©Copyright 2013

[-Chieh Chien



The study of viruses dflethanosaeta, a key acetoclastic methanogen for digestion m®stability

I-Chieh Chien

A dissertation
submitted in partial fulfilment of the

requirements for the degree of

Doctor of Philosophy

University of Washington

2013

Reading Committee:
Heidi L. Gough
J. Scott Meschke

David A. C. Beck

Program Authorized to Offer Degree:

Department of Civil and Environmental Engineering



University of Washington

Abstract

The study of viruses dflethanosaeta, a key acetoclastic methanogen for digestion m®stability

I-Chieh Chien

Chair of the Supervisory Committee:

Professor Heidi L. Gough and Professor J. Scotichiles

Department of Civil and Environmental Engineering

Stable digestion processes is important for waseweeatment plants to treat organic solid waste

produced from primary and secondary sludge. THalgyeof the digestion process has greatly

improved but process failure still occurs. Toxicaahd inadequate operation have been demonstrated

to cause failure in some cases. However, in soimer @ases, there is no obvious explanation for

observed upsets. Digestion failure is usually iatéd by a decreased rate of methane production,

accumulation of acetic acid, and decreased pH,wlggest that the primary consumer of acetate in

most mesophilic anaerobic digestdviethanosaeta, has been lost. In natural ecosystems, viruses can



target the most rapid growing populations (“killittge winner” theory) and influencke composition of
microbial communities. The most dominant methanag@rchaeaMethanosaeta in mesophilic
digesters, appear to be a favorable target fos\attack. This virus-host pair may provide a medman

for many observed digestion process upsets.

No virus ofMethanosaeta has been reported previously and the cultivatiodeihanosaeta is
challenging due to the requirement of strict anlieroonditions and their slow growth rate. The
growth ofMethanosaeta concilii was improved using modified DSM 334 solid mediethanosaeta
concilii DSM 6752 colonies appeared on the surface of n{@d&o of gellan) after one month of
incubation in serum bottles at%5using spread plating. By pour plating (0.5% dfagg, growth of
Methanosaeta was found after about one week incubation 8€3% addition, ammonia toxicity to
Methanosaeta concilii DSM 6752 in liquid media was also investigated.ifNabition of the methane
production when the concentration of ammonia-n#rogas below 16.8 mg/L. The suppression of
methane yield (day 4.8) was 15.6%, 39.6%, and 5hBFee ammonia-nitrogen of 28.7 mg/L, 47.9

mg/L, and 71.2 mg/L, respectively.

Viruses in two lab-scale reactors (the daily-fed aourly-fed reactors) dominated Methanosaeta
were investigated becaubtethanosaeta viruses were possibly present. All of the obseveBs were

of head-tailed morphology but virus populationsnsesn the two reactors were distinct. VBR values



were low in both the daily-fed reactor (0.123) dinel hourly-fed reactor (0.093) suggesting that
lysogenic or pseudolysogenic life cycles couldhmefavorable strategy for viruses targeting
slow-growing hosts in the methanogenic environméné presence of many VLPs with 60 nm capsid
and 120 nm tail or viruses having the same genanes §30 kbp) in both reactors may suggest they

target a common host suchMsthanosaeta, Proteobacteria or Firmicutes.

The connection between viruses dnethanosaeta was studied using a genomic approach based on
clustered regularly interspaced short palindrorapeats (CRISPRS)ethanosaeta spacers matched
viral contigs were found in the two reactors (ddéy and hourly-fed reactors) and two digestersstfWe
Point and South Plant), suggesting thatNtethanosaeta viruses might still active in these systems.
Presence of various phage proteins in contigs tiedeyMethanosaeta spacers suggests these
sequences are originated frdviethanosaeta viruses. The connection between viruses and
Methanosaeta is further confirmed by finding conserved PAMswral contigs targeted by both

CRISPR/Cas systems.
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Chapter 1 Introduction and Objectives

Anaerobic digestion processes have been widely tasdat organic waste produced from
municipal, industrial, and agricultural sourceseftocesses have many advantages, including
reducing waste volume and the cost for waste d&pstabilizing organic matter, destroying
pathogens, controlling order problems, and genegatirenewable energy, methane. Recently,
anaerobic digesters at municipal waste water treatiplants are getting more attention due to
their potential to co-digest organic compounds fiirer waster streams and to increase
methane yield. Many efforts have been made ovelagteseveral decades to improve digestion
stability, but process failure still occurs. In sBEases, actors such as a wide variety of toxicants
organic overload, lack of micronutrients, and paxing have been demonstrated to cause the
upset and failure of digestion, while in other cate observed failure has no obvious

explanation.

