Sphingomonas sp. (OTU #2),

unknown Enterobacteriaceae (OTU #1969 and #1885), Pantoea sp. (OTU #398

and #1904), Pseudomonas sp. (OTU #1886), Pseudomonas oryzihabitans (OTU

#1868 and #8), and P. putida (OTU #3) (Figure B.3)

Two OTUs were unique to the core of NMB, Brevibacterium sp. (OTU #42)

and Staphylococcus sp. (OTU #143). Similarly two OTUs were unique to the core

of CC, Novosphingobium sp. (OTU #27) and unknown Pseudomonadales (OTU

#13). Only one OTU was unique to CCM, unknown Enterobacteriaceae (OTU

#2018), and there were no OTUs in the core microbiome unique to CKM and CK.

The largest degree of overlap was between NMB, CC, CK, and CKM, which had an
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additional four OTUs in common amongst their core microbiomes: Sphingomonas

sp. (OTU #1850), Methylobacterium (OTU #28 and #18), and unknown Auran-

timonadaceae (OTU #23). The two non-mentholated brands (CC and CK) both

had Enterobacter aerogenes (OTU #1932) amongst their core microbiomes. En-

terobacter sp. (OTU #4) and Pseudomonas sp. (OTU #134) were a part of the

core in all brands except the custom mentholated Camel Kings (CKM). The cus-

tom mentholated and non-mentholated Camel Kings (CKM and CK) along with

the NMB each had Staphylococcus sp. (OTU #7). Terribacillus sp. (OTU #6) and

Enterobacter sp. (OTU #107) were a part of the core microbiomes of all brands

except commercially mentholated NMB. CKM, CK, and CC all had B. clausi (OTU

#9), whereas Pseudomonas (OTU #10) and Sphingomonas (OTU #1287) were in

the core microbiomes of NMB, CK, and CC. In addition, Methylobacterium (OTU

#36) was present in CC and CKM.

Beta and alpha diversity of all brands

PCoA plots of the Bray-Curtis computed beta diversity for all brands revealed

the largest significant clustering by brand (R = 0.25, p = 0.001) followed by lot (R

= 0.21, p = 0.001) (Figure B.4, B.5), with NMB observed clustering away from the

other brands. There was no significant clustering by time point or condition (Figure

B.5). When separated into distinct brands, each had minimum clustering by time

point and lot (Figure B.6), particularly for CK (R = 0.1762, p = 0.001), CKM (R

= 0.1703, p = 0.001), and NMB (R = 0.198, p = 0.001) lots.
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All brands appeared to have fluctuating bacterial diversity, assessed through

Shannon indices, during the length of the experiment (day 0, day 5, day 9, and

day 14; Figure B.7). However, the only significant change in Shannon indices was

between day 0 and day 9 in NMB at pocket conditions in which diversity increased

(p ≤ 0.05) (Figure B.7).

Comparative analysis of OTUs by condition between day 0 and day

14

Within the experimental conditions tested, non-mentholated CC had the great-

est amount of OTUs (19 OTUs) that were significantly different in relative abun-

dance between day 0 and day 14 at refrigerator conditions (Figure B.8). Of these,

61% (11 OTUs) were at higher relative abundance at day 14 and the rest (8 OTUs)

were at higher relative abundance at day 0. This was followed by pocket conditions,

which had 15 OTUs significantly different between day 0 and day 14, with 73%

(11 OTUs) at higher relative abundance at day 0. Room conditions had the least

amount of significantly different OTUs (nine OTUs) between time points, of which

55% (five OTUs) were at higher relative abundance at day 14.

In contrast to its non-mentholated counterpart, CCM had the greatest number

of OTUs (20 OTUs) that were significantly different between day 0 and day 14 at

room conditions (Figure B.8), with 70% (14 OTUs) at higher abundance at day

0 compared to day 14. Refrigerator conditions had the second largest amount of

OTUs (eight OTUs) that were significantly different between day 0 and day 14 for
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CCM, all of which had higher relative abundance at day 0. At pocket conditions

there were only three OTUs that were significantly different between time points.

Two were at higher abundance at day 0 and one was at a higher abundance at day

14.

Similar to CCM, non-mentholated Camel Kings (CK) had the largest amount

of OTUs at significantly different relative abundances (34 OTUs) between day 0 and

day 14 at room conditions (Figure B.9). However, unlike CCM, 67% of the OTUs

(23 OTUs) were at higher relative abundance at day 14. The second condition that

produced the most OTUs with significantly different relative abundances (24 OTUs)

between time points was refrigerator conditions; 54% of OTUs (13 OTUs) at higher

relative abundance at day 0. Pocket conditions had the smallest amount of OTUs at

significantly different relative abundances (14 OTUs). Of these, 57% (eight OTUs)

were at higher relative abundance at day 14.

Custom-mentholated Camel Kings (CKM) at pocket conditions had the most

OTUs (43 OTUs) that were significantly different in relative abundance between

day 0 and day 14 (Figure B.9). However, only one of these OTUs was at higher

relative abundance at day 0, Bacillus (189). The remaining 98% (42 OTUs) were at

higher relative abundance at day 14. Room conditions had 38 OTUs at significantly

different relative abundance between time points, all at higher relative abundance

at day 14. Finally, refrigerator conditions had the least number of OTUs (11 OTUs)

that were significantly different in relative abundance between day 0 and day 14, all

of which were higher at day 14.

There were only five OTUs at statistically significantly different (p ≤ 0.001)
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relative abundances between day 0 and day 14 among the different conditions for

NMB (Figure B.10). Pocket and refrigerator conditions each had two OTUs that

were at significantly different relative abundance between time points. In both

conditions one of the OTUs was at higher relative abundance at day 0 and one

higher at day 14. Room conditions had only one OTU, significantly higher at day

14.

Comparison of OTUs significantly different in relative abundance be-

tween day 0 and day 14 in CC and CCM

Interestingly, there were some OTUs that were shared between CC and CCM.

For instance, Massilia (OTU #2052) was at higher relative abundance at day 0 in

CCM at room temperature, however the same OTU was at higher relative abundance

at day 14 in CC at the same condition. Additionally, Olivibacter (OTU #162)

was at a higher relative abundance at day 14 at room temperature in CCM and

higher relative abundance at day 0 at refrigerator conditions in CC. Pantoea (OTU

#253) was at lower relative abundance at day 14 at both room temperature and

refrigerator conditions in CCM, but was at higher relative abundance at day 14 for

CC at refrigerator conditions.
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Comparison of OTUs significantly different in relative abundance be-

tween day 0 and day 14 in CK and CKM

Several OTUs significantly different in relative abundance between day 0 and

day 14 were shared between CK and CKM including, Nesterenkonia (OTU #288)

and Acinetobacter (OTU #1900), which were at a higher relative abundance at

day 14 at room temperature and refrigerator conditions, respectively. Acinetobacter

calcoaceticus (OTU #40) was higher in both brands at day 14 at pocket conditions.

Achromobacter (OTU #49) was higher at day 14 for CKM at room temperature,

but higher at day 0 for CK at refrigerator conditions. Sphingobacterium (OTU #88)

was at higher relative abundance at day 0 in CK at refrigerator conditions, but was

higher at day 14 in CKM at room temperature. Sphingobacterium (OTU #161)

was also at higher relative abundance at day 0 in CK at refrigerator conditions, but

was higher at day 14 in CKM at pocket conditions.

Comparative analysis of significantly different OTUs by lot

Because there was clustering by lot for CK, CKM, and NMB (Figure B.11),

we determined the OTUs that were statistically significantly different between lots,

regardless of condition or time point. For NMB, lot 4K01 clustered away from lot

4C03 and lot 4C17, therefore 4K01 was compared with 4C03 and 4C17. There

were 11 OTUs at statistically significantly different (p ≤ 0.001) relative abun-

dances between 4K01 and 4C03 (Figure B.11). Of these 11 OTUs, 5 from the
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phylum Actinobacteria had a higher relative abundance in 4C03 compared to 4K01

including Ochrobactrum sp. (OTU #110), Marinactinospora sp. (OTU #113),

Brevibacterium sp. (OTU #153), Saccharopolyspora sp. (OTU #281), and Enter-

actinococcus sp. (OTU #157). The remaining 6 from the phylum Firmicutes had a

higher relative abundance in 4K01: Caldalkalibacillus sp. (OTU #261), Kurthia sp.

(OTU #180), Lactobacillus mucosae (OTU #234), Lactobacillus sp. AB5262 (OTU

#118), Lactobacillus fermentum (OTU #227), and Pediococcus sp. (OTU #50).

These OTUs were also significantly higher in relative abundance in 4K01 compared

to 4C17 along with Pantoea sp. (OTU #725 and #229), Bacillus coagulans (OTU

#99), Geobacillus sp. (OTU #119), Lactobacillus sp. (OTU #301), Paenibacillus

sp. (OTU #196), and Streptomyces sp. KP17 (OTU #52).

For CK and CKM, lot A4 clustered away from lots Il and L1, therefore A4

was compared with Il and L1. There were 21 OTUs at statistically significantly

different (p ≤ 0.001) relative abundances between A4 and L1 for CK, of which 8

were at higher abundance in L1 and 13 were at higher abundance in A4 (Figure

B.12). Six of the OTUs of higher abundance in A4 were also at higher abundance

when comparing lot A4 with lot Il, Tistrella (OTU #439), Azospirillum irakense

(OTU #167), Pseudomonas (OTU #177), Pectobacterium (OTU #25), Wauter-

siella (OTU #192), Alcaligenes (OTU #117), Pediococcus (OTU #50), and Rhein-

heimera (OTU #137). There were 33 OTUs at statistically significantly different (p

≤ 0.001) relative abundances between lots A4 and L1 for CKM with 22 at higher

relative abundance in lot L1 and 11 at higher relative abundance in lot A4 (Figure

B.13). Of those at higher relative abundance at A4, 10 OTUs were shared with
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those at higher abundance in lot A4 when compared to lot 1l: Enteractinococcus

(OTU #157), Arthrobacter (OTU #69), Pseudomonas (OTU #10), Aeromonas

(OTU #237), Rhizobium (OTU #198), Pectobacterium carotovorum (OTU #48),

Achromobacter sp. HJ-31-2 (OTU #16), Pseudomonas (OTU #245), Cloacibac-

terium (OTU #72), Pediococcus (OTU #50). Additionally, of those with higher

abundance in 1l two OTUs were shared with those at higher abundance in L1,

Anoxybacillus (OTU #31) and Planococcaceae (OTU #152). Additionally, Pedio-

coccus (OTU #50) was at higher relative abundance in A4 for both CKM and CK.

Analysis of TSNA content

N-nitrosonornicotine levels were significantly higher (p ≤ 0.05) at pocket con-

ditions from day 0 to day 14 for NMB and CCM (Figure B.14). NNK levels increased

as well from day 0 to day 14 for NMB and CCM; however, these results were not

statistically significant (Figure B.14). Only CKM, CK, and NMB were tested for

these TSNAs at refrigerator conditions (Figure B.15). NNN tended to increase in

all brands from day 0 to day 14, while NNK levels tended to decrease in all brands

over the same time. However, these differences were also not statistically significant.

Discussion

Fresh tobacco leaves are colonized by a variety of microorganisms [448] that

can be altered by tobacco-processing methods following harvest, such as curing and

fermentation [501, 518]. However, the effect of storage conditions on the bacterial
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constituents of tobacco after packaging within a cigarette was previously unknown.

Here, we showed that the dominant bacterial genera, specific OTUs, and the con-

centration of TSNAs are related to the cigarette brand and the storage condition.

Pseudomonas was the most abundant bacterial genera detected in all brands,

time points, and conditions (Figure B.1). This corroborates with previous findings

suggesting that Pseudomonas was a dominant bacterial genera on aged and unaged

flue-cured tobacco leaves [502, 503]. In addition, storage condition seemed to have

little significant effect on the relative abundance of Pseudomonas over time, whereas

Pantoea appeared more sensitive to storage condition (Figure B.2). This may be

indicative of differing colonization strategizes between the two genera [519].

In addition, OTUs of Pseudomonas and Pantoea were both defined as members

of the core microbiome of all products (Figure B.3). Pseudomonas and Pantoea are

gram-negative, which may contribute to the high levels of lipopolysaccharide found

in cigarette tobacco and smoke [500]. Both genera also contain species that are

associated with disease in humans [520–522]. These include P. putida and P. oryzi-

habitans, which are generally considered opportunist pathogens [473], particularly P.

oryzihabitans which has been linked to bacteremia, peritonitis, and pneumonia [523].

Many of the members of the core microbiome were also present in the core

microbiome defined for air-cured burley tobacco including Pantoea, Pseudomonas,

Sphingomonas, and Bacillus [510]. Despite this agreement in core members between

products, our results showed there was some divergence in bacterial community

composition between brands of cigarettes. For instance, NMB had a larger degree

of the genera Staphylococcus (Figures B.1, B.2). A well known pathogenic species

284



of Staphylococcus, S. aureus, has been found to have higher nasal carriage rates in

smokers [524,525]. This bacteria has also been shown to increase biofilm formation

and host cell adherence in the presence of cigarette smoke [526].

In addition, levels of the TSNA NNN were found in this study to increase

significantly between day 0 an day 14 at pocket conditions for NMB and CCM, a

potential public health concern given that carcinogen exposure has been found to

correlate with the levels of TSNAs in smokeless tobacco products. Specifically, it has

been reported that NNK and NNN nitrosamine biomarkers in the urine of smokeless

tobacco users increased 32 and 12%, respectively, for every one-unit (µg/g wet wt)

increase in NNK and NNN levels within their smokeless tobacco products [527]. In

tobacco, bacteria have been identified that are capable of reducing nitrate to ni-

trite for the formation of TSNAs, including species of Bacillus, Staphylococcus, and

Corynebacterium [501, 528]. However, we are unable to determine with these data

whether the OTUs present in our samples have such capabilities or were responsible

for the observed increases in TSNAs levels. In addition, the type of tobacco and

the subsequent nitrate availability, may factor into the ecology of TSNA produc-

tion. For example, flue-cured and sun-cured tobaccos have been reported to have

lower nitrate levels than air-cured [529,530]. The different tobacco varietals are also

blended in various assortments by commercial manufacturers, often with additives

(e.g., menthol), thereby resulting in varied nitrate levels and potentially different

arrangements of the microbial community compositions [531]. Keeping these vari-

ables in mind, more work is necessary to explore the potential connections between

nitrate reducers in tobacco, such as Lactobacillus fermentum [532], and increasing
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levels of TSNAs.

Several studies have suggested that smoking tobacco products can alter the

microbiome of the user by disrupting commensal bacterial populations, enabling

the invasion of pathogens in an otherwise occupied niche [533–535]. However, the

relationship between the microbiome of the products and the user is just beginning

to be explored. Here, we present evidence that cigarette tobacco is a dynamic

microenvironment, with significant changes in members of the dominant bacterial

genera, specific OTUs, and the concentration of TSNAs dependent on brand, storage

conditions, and time. In addition, bacterial genera present at high abundance in

these products are also those common to respiratory infections among smokers [520,

521,524,525]. Although the capabilities of bacterial growth in cigarette filters post-

smoking have been demonstrated [450], our data currently cannot ascertain whether

the bacteria found in the cigarette tobacco are capable of colonizing the oral and/or

lung cavities of the user. Despite this uncertainty, their potential role in TSNA and

toxin production makes them a potentially appropriate target for intervention.
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Figure B.1: Bacterial community composition of cigarette products over
time and differing storage conditions. Heat map showing the relative
abundances of the most dominant bacterial genera identified (> 1%) in
cigarette products pooled by brand (CK, CKM, CC, CCM, and NMB),
time point (day 0, day 5, day 9, and day 14), and experimental storage
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Clustering using Manhattan distance of the pooled samples represented
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Figure B.2: Comparison of the relative abundance of the most dominant
genera. (A) Boxplot of the relative abundance of the most dominant
genera (Pseudomonas, Pantoea, Bacillus) in each brand (CC, CCM,
CK, CKM, NMB). Brands are colored as follows: CC (dark orange),
CCM (pink), NMB (purple), CKM (light green), CK (dark green). Line
graphs with standard deviations of relative abundances of the same gen-
era within brand (B) NMB, (C) CC, (D) CCM, (E) CK, (F) CKM over
time and experimental storage condition. Experimental storage con-
dition denoted by color as follows: room (gray), pocket (orange), and
refrigerator (light blue). Asterix on lines and dashed brackets represent
significant changes between time points. Significance determined by an
alpha level of 0.05.
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Figure B.6: PCoA analysis plots of Bray-Curtis computed distances be-
tween individual cigarette products CC, CCM, CK and CKM. Colored
by (A) condition or (B) lot. Shapes represent time points day 0 (cir-
cle), day 5 (square), day 9 (plus sign), and day 14 (triangle). Tested
with ANOSIM on individual variables: CC by time point (R=0.06607,
p=0.002) and lot (R=0.06454, p=0.001); CCM by time point (R=
0.08513, p=0.001) and lot (R=0.06454, p=0.001); NMB by time point
(R = .062, p = .001), condition (R = .062, p =.002), and lot (R = .198,
p = .001); CK by time point (R = 0.1007, p =.002) and lot (R = 0.1762,
p =.001); and CKM by lot (R = 0.1703, p =.001) and time point (R =
0.1865, p =.001).

292



Condition
Refrigerator

Pocket
Room Temp.

Sh
an

no
n 

in
de

x 
Sh

an
no

n 
in

de
x 

3.0

3.2

3.5

3.7

3.0

3.5

4.0

2.5

3.0

3.5

Sh
an

no
n 

in
de

x 
2.5

3.0

3.5

Sh
an

no
n 

in
de

x 

3.0

3.3

3.6

3.9

Sh
an

no
n 

in
de

x 

2.0

2.5

3.0

3.5

2.4

2.8

3.2

3.6

2.5

3.0

3.5

4.0

3.0

3.5

Sh
an

no
n 

in
de

x 

Sh
an

no
n 

in
de

x 
Sh

an
no

n 
in

de
x 

Sh
an

no
n 

in
de

x 

3.0

3.5

4.0

2.5

3.0

3.5

4.0

2.5

3.0

3.5

2.5

3.0

3.5

2.4

2.8

3.2

3.6

2.0

2.5

3.0

3.5

4.0

D0 D5 D9 D14

D0 D5 D9 D14

D0 D5 D9 D14

NMB

CC

D0 D5 D9 D14

D0 D5 D9 D14

D0 D5 D9 D14

D0 D5 D9 D14

D0 D5 D9 D14

D0 D5 D9 D14

Sh
an

no
n 

in
de

x 
Sh

an
no

n 
in

de
x 

Sh
an

no
n 

in
de

x 

CK

D0 D5 D9 D14

D0 D5 D9 D14

D0 D5 D9 D14

CCM

CKM

D0 D5 D9 D14

D0 D5 D9 D14

D0 D5 D9 D14

Sh
an

no
n 

in
de

x 
Sh

an
no

n 
in

de
x 

Sh
an

no
n 

in
de

x 

Figure B.7: Alpha diversity comparison by brand, condition, and time
point. Box plots showing Shannon diversity index for mentholated
Camel Crush, Camel Crush, mentholated Camel Kings, Camel Kings,
and Newport Menthols over time point (Day: D0, D5, D9, D14) and
experimental storage condition (pocket, room temperature and refriger-
ator). The blue line represents a locally estimated scatterplot-smoothed
(LOESS) calibration curve with the grey areas representing 95% confi-
dence intervals. 293
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Figure B.9: Overview of relative abundances of bacterial OTUs that
were statistically significantly different (p ≤ 0.001) between day 0 and
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(triangle) conditions for (A) non-mentholated Camel Kings (CK) and
(B) mentholated Camel Kings (CKM). OTUs are colored by Phylum
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Figure B.14: Tobacco-specific nitrosamine levels over time at pocket
conditions. Comparison of (A) N-nitrosonornicotine (NNN) and (B)
Nicotine-derived nitrosamine ketone (NNK) levels in all brands at day
0 (D0) and day 14 (D14) at pocket conditions. Significance at p ≤ 0.05
shown by brackets at the top of the plot.
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Tables

Table B.1: Descriptions of cigarette products tested at three different experimental
conditions (pocket, room, and refrigerator) over time (day 0, 5, 9 and 14)

Brands Lot Condition Day 0 Day 5 Day 9 Day 14
NMB 4C17 Pocket 2 2 2 2

4C17 Room 2 2 2 2
4C17 Fridge 2 2 2 2
4CO3 Pocket 2 2 2 2
4CO3 Room 2 2 2 2
4CO3 Fridge 2 2 2 2
4K01 Pocket 2 2 2 2
4K01 Room 2 2 2 2
4K01 Fridge 2 2 2 2

CC A8 Pocket 2 2 2 2
A8 Room 2 2 2 2
A8 Fridge 2 2 2 2
B2 Pocket 2 2 2 2
B2 Room 2 2 2 2
B2 Fridge 2 2 2 2
B3 Pocket 2 2 2 2
B3 Room 2 2 2 2
B3 Fridge 2 2 2 2

CCM A8 Pocket 2 2 2 2
A8 Room 2 2 2 2
A8 Fridge 2 2 2 2
B2 Pocket 2 2 2 2
B2 Room 2 2 2 2
B2 Fridge 2 2 2 2
B3 Pocket 2 2 2 2
B3 Room 2 2 2 2
B3 Fridge 2 2 2 2

CK A8 Pocket 2 2 2 2
A8 Room 2 2 2 2
A8 Fridge 2 2 2 2
B2 Pocket 2 2 2 2
B2 Room 2 2 2 2
B2 Fridge 2 2 2 2
B3 Pocket 2 2 2 2
B3 Room 2 2 2 2
B3 Fridge 2 2 2 2

CKM A8 Pocket 2 2 2 2
A8 Room 2 2 2 2
A8 Fridge 2 2 2 2
B2 Pocket 2 2 2 2
B2 Room 2 2 2 2
B2 Fridge 2 2 2 2
B3 Pocket 2 2 2 2
B3 Room 2 2 2 2
B3 Fridge 2 2 2 2
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