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ABSTRACT

Research in microbial biofuels hdsamatically increased over the last decade.
The bulk of this research has focused on increasing the production yields of
cyanobacteria and algal cells and improving extraction processes. However, there has
been little to no research on the potential inhpd&iruses on the yields of these
phototrophic microbes for biofuel production. Viruses have the potential to significantly
reduce microbial populations and limit their growth raless. therefore important to
understand how viruses affect phototrophicrobes and the prevalence of these viruses
in the environment-or this study, phototrophic microbes were growglass
bioreactos, undercontinuoudight andaeration. Detection and quantification of viruses
of both environmental and laboratory micial strains were measured through the use of
a plaque assay. Plates were incubated at 25° C under continuous direct florescent light.
Several environmental samples were taken from Tempe Town Lake (Tempe, AZ) and all
the samples tested positive for virusésus free phototrophic microbes were obtained
from plaque assay plates by using a sterile loop to scoop up a virus free portion of the
microbial lawn and transferred into a new bioreactor. Isolated cells were confirmed virus
free through subsequent plagassays. Viruses were detected from the bench scale
bioreactors oCyanobacteriegSBynechocystiBCC 6803and the environmental samples.
Viruses were consistently present through subsequent passage in fresh cultures;
demonstrating viral contamination can be a chronic problem. In addition TEM was
performed teexamine presence woiral attachment to cyanobactarcells and to

characterize viral particles morpholodstectron micrographs obtained confirmed viral



attachment and that the viruses detected were all of a similar size and shape. Particle sizes
were measured to be approximately@Dnm. Cell reductiomwas observed as a decrease

in optical densitywith a transition from a dark greém a yellow greermolor for the

cultures Phototrophic microbial viruses were demonstrated to persist in the natural
environment and to cause a reduction in algal popukatiothe bioreactors. Therefore it

is likely that viruses could have a significant impact on microbial biofuel production by

limiting the yields of production ponds.
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CHAPTER 1 - INTRODUCTION
The Potential of Microbial Biofuels
Petroleum plays such an integral part of our everyday livesused to make fuel
for our cars, plastics, jet fuel, and even fertiliz8@itsere has been an increasgliobal
petroleum demand as countries like China and India become more devéelopeder,
it is a nonrenewable resource, and as such will eventually rumtoeiimportance of
petroleum combined with global trend of moving towards sustainable energy fiwaduc
has resulted imcreasedesearch in biofuels (specifically those derived from oxygenic
photosynthetic microalgae and cyanobacteria, which for convenience will be referred to
as algae from now on) over the last decade.
There are many motivations fproducing a viable alternative to petroleum fuels.
Petroleum is a nonrenewable resource, meaning that there is a limited quantity that
cannot be readily replenisherhis is important because it is used for the production a
wide variety of productssuclka fAtr ansportation fuels, fuel
generation, asphalt and road oil, and the feedstocks used to make chemicals, plastics, and
synthetic materials found(UiSEkIANRelda) |l v everyt hi
Worl dwi de pet rabloasdm4d¥p wifi ¢ he wor |l dds pri mat
of the fuel for the Weehedd,2006)r ansportation s
For example, in the 3. casoline $ the number one transportationth 131
billion gallons being used by the U.S. in 2011 alone (U.S. EIA, 2012). Gasoline accounts
for slightly more than 64% of all the energy used for transportation, 46% of all petroleum

consumption, and 18%f total U.S. energy consumption (U.S. EIA, 20I)e



consumption of petroleum in the U.S. is not projected to decrease significantly in the near
future (see Figure 1), and is rapidly increasing in developing countries like India and
China as they beconuecreasingly motorized. According (éreenect al, 2006 i Ov e r
the past 30 years, world oil use has increased by 47% despite oil price shocks and

economic downturns. Over the next 30 years o
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Figure 1 U.S. Consumption of petroleum and other ligiudisby sector, 199@2040(
U.S. EIA 2014a)

Furthermore, they found that
fiPeaking of conventional oil production is almost certain to occur soon enough to
deserve immediate and serious attention. If peaking is already underway and oll
supplies are as limited as thessimists believe, the world is facing a drastic
transition for which it is unprepared. If peaking is one to three decades away, it is
not too soon to begin efforts to understand and prepare for tisiitva to other
energy sources (Greene et al., 2006)

Therefore we could be rajhy heading toward a future where there is no longer

petroleum, or where it has becorme tost prohibitive to us@.his necessiatates the need

for viable alternative such as biofuels.

Economic.There are many benefits to using algae for the productibiohfels.

Algae require significantly less land per unit oil produced, than traditional row crops,
2



such as soy and corn. They can be grown oramable, nutrienp o or | and t hat wor

support traditional agricultur@his means thahe production of alga for biofuels

doesndét have to compete over Alaothepdomotl and nee

require fresh water for irrigation, or application of petrolenmsed fertilizers, limiting

their environmental impackurthermore, algae produce higlklds due to their ability to

grow quickly at a large scal&hey can potentially generate up to 50 times more oil per

acre than row crops, like corn and soybeans, which produce vegetdhl€ @hn Diego,

2014) According toLietal, 2008 A Mi cr oal gal bi of uel product.

sustainableé [and it] is possible to produce

fast growing energy demand within the restra
TheU.S. Energy Information Administration (El4Yyojections for global

production otthe petroleum and other liquidelsover the next 26 yeaese presented in

Figure 2 Theyproject that 33 million barrels a day of additional liquid fuel supply will

be neded in 2040 compared to 2010 to satisfy growing demand for liquid(fueds

EIA, 2014b)
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Figure 2 Petroleum and other liquids production by region and type in IEQ2013.
EIA, 2014b)

fOther liquid resourcésincluding natural gas plant liquids, biofuels, ctal

liquids, and gaso-liquidsd currently supply a relatively small portion of total

world petroleum and other liquid fuels, accounting for about 14% of the total in

2010. However, they are expected to grow in importance, rising to 17% of the

world's total liquids supply in 2040€U.S. EIA 2014b)

This shows that there is large expected growth for alternative fuels sources, such as
biofuels.

As with most things, the economics will ultimately be the determining factor for
the adoption of biofuels as an alternativgpédroleum One way to determine the
economic viability of algal biofuels is with the use of a Life Cycle Assessment (LCA).
An LCA is a mechanism to identify and quantify the material and energy flows involved
in the lifecycle of a particular product, pess, or materighllenby, 2012) It provides

data enabling systematic and rational improvement of performance by identifying areas

where improvements can be mdédenby, 2012)



I n fact, a recent LCA paper procl ai med, 0
remain in an early stage of development, they are now approaching profitability if the co
production systems in the base cas®l/or the increased productivities in the projected
case can (Bephensdtal. 0A0)eTde coproduction in the base case refers to,
Atheroaducti on and extracti on -cabteneatf@.1%gh v al ue
of biomass, $600/kg); and (iv) the sale of the remaining biomass as feedstock (e.g.,
soymeal or fishmeal substitue (Stepbiens et al., 2010) minimizes waste, by making
use of the byproducts of biofugtoduction.In contrast, the projected case is intended to
represent the microalgal biofuel industry at maturity and no longer incorporates the co
production of HVYPgStephens etal.,,20l(ur t her mor e, they stipul at
microalgalproductivity approaching the targets identified in the projected case will
reduce the relianceonqor oducti onéas t HStephemsetals 2000y mat ur e

Furthermore they found, gyoaldgradmadifmrs t hat c
$84/barrelwith no value attributed to the nanil fraction), with reasonable
advancements in technologgducing this cost to $384rrelor less. This supports our
conclusion that cgroduction is required in the short term and that at increased oil prices
(that is, $100 in this mod(8tephenszenal. ,RPR®B of 15%
This means that producing solely biofuels will not be economically viable until there is a
further advanament of the current technologidts current economic viability is
contingent on the eproduction of high value products along with the biofuel.

It is important to note that most of the gasoline now sold contains some ethanol.

In 2011, the 133.93 billiogallons of gasoline consumed by the United States contained



approximately 12.87 billion gallons of ethanol, accounting for 9% of the volume of
gasoline consumed).S.EIA, 2012) In general the ethanol percentage will not exceed
10% by volumeGasoline that contains 10% ethanghMolume is called E10 and
gasoline with 15% ethanol is called EQ%S. EIA, 2012)ES85 is a gasoline that contains
85% ethanol and 15% gasolidl gasoline vehicles can use E10 gasoline, but currently
you need a lightluty vehicle with a model year of 2001 or greatertouse E1 and a Af |l e
fuel: vehicle to use gasoline with an ethanol content greater tha(UEREEIA, 2012)
Unfortunately, the energy content of ethanol is about 33% less than pure géd@ine
EIA, 2012) So vehicles using E10 may experience a decrease in vehicle mileage by up to
3.3%.This highlights theneed for algal biofuels to have energy consamtilar that of
petroleum gasoline, in order to be a good replacement for petroleum.

In the same way that ethanol is currently being blended into gasoline, so to could
algal biofuelsThis would allow foralgal biofuel production plants to have a meaningful
impact on gasoline without requiring them to completely supplant petroleum based fuels.
Allowing the biofuel industry to grow in concert with the advancements in technology
and slowly shift the primaryosirce of gasoline for the U.Shis gradual shift to biofuels
gives adequate time for the proper restructu
infrastructure to accommodate the needs of algal biofuels.
Need for an Understanding on how Viruses cambpact Biofuel Production

't is already known t hat -abuhgamtmthat or s such
environment and predate on the al gal communi

(Kazamiaet al, 2012) However, there has been little to no research on the how viruses



can impact the yield of algal biofuel productiénvirally contaminated stock may
simply have reduced yields, or it couldtg@atially experience a complete population
crash.lt is important to establish the impact of viral infectivity of algal cells on
production and growth rat&his requires further research to determine if algal phages
will indeed have a meaningful impact production.
Study Objectives
The overall objective of this study is to measure the impact of viral infectivity on
phototrophic microbes for biofuel applications.
1 To measure the impact of viruses on the growth rate of phototrophic microbes in
laboratory loreactors
1 Toexamine the presence and viral attachnemtfected cells using
Transmission Electron Microscopy (TEM)
1 To perform feld samplingor the detectiomf viruses(phageyin the

environment



CHAPTER 2 - LITERATURE REVIEW

Background

Microalgae and Cyanobacteria. Oxygenic photosynthetic microalgae and
cyanobacteria are an enormously varied, yet highly specialized group of microorganisms
that can live in a wide variety of ecological habitats such as marine, freshwatef, hyper
saline and brackish wers, with a range of temperature and pH, and unique nutrient
availability conditions(Hu et al., 2008)

AWith over 40000 species already identified and with many more yet to be

identified, algae are classified in multiple major groupings as follows:

cyanobacteria (Cyanophyceae), green algae (Chlorophyceae), diatoms

(Bacillariophyceae)yellow-green algae (Xanthophyceae), golden algae

(Chrysophyceae), red algae (Rhodophyceae), brown algae (Phaeophyceae),

dinofl agel |l at es (pDiamdkp hoyophgcagePandhasn dn 6 pi c o

Eustigmatophyceae)@Hu et al., 2008)
Cyanobacteria and microalgae have simple growth requirements, and use light, carbon
dioxide and other inorganic nutrients efficiently. Cyanobacteria and microalgae are the
only organisms known so far that are capable of both oxygenic photosynthesis and
hydrogen production. Photobiological production of H2 by microorganisms is of great
public interest because it promises a renewa
plentiful resources: solar energy and water. They have been investigated to produce
differentfeed stocks for energy generation like hydrogen (by direct synthesis in
cyanobacteria), lipids for biodiesel and jet fuel production, hydrocarbons and isoprenoids
for gasoline production and carbohydrates for ethanol production. Beyond that, the

completealgal biomass can also be processed for syngas production followed or not by a

fischeii tropsch process, hydrothermal gasification for hydrogen or methane production,



methane production by anaerobic digestion, andarnbustion for electricity production.
Hence, cyanobacterial and microalgal systems could contribute to a sustainable bioenergy
production. However different biotechnical, environmental and economic challenges
have to be overcome before energy products frosetegstems can enter the market
(Parmaret al, 2011)

Cyanobacteria.Cyanobacteria, also known as blue green algae, are oxygenic
photosynthetic bacteria that play significant roles in global oxygen production, the
nitrogen cycle, and biologicahdbon sequestratiqiParmar et al, 2011Cyanobactea
have the potential to be developed as excellent microbial cell factories that can harvest
solar energy and convert atmospheric CO2 to useful products such as l{Paneiar et
al., 2011) Cyanobacteria is an ancient phylum, with some fossil traces of cyanobacteria
claimed to have been found from around 3.5 billion years ago, and they most likely
fiplayed a key role in the formation of atmospheric oxygen, and are thought to have
evolvedintopreserd ay chl oropl ast s ofamaghimeta. 2807)d gr een
Phototrophic Microbial Biofuels

Comparison to otherBiofuel Fe e d s t b anéléoks.at algae in comparison
to other potetial biofuel crops, it is evident that cyanobacteria and microalgae are the
most practical crop to use as a source for biofUdls is clearly demonstrated by Table
1, which shows that estimated areas required to thegtobal oil demand for several
different crops. A great example is the comparison of oil palm, one of the most

productive oil crops, with microalgae.



Chisti, 2008found that:
AAN average annual productivity of microaldgbdmass in a well designed
production system located in a tropical zone can be in the region of 1.538 kg m
d™. At this level of biomass productivity, and if an average oil content of 30% dry
weight in the biomass is assumed, oil yield per hectardalflemd area is ~123
m?® for 90% of the calendar year. (About 10% of the year is unproductive, because
the production facility must be shut down for routine maintenance and cleaning.)
This amounts to a microalgal biodiesel yield of 98%(®8,400 L) per bctared
While oil palm only yield approximately 5,950 liters of oil per hectare, with a conversion
rate of ~80%, yields ~4760 liters of biodieéghisti, 2008) These results mean that the
oil palm is oer 20 times less efficient than microalgae on a per hectare basis. This
difference in production yield can be further explained by the large variation in
photosynthetic efficiencies between feedstocks. Accordif@atmar et al.2011,
Acyanobacteria and their superuptofil0¥%mhot osynt h
the sundés energy into biomass, compared to t

crops such as corn or sugarcaneensdgbat t he 5% a

cyanobacteria and algae have much more potential sources for biofuels.

10



Table 1

Comparison of BtimatedBiodieselProductionEfficienciesfrom VascularPlants and

Microalgae

Biodiesel Feedstock

Area needed to

meet global oil

Area required as

a percent of total

Area required as {

percent ototal

demand (10 global land arable global land
hectares)
Cotton 15,000 101 757
Soybean 10,900 73 552
Mustard seed 8,500 57 430
Sunflower 5,100 34 258
Rapeseed/canola 4,100 27 207
Jatropha 2,600 17 130 (0O}
Oil palm 820 55 41
Microalgae (10 g/fiday, 30% | 410 2.7 21 (OF
TAG)
Microalgae (50 g/fiday, 50% 49 0.3 2.5 (0

TAG)

&Jatropha is mainly grown on marginal land.
P Assuming that microalgal ponds and bioreactors are located earable land.

Note: Triacyglycerols (TAGS) are a storage lipid produced by photosynthetits pifeat
can be used to synthesize biodiesel f(ffsithet al, 2010)

However, as of now, there is no clear best strain of algae for biofuel production.

This is demonstrated by the large variety of species currently being researdhieéLtr

applicationsExamples can be seen in TabléNdte the high level of overlap in the

11



results.Also notice how there can be large variations even among related varieties of
algae, as seen by the two different speciegShbbrella.

Table 2:

Lipid Content andProductivities ofDifferentMicroalgae Species

Marine and freshwate Lipid Lipid Volumetric Areal
microalgae species Content productivity productivity of productivity of
(% dry (mg/L/day) biomass biomass
weight (g/L/day) (g/nf/day)
biomass)
Ankistrodesmus sp. 24.031 - - 11.517.4
Chlorella sp. 10.048.0 42.1 0.022.5 1.61-16.47/25
Chlorella pyrenoidosal 2.0 - 2.903.64 72.5/130
Dunaliella salina 6.0-25.0 116.0 0.220.34 1.6-3.5/2038
Haematococcus 25.0 - 0.050.06 10.236.4
pulvialis
Scenedesmus sp. 19.621.1 40.853.9 0.030.26 2.4313.52
Spirulina platensis 4.016.6 - 0.064.3 1.514.5/2451

Adapted from(Mataet al, 2010)
Potential Limitations. As previously mentioned, it is understood that predators
such as rotifers, protozoa and miomistaceans are prevalent in the environment and
feed on the algal communities, potentially significantly decreasing \ikkisamia etl.,
2012)
fiFrom a biofuel production standpoint, high amplitude predptey oscillations
can | ead to al gal bi omass O0060crashes, 606 ca

in biodiesel production. For example, microalgal biomass peaks as hig@Bas 0.
12



mg L™ chlorophyll a were observed in a Luxembourg lagoon when Daphnia were
rare in the water column; in contrast, microalgal biomass declined by more than
two orders of magnitude to only 0.0@L002 mg L* during periods of maximum
Daphnia abundance @mgrazing intensity Smith et al., 2010)
Furthermore viruses could also have a large impact oyiglteof algal biofuel
production A virally contaminated stock may get reduced yields, or it could potentially
experience a complete population crdsirthermore, contamination by other bacteria
and algae can reduce yields through resource competition.
Additionally, the prime algal growing locations for the U.S. are located in the
Southwest portion of the nation and are water scHrtteese regions were to be used as
the primary source of algal fuels for the U.S., this could result in a drastic shange
water tablest regional levelgas large amounts of water would be transported out of the
region.
One stidy by Yang etl., 2011, quantified the water footprint and nutrients
usages during microalgae biodiesel production. They found that it tookgA&é&ter,
0.33 kg nitrogen, and 0.71 kg phosphate to produce 1 kg microalgae biodiesel if
freshwater is used without recyclifgang etal., 2011) fiRecycl i ng har vest
reduces the water and nutrients usage by 84% and 55%, respectively. Using
sea/wastewater as culture medivenaeases 90% water requirement, and eliminates the
need of all the n uMamgieteah 2041)Se usingspawatgtros phat e o

wastewater could lead to significant reduction in the amount of water needed, but also

greatly increase chances of contamination.

13



Viruses in Aquatic Environments

According toSuttle,2005 viruses exist wherever life is found, and are a major
cause of mortality in the global ecosystem, impacting the cotgosif microbial
communities and driving global geochemical cycles. Furthermore, they are a reservoir of
the greatest genetic diversity on Earth, play an important factor in microbial evolution
through mediation of gene transfer, and may be responsitesioy of the differences in
the genomes of closely related microf@sllivanet al, 2003; Suttle, 2005)iruses can
also move between marine and terrestrial reservoirs, necessitating the neeststandd
both marine and freshwater virug&attle, 2005)As our understanding of the effects of
viruses grow, it becomes increasingly evident that they play gnralein global
processes.

Marine. Viruses are the most abundant biological entities in global ecosystems,
with approximately v i r uses in the worl ddéds oceans; and
living things in the ocean, from bacteria to whdl@anovaro et al., 201 Buttle, 2005)
To put the prevalence of oceanic viruses in perspective, they are approximately 10 times
more abundanttn all the prokaryotes in the ocean combined, they have the equivalent
carbon of 75 million blue whales, and if the viruses in the ocean were stretched end to
end, they would span farther than the nearest 60 gal@a@m®varo et al2011 Suttle,
2007) According toDanovaro et al., (2011) he, Avi ral abundance i n n
ranges from about 1@0 10°L™, and 16to 10°g 0o f dry wei ght i n mari ne
Furthermore, there are approximately®Mral infections every second in the ocean

(Suttle, 2007)

14



Recent studies have shown that marine viruses play critical roles in shaping
aguatic communities and determining ecosystem dyngidersovaro et al., 2011)

Viruses are major pathogens of planktonic organisms and consequently are significant
players in nutrient and energy cydinFurthermore, there is good evidence that some
viruses move between marine and terrestrial reservoirs. Recognizing that viruses play a
major role in marine ecosystems has added a significant new dimension to the
understanding of biological oceanograppiocesse§Suttle, 2007)

Freshwater. Although freshwater environments are more important than marine
systems in terms of their influence on human activities, microbial contiesi(including
viruses) in freshwater environments have received surprisingly little attention relative to
their marine counterpar(8Vilhelm et al., 2006)

Freshwater cyanophages are poatigracterizeih comparison to their marine
counterparts, however, the level of genetic diversity that exists in freshwater cyanophage
communities is likely to exceed that found in marine emmnents, due to the habitat
heterogeneity within freshwater systerany cyanophages are spedalil forinfecting
a single host species or strain; however, some are less fastidicusvanoroad host
range resulting imfection of a number of differemgjenotype®f a single speciesr even

multiple specie$rom different genergWatkinset al, 2014)

15



Morphology.

Figure 3 iiThe three families of tailed dsDNA viruses (phages) that infect bactayia
Myoviruses are often the most commonly isolated phage from natural marine viral
communities. They have contractile tails, are typically lytic and often have relatively
broad host ranges. (b) Podoviruses have a shortowinactile tail, are also typically

lytic and have very narrow host ranges. They are less commonly isolated from seawater.

(c) Siphoviruses have long na@ontractile tails. They are frequently isolafeam
seawater, often have a relatively broad host range, and many are capable of integrating
intothe hostgemne . Scal e (%udle,20055 0 nm. O

Specificity and Sensitivity of Viral Infectivity. It has been found that most

viruses in seawater seem to be infectigdhelmet al, 1998) andii s ome can r emai
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infectious in sediments for |l ong periods,
(Suttle, 2005)Rate of infectivity can vary greatly dependingtbe conditionsSuttleet

al., 1994found that as low as 1% of viral collisions with®fnechococcu3C2 resulted

in infection in near shore waters, but that almost all collisions in offshore waters resulted

in infection. Viruses are known to infect every major algal phylum, causingardysis

upon completion of each virus life cycle (Lawrence, 2005). Some viruses infect a single
host species or strain; however, some are able to infect a number of different host
genotypes within the same species or even hosts from different gératkans et al.,

2014)

DetectionM ethodologies Five methods are used to estimate the abundance of
viruses in aquatic samples: plaque assays (PAs):pnokable number assays (MPNS);
transmission electron microscopyEMW); epifluorescence microscopy (EfM); and flow
cytometry (FC). Which procedure is used depends on the question being addressed and
the accuracy and sensitivity that is requi¢8dttle, 2007)

Culture BasedTechniquesThe detection and quantification of viral
contamination can be measured through an algal plague assay prackghies from
Van Btenet al, 1991 A plaque assay is a standard method to determine viral
concentrations in a sample. It is a double layer agar assay, where the bottom agar
contains growth media, and the top agar hosts a microbial lawn that is infected with
viruses. Tle viruses lyse infected cells causing circular clear zones (plaques) to form.
Each clear zone is counted as one plaque forming unit (PFU), with the viral

concentrations being recorded as PFUs/volume. Plaques may be visualized as early as 24

17

f

r



hours after plang, or they may take seveiddys to appear. This is depententhe
host, virus, and growth conditiorSxamplesof a plaque asg/ can be seen below in

Figure 4

Figure 4 Plaque assay of (a) PBEMvirus on a lawn o€hlorella strain NC64A(Van
Etten et al., 1991)b) AZ-TTL3

MPNs are used for cells that are cultivable, but which cannot be grown on solid
substrates, and use a series of dilutions, with ten or more replicates at each dilution. The
replicates in which ngrowth, or growth followed by cell lysis, occurs are assumed to
contain at least one infectious virus. The number of replicates at each dilution in which
lysis occurred can be used to calculate the number of infective units in the original
sample. PAs aniflPNs are the only methods that can be used to directly determine the

abundance of infectious viruses, and they can also be used to obtain and purify specific
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viral isolates. However, these methods provide no information on the total abundance of

viruses ina sample(Suttle, 2007)

Molecular Techniques

a b

Figure 5 (a) Shows a transmission electron micrograph of a natural virus community and
(b) shows arpifluorescence micrograph of a seawater sample that has been stained with
YO-PRO1 (Suttle, 2007)

ATEM is the only method that provides data on both the abundance and
morplology of viruslike particles (a). The viruses must be concentrated from
seawater, deposited on a supporting grid and stained with an eldetrsa

material, such as uranyl acetate. This approach has the advantage that particles
that resemble viruses cae identified and quantified. However, there are many
technical aspects that are involved with concentrating, staining and visualizing the
viruses, which can lead to variable and inaccurate estimates of the total
abundance. The TEM approach has largelyntseperceded by EfM, except

where data on the morphology of the virus particles are required.

EfM is currently the most widely used approach for estimating the total

abundance of virus particles. In this method, the viruses are concentrated on a
membrandilter, their nucleic acids are stained with a brightly fluorescent dye and

the abundance of viruses is estimated by EfM (b). The first estimates of viral
abundances that wer e rmdhathidinoB-phenglihddle)u sed DAF
although the fluorescee was near the limit of detection for many microscopes.
Subsequently, a new generation of brightly fluorescent dyes, such-8R0Q1

and SYBR Green , have made accurate andigbision counts routinely

obtainable. However, many estimates have beauwatefrom samples that were
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inappropriately preserved for EfM, and consequently much of the data in the
literature are underestimates.

Most recently, FC has been used to estimate viral abundances. This accurate high
throughput method also allows the qtification of subpopulations of viruses that
differ in their characteristics of fluorescence and light scattering FC allows large
numbers of samples to be analysed quickly, which should begin to supply us with
a synoptic picture of the distribution and abdance of viruses in the sea.

There is now high confidence in the estimates of the abundance of free-double
stranded DNA viruses that are provided by EfM and FC. However, even our
current estimates are too low because of the presence of RNA anesgiagtked

DNA viruses that occur in the sea but that cannot be resolved using the currently
available methods. In addition, viruses that are attached to particles can be
abundant, but are difficult to quantify by EfM and will be missed by FC. Despite
these caeats, our ability to accurately quantify viruses in aquatic samples has
improved vastly over the past 15 yeaSuttle, 2007)

Impact of Viral Infectivity on Microbial Growth. Suttle(1994)found that,

fiabout 20% of marine heterotrophic bacteria aredtefd by viruses and D% of the

bacterial community is lysed daily by viruses. The effect of viruses on phytoplankton is

less certain, but ca. 3% 8fnechococcusiomass may be lysed daily. The fraction of

primary productivity this represents depengsmithe relative biomass and growth rate of

Synechococcu¥/irus enrichment experiments suggest that the productivity of eukaryotic

phytoplankton would be ca. 2% higher in the absence of viruses. Overall, probably about

2-3% of primary productivity is lodb viral lysis. There is considerable variation about

these estimates; however, they represent a starting point for incorporatingeftiaked

processes into aquatic ecosystem maxdels
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Figure 6 Lysis profiles generated by infecting five straif€yanobacteria with
«(MHI42, as determined by measuring absorbance at 750 nM. é@ruginosaBC84/1.
(b) M. aeruginosal450/8. (c)Planktothrix agardhil37.(d) Planktothrix rubesceng316.
Adapted from(Watkins et &, 2014)
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Figure 7. Statistical analysis based on mean r values for the replicates cultures of each
strain infected byMHI42. (a) M. aeruginosa BC84/1. (b) M. aeruginosa 1450/8. (c)
Planktothrix agardhii 137. (d) Planktothrix rubescens 93t@ptal from (Watkins et al.,
2014)
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In Figures 6 and 7 virussMHI42 can be seen to impact the growth of four
different cyanobacteria, ultimately causing a reduction in grolik.authors found that:

fiThat four differenstrains of cyanobacteria can exhibit different responses to
infection by the same cyanophage, is likely to be related to the concepts of
6ecotypesd and niche separation in the en
been clearly demonstrated in cyandbaea, where strains with similar or identical

16S rRNA gene sequences can demonstrate considerable differences in
phenotype. In part, the niche occupied by particular ecotypes can be defined by
the composition of phage community, i.e. resistance or stilsitigpof individual
cyanobacterial lineages to phage communities will determine whether or not they
are able to grow at that location. The interaction between the host and any
infecting phage is dynamic and tvelt en desc
of exposure to the host and to other phages infecting the same host may all play a
role in phage infection dynamics, which in turn will influence the evolution of

host defence against phage attack. How the host response to attack by phage is
likely to have developed is less clear, and further investigation is warranted to
assess the presence of host restriction modification enzymes or CRISPR/cas
systems in resistant strains. The presence and overgrowth of contaminating
bacteria in response to lysistbE dominant member of a naxenic culture

highlights further difficulties associated with examining cyanobacterial infections
and subsequent physiological aspects of phage characterisation. Cyanobacteria
obtained from culture collections are rarely ageand growth conditions

selecting against the growth of the cyanobacterium will often result in rapid

growth of the contaminants. Naxenic overgrowth was observed in three of the
four cyanobacterial cultures used for lysis profiles, P.agardhii beengrily

culture not demonstrating this trait.

The instability observed during the infection cycle of M. aeruginosa 1450/8 may
have resulted solely from the overgrowth by the normally backgrtawed

bacterial contaminants present in these-r@xenic culures, however, it may also
relate to the unstable nature of the type of phage growth that allows the
simultaneous survival of the host and the production of viable virions. Retardation
of growth in M. aeruginosa 1450/8 in response to infection, as oppmsedte

lysis, may suggest a state of chronic infection or pseydogeny(Watkins et al.,
2014) o
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CHAPTER 3 - IMPACT OF VIRAL INFECTIVITY ON ALGAL AND
CYANOBACTERIA CELLS IN BIOREACTORS

Abstract

Research imicrobial biofuels has dramatically increased over the last decade.
The bulk of this research has focused on increasing the production yields of
cyanobacteria and algal cells and improving extraction processes. However, there has
been little to no researan the potential impact of viruses on the yields of these
phototrophic microbes for biofuel production. Viruses have the potential to significantly
reduce microbial populations and limit their growth raless. therefore important to
understand how viges affect phototrophic microbes and the prevalence of these viruses
in the environment. For this study, phototrophic microbes were grown in a bioreactor
consisting of 22 inch long and 1.5 inch in diameter gialses with continuous aeration.
In addition,miniaturized bioreactors were developed to increase replicates and minimize
use of reagents. Detection and quantification of viruses of both environmental and
laboratory microbial strains were measured through the use of a plaque assay. Several
environmeital samples were taken from Tempe Town Lake (Tempe, AZ) and all the
samples tested positive for viruses. Virus free phototrophic microbes were obtained from
plaque assay plates by using a sterile loop to scoop up a virus free portion of the
microbial lawnand transferred into a new bioreactor. Isolated cells were confirmed virus
free through subsequent plaque assays. Viruses were detected from the bench scale
bioreactors otyanobacteri&synechocystisp.PCC 6803nd the environmental samples.

Plaques fronthe environmental samples were found to be significantly larger than those
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from the laboratory bioreactor. Viruses were consistently present through subsequent
passage in fresh cultures; demonstrating viral contamination can be a chronic problem. In
addiion TEM was performed to confirm viral attachment to cyanobacterial cells and to
characterize viral particles morpholodgiectron micrographs confirmed viral attachment
and that the viruses detected were all of a similar size and shape. Particle szes wer
measured to be approximately-60 nm. Cell reduction was observed as a decrease in
optical densitywith a transitionof color in the bioreactofsom a dark green to a yellow
greencolor. Phototrophic microbial viruses were demonstrated to persise ingtural
environment and to cause a reduction in algal populations in the bioreactors. Therefore it
is likely that viruses could have a significant impact on microbial biofuel production by

limiting the yields of production ponds.
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Objectives
The overall objective of this study is ¢tbaracterizehe impact of viral infectivity
on phototrophic microbes for biofuel applicatiohtore specifically;
1 To identifywild type cyanophages capable of infecting phototrophic microbes
1 To dharacterie cyan@hages isolates using virological techniques
1 To measure the impact of viruses on the growth rate of phototrophic microbes in
laboratory bioreactors
1 Toexamine the presence and viral attachmeimtifexted cells using

Transmission Electron Microscopy (TEM)

Materials and M ethods

Phototrophic Mi ¢ r oGravth &onditions. Phototrophic Microbes were grown in
a bioreactor consisting of 22 inch long and 1.5 inch diameter glasswithes aeration
tube (~5 mm diameter) reaching to the bottom of the reactortglassAll the
components were autoclaved/sterilized before assembly of each of bioréhetopen
end of each glass tubeasplugged using stacked layersabfeese cloth for controlling
aerosolization andlso to minimize chances obntaminatior(Figure 8). All the
bioreactors were incubated at room temperature and operated under continuous light and
aeration. For aeratiaair wasfiltered through bubbleumidifiers containing autoclave
sterilizedDI waterand the flow was controlled using aioW regulators used in

aquariums.
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Figure 8.Bioreactor
Additionally miniaturized bioreactors weessembledo increasehe number of

replicates ad minimize use of reagents (Figure 9

120/ mm) =

i f ey ‘ =9 \‘ E, - N & h
T ;l'//llg n’ -
in a//mufl) r

Figure 9 Miniaturized bioreactorga) Gulture volumes up to 50mli(b) Culture volumes
up to 100mL.
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BG-11 Growth Media, ATCC Medium 616 In order b makeBG-11 several stock
solutions were preparextcording to the composition given in Tables 3, 4 and 5. Biriefly,
to make 1L of trace mineral stock solution, 900 mdleionized (DI) water was taken in a
2L glass flask. All the ingredients were added to the flask in the order shown in Table 3.
Each component wamixeduntil completely dissolved before adding the negredient.
Additional DI water was added to bring tfieal volume of therace mineral stock
solution to 1L.Similarly, to make 1L of B&L1 Stock solution (100X) (without iron,
phosphate and carbonate), 850 mL DI water was taken in a 2L glass flagidamd s
nitratemagnesium sulfatecalcium chloride, citc acid andNaEDTAwere added in the
amounts shown in Table 4. After dissolving all the salts, 100mL dfdlce mineral
stock solution was added and completely mixed. Finatlgjtional DI water was added
to bring the final volume of the 100X B@EL stack solution to 1L.The flasks were sealed
with aluminum foil and labeled with autoclave tape. The stock solution terkzed
using a validated autoclave at 1kgfafh5psi), 121°C, fofl5 minutes.The solutions
were allowed to cool before transferrimglabeled sterilized sealed containers for
storage.

The working solution of B&.1 was prepared according the composition shown in
Tableb. Briefly, 1ImL each of the stock solutions of ferric ammonium citrate, sodium
carbonate, and potassium phosphate wantak1L graduated cylinder. Then 10 mL of
the 100x BGL11 stock solution was added and mixed by swirling movement. Finally,
additional DI water was added to bring the final volume of thelR®vorkingsolution

to 1L. The final pH was adjusted to 7.1 afgartoclaving using 1N HCI.
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Table 3:

Composition of th@&race MineralsStock Solution

The following reagents were addedditer of deionized water

Reagents Amountadded
H3;BO; (Boric Acid) 2869

MnCl, - 4H,0O (Manganese Chloride) 181¢
NaMoO;, - 2H,0 (Sodium molybdate) 0.22¢g

ZnSQ, - 7H,0 (Zinc sulfate) 0.39¢

CuSQ - 6H,0 (Cupric Sulfate) 0.079¢
Co(NG;)2 - 6H,O (Cobalt nitrate) 0.049 ¢
Table 4:

Composition 0fil00x BG11 Stock Solution withouton, Phosphate, or &bonate

Recipe

The followingreagents were addedl 850 mL of deionized water

Reagents Amount added
NaNG; (Sodium nitrate) 1496 g
MgSQ, - 7H,O (magnesium sulfate) 759

CaCl2 - 2HO (Calcium chloride) 3.6¢g

Citric acid 069

NaEDTA (0.25 M, pH 8.0) 1.12 mL
Trace Minerals 100mL
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Table 5:
Composition o0BG-11 Liquid MediumNorking Solution

Chemical Solution Amountadded

1000x Ferric ammonium citrate 1mL

(0.6 g GHgO7.xFe.xNH per 100 mL HO)

1000x NaCOs (Sodium carbonate) 1mL

(2.0 g NaCGO; per 100 mL HO)

1000x KHPQ, (Potassium Phosphate dibasic) imL

(3.05 g KHPQ, per 100 mL HO)

100x BG11 no iron, phosphate, or carbonate 10 mL
Deionized Water 1L
Table 6:

For BG11 Solid Agar Plates

Sodium Thiosulfate anhydrous 1 mL/L 31.7 g/200 mL dH20 1 mM

Difco Bactcagar 15.0g/L

Environmental Sampling. A minimum of 1L of environmental watesamplewas
collectedin autoclave sterilizegolycarbonate 1 L Nalgene bottl§$hel L samples were
concentrated bgentrifugationat 3000 rpm (1868g) for 10 minutesSamples were
centrifuged using the SL-@000 rotor in &orvall RC 5Ccentrifuge.Excess water was
then removedaarefullynot to disturb the pellet. Centrifugal concentration was continued

until the desired total volume washievedThe pellet was theresuspendedG-11
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medium was added if additional fluid was necessary to bring the total volume to the
desiredevel The concentrated sample was tla@alyzed using a plaque assay.

Plague Assay.A plague assay is a standard method to determinecanalentrations
in a sampleA microbial lawnwas grownon aBG-11 solid ajar plateand infected with
viruses Viruses lyse infected cells causing circular clear zones (plaques) fornizdicin
clear zone is counted as one plaque forming unit (PlEtikes approximately & days
for plaques to be visualize@oncentrations are recorded as PFUs/voluB@ 11 growth
media was usetb make both the top and bottom agatse Pplates consisted of 15 mL of
BG-11 with 1.5%agarby weight.The bp agarconsisted ob mL BG-11 with 0.7% agar
by weight.Six hundrecc L o f ¢ o cyanebacteriasot algandl 0 O ofghke viral
stock wereadded tdhe molterntop agar, mixed and poured orhe bottom agarThe
cyanobacteria or algae cells in concentrated sampleadprenly on bottom agar
forming a uniform microbial lawn providing host population for the viruses in sample.
Plates were incubated at 25°C under continuous direct florescentJigldr favorable
conditions, the host population (algae or cyanobactstaad to die/lyse as a result of

virus infection, which is manifested by the plaque formation.

a b C

Figure 1Q Plaque AssaiProcedure(a) Water battat 50°C. (b) Top agar. (dYouring
mixed top agar into plate.
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Virus Isolation. Viruses were isolated by scooping plaqtresn apositiveplate
using asterile loop. The loop was flame sterilized, and alloteecool before being used
Recovered laques wer@laced into 1.5 mL autoclave sterilized microcentrifuge tubes
containing 0.% PBS. The samples were theortexedfor 10 seondsto suspendhe
viruses. The plaques were suspended in the PBS sofoti@0 minutes to allowiruses
to diffuse out of the agamhe samples were thenrnfied through centrifugatianThe
samples wereentrifuged at 10,000g for 3 minutes at 4°C using a Sorvall Biofuge
primo R centrifuge. Then 909 Lof the sipernatantvasremoved taking care not to
disturb the pelletandtransferred to a new sterile microcentrifuge tube before being
centrifuged aga. Then 80C¢ Lof the sipernatantvas removed and placed into new
sterile 1.5 mL microcentrifuge tube for storage in a 4°C refrigerator.

Microbial Isolation. Virus free microbial cells were obtained from positive plaque
assay plates by using a stetdep  scoop up a virus free portiof the microbial lawn
and transferred into a new bioreadir culturing. Once the culture had matured, it was
confirmed virus free through subsequent plague assays

Growth Rate Measurement.Growth rate measungents vere obtained through
measuring the optical densities of the cultwsisga Hach DR5000 spectrophotometer
(Loveland Coloradg at the 730 nm wavelength using 1 mL samplesed in 1.5 ml
cuvettesAcceptable readings webetween 0 to 1 absorbance uriad)). If the
absorbance levels were too high then the substrate was diitggdBG11 mediato
bring it intoanacceptabléevel. If they were too low, then the sample was concentrated
through centrifugationThe growth media BA1 wasused ashe blankfor these tests.
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A dry weight calibration curve was constructed for the absorbance o&fdgketo 1
for Synechocystisp.PCC 6803A culture ofSynechocystiwas diluted to obtain 5
different samples, 8 mL each, with the absorbance€®df, 0.325, 0.525, 0.725 and 1
AU. Whatman Glass Microfiber Filters GF/C (47 mm diameter) were used for this test
Each filter was weighed before uséve mL of each sample &s then passed through an
assigned fierand allowed talry ovenight in a decator. Twenty fourhours later, the
filters were reweighedlhedry weightwas calculated by subtracting the initial filter
weight from the final filter weight. The dry weights were then compared graphically to
their correspondi nhg dyaseighbcalibrationccene sasigure obt ai n
15).

FluorescenceExcitation-EmissionMatrix Spectroscopy (EEM).EEM
measurements wererducted using a Horiba Aqualog dev{&g/oto, Japan. ThreemL
samples were loaded into a 3.5 mL quartz cudetteesting The cuvette was stored in a
10% HCI acid solution, and was washed clean with nanopure water before each use. The
excitation range was set to 206600 nm with a step size of 3 nifihe anissions range
measured waset t0200 T 600 nmwith a step size of 1 nnThe dtarecordedvas run
through the innefilter effect correction factor and'@order Rayleigh Masking, before
being graphed as a contour niapthe devices software.

Results and Discussion
Repeat sampling of field siteemastratedhat virusepersist in the natural
environmentBased on the plague morphology two types of cyanophagesidentified

in the lab samples and designated@sCP1 and AZCP 2 These isolatesaused a
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reduction in phototrophic microbial populat®in the laboratory bioreactossdditional
isolates of algal phagegere detecteffom Tempe Town Lakand designated a#sZ-
TTLV. In Figure 11, plaques can be seen growing in these environmental samples,

indicating viralpresence in the water samples.

Figure 11 Tempe Town Lake Samplesllected on different dates tested positive for
algal phageg(a) 11/8/2012. (bR/27/13.

Furthermore, viral contamination was detected throughout the year, over the course of
several samplings. A virus infect&ynecbcystisPCC 6803vas also detected and
isolated.In Figure 12, (a) showshagh number of viruses present onwtureplate of
Synechocystiand (b) is another plate 8fnechocystigmfected with the isolated virus

AZ-CP2.
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Figure 12 InfectedSynechocystiBCC 6803a) Spikedwith AZ-CP1. (b) Spiked with
AZ-CP1

Cyanophages were further characterized by documenting the plaque progression
pattern.n Figure 13, a plague was examined over the course of several days under a light
microscope at 1@x magnification. The plaque size increases with tesehe virus

spreads outward fromme center othe plaque

Figure 13 Plaque Progression of AZP2 in host Synechocys#CC 6803t 100x
magnification (a) Day 4. (b) Day 5. (c) Day 6.

Different concentrations of top agar weneatuated to examine the impact of

percent of agar iplaque formation size. The top agar concentration levels tested were
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0.5%, 0.7%, 1% and 1.5% agar by weight. ForSimeechocystiBCC 6803ests

conducted with viruses AZP1 and AZCP2 there was no discernible difference in

plaque size. These findings were mirrored in the Tempe Towndaakple experimental
results. The results ademonstrateth Figure 14, where the plague is actuallygkrin

the higher percentage agar plate. Whereas initially it was thought that higher agar levels
would result in smaller plaque sizes, due to increased resistance to viral transmission
through the denser agar. However, sieedifferences were found tcelnegligible, and

could not be distinguished from normal plaque size variation.

Figure 14 Impact of varying agar concentration on plaque formaifohZ-TTLV (a)
1% agar. (b) 0.5% agar
After initial characterization of AZZP1 and AZCP2phagesadditonal
experi ments were performed to study the i mpa
and yield ofphototrophic microbesommonly usedor biofuel productionThe results of

the dry weight calibration curve conducted &mechocystiBCC 6803re sunmarized
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in Figure 15 The data is linear as seen by the higlv&tue of the calculated linear
regression lines, and therefore provides an accurate means of convertadues

between UV absorbance and dry weight for the ranges of 0.Ath 1

1.2
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Figure 15. Dry Weight Calibration Curve @ynechocystiBCC 6803

The results for the firstonaeratedyrowth rate comparison of viralipfectedand
virus freeSynechocystiBCC 6803are shown in Figure 1&ll the experiments were
performed in triplicate andachdatapoint is the average of three replicates. The virally
infected cultures unexpectedly had higher initial growth rates than the virus free cultures.
This is most likely due to the viruses tweaking the host metabolism, by up regulating it in
orderto increase viral replicatigust after initiation of the infection proceskhismay
havecausé the virally contaminated cultures to experience higher initial growth rates
until viral replication kicks into full swingOnce théhost cell machineris hijackedfor
viral reproductionit results in the consumption of most cell metabolites/reservoirs for
synthesis of new virus particlesicreasing cell lysis of the viralipfected cultures

further reduceSynechocystiBCC 6803rowthwith elapsedime after infection
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However, both culturesdé6 microbial densities
have been due to a lack of nutrients. The reactors were kept sealed except for sampling.
This may have caused the reactors to become depleted,pfdBling the cyanobacteria

of a carbon sourceequired for routine cell metabolism areplication.
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Figure 16 Growth Rate Comparison 8fynechocystiBCC 6803nfected with AZCP2
Phage(Non-aeratedl

In order to ensure that nitrogen was not the limiting growth nutrient in the system,
a nitrogen balance was calculated forebetrol bioreactors.
Total g N per L BG11 = 0.04063 g

Total g N pes0 mLreactor = 0.002031 g
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Table 6:

Synechocystis spCC 6803 MrogenUtilization Rate

Day
Variable Unit 0-3 39 9-12
Biomass production ratf g DW /L 0.116 0.744 0.760
day
Nitrogenutilization rate| gN/L 0.015 0.096 0.098
day

Adapted from(Kim et al, 2011)

From the dry weight calibration curve we havefibllowing equation:
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The peak population density was recorded at day 6 for the control reactors, which
is before the calculated depletion of nitrogen in the reactors. Therefore, nitrogemhie not
limiting nutrient for the growth oBynechocystisn thebioreactors. Instead the limiting

factor is most likely carbon as previously stated.
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Figure 17Growth Rate Comparison &ynechocystiBCC 6803nfected with AZCP2
PhaggNon-aerate(l
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In Figure 17, th@onaeratedyrowth rate comparison waspeated with a few
changes:
1 The bioreactorsd caps were |l eft partially
for air exchange, in an attempt to prevent,@€pletion
1 The initial starting concentration 8ynechocystiBCC 6803vas reduced ia
furtherattempt to decrease any potential itiginal limitations for limiting impact

onthe growth rates

The results wersimilar to the initial growth ratexperimentwith the virally infected
samples initially growing faster thahe noninfected samples, buitimately seeing a
decrease in microbial populatianith time as theviral infections resulted in cell lysis.

The results for thaerated gywth rate comparisoare presented in Figure .14ll
the experiments were performed in multiple replicates aot datgoint is the average
of four replicatesThe growth rates for both cultures remained relatively similar for
approximately 1 week. Afterwards, the viraihfected cultureof phototrophic microbes
exhibitedreduced growth rates relative to the wgifftee culture. This could mean that this
particular virus may have a latent period of approximately 1 week under these growth
conditions. After 22lays the yield for the virally infeet culture was 13.4% less than the
yield for the virus free culture. ©t is a very significant reduction, and it could greatly
reduce yields for biofuel applications if similar results were to be observed in large scale

growth conditions.
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Figure 18 Growth Rate Comparison 8fynechocystiBCC 6803nfected with AZCP2
Phageg(Aerated

After conducting an unpairddest on the data in Figure 18, it was found that the
difference between the control and infected sasybes rot statistically significantThis
was due the highariability within the replicates of the infead samples. For unknown
reasons, two of the infected samples had results simithoseof the controlsThese
two replicates were considered to be outliers and removed from the infected average
(Figure 19. The new graph clearly shows that grewth ateof Synechocystisp. PCC
6803 were severely impacted by the viral infection of@Z2,and ultimately

experienced a ~48% reductiondell numbersvhen compared to the control samples.
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Figure 2Q Transmission Electron Microscopy $nechocystiBCC 6803and AZCP2
Viral Attachmentfor ina and b
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Figure 21. Transmission Electron Microscopy 8fnechocystiBCC 6803andAZ-CP2
Viral Attachment

In the initialexperimentthe cyanophage isolates werdturaly characteried
and their impact ophototrophic microbewas evaluated. Thereafter, transmission
electron microscopy was performed to furtblbaracterize these cyanophadégures 20
and 2 are TEM images of AZP2 virus and&ynechocystiBCC 6803 Figure 2@
shows viral attachment of AZP2 to the hostynechocystisand Figur€0b shows viral
association with hosSynechocystidn Figure 20it is believed that AZCP2 is attached
to the top of &ynechocystisell. The virus AZCP2 was observed to be-80 nm in

size, and icosahedral in shape, possible belonging tootihevPusfamily.
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