Two poplulations of methanogenic Archaea are resiptanfor methane production in the
digesters. One group is hydrogenotrophic metharogad the other group is acetoclastic
methanogens. Hydrogenotrophic methanogens prodateame from hydrogen and carbon

dioxide, and acetoclastic methanogens split acatadenethane and carbon dioxide. In

1



mesophilic digesters, acetoclastic methanogenthatght to mediate two-thirds of the energy

flow and methane production (Jeris and McCarty 1$8Bith and Mah 1966). There are only two

known genera of acetoclastic methanogéfethanosaeta andMethanosarcina. Having a higher

growth rate K) and lower acetate affinity (high&is), Methanosarcina usually dominate in

environments with high acetate concentrationsolmtrast, with lower growth rate and higher

acetate affinityMethanosaeta generally dominate when acetate concentrationardn

anaerobic digesters, acetate concentrations asrarnbelow 15 mM and thudethanosaeta

usually predominate in this environment (RaskineZdnet al. 1995; Angenent, Zheng et al. 2002;

McHugh, Carton et al. 2003; Leclerc, Delgenes €2@04; Yu, Lee et al. 2005).

Digestion failure is usually characterized by ardased rate of methane production, accumulation

of acetic and short chain length organic acids,deweased pH (Kroeker, Schulte et al. 1979),

which implies the functional microorganisms invalvie the methanogenesis, acetoclastic

methanogens, were lost.

Viruses are abundant and ubiquitous biologicatiestin natural environments. By targeting

prokaryotic hosts and lyzing microbial cells, viegsnfluence composition of microbial

communities and controlling nutrient cycles in toeans (Suttle 2005; Suttle 2007). In addition,



phages are hypothesized to target the most ragidlying populations (“killing the winner”

theory) and thus protect other competitors froninexion in the same environment. Therefore,

viruses are also believed to stimulate microbiaédity (Thingstad and Lignell 1997; Thingstad

2000). In mesophilic digesters, the most dominagih@anogenic Archaea Methanosaeta, thus,

they appear to be a favorable target for viruchtt@his virus-host pair may provide a mechanism

for many observed digestion process upsets. Thexdfte hypothesis of this study is:

Methanosaeta viruses are present Methanosaeta-dominated environments such as mesophilic

full-scale anaerobic digesters and acetate-fedlement reactors.

The first step to assess the hypothesis is toifgediethanosaeta viruses. No virus of

Methanosaeta has been reported previously and the cultivatioM&hanosaeta is challenging

due to the requirement of strict anaerobic cond#iand their slow growth rate. Therefore, the

specific objectives of this research were: (1)nprove the culture techniques fdethanosaeta

in solid media (i.e. growiniylethanosaeta both as colonies and as lawn) and liquid medéa (i.

testing potential ammonia toxicity to the activityMethanosaeta), (2) to evaluate two viral

screening and isolation approaches (plaque assaysf@ction tests) foMethanosaeta, (3) to

investigate the persistent virus-like particleswo Methanosaeta dominant reactors, and (4) to

investigate the connection between virusesMaithanosaeta in reactors using a genomics



approach based on clustered regularly interspdued galindromic repeats (CRISPRS).

Objective 1: Improve growth dflethanosaeta in solid media and evaluate plague assay

approaches favlethanosaeta

Before year 2010 (Carbonero, Oakley et al.), tHevation of Methanosaeta colonies on
solid media was unsuccessful. The growtiMethanosaeta using solid media was only
reported in a deep-agar media and the colonieseiias cotton-like flocs after 6 months of
cultivation. A modified media reported by Carboné610) was able to grow

Methanosaeta colonies (< 1 mm in diameter) after incubatioroné month. To improve the
culture and isolation techniques, approaches toi@NMethanosaeta using solid media
including culture vessels, plating techniques aglthg gum concentrations were evaluated.
In addition, a viral challenging method, plagueags$or Methanosaeta was assessed in

chapter 4.

Objective 2: Study Ammonia toxicity and assessdtifa test approaches fitethanosaeta

High concentration of ammonia is known to supprasghanogenesis of anaerobic



digestion processes (McCarty and McKinney 1961;iC#neng et al. 2008). Although the

inhibition of a pure strain d¥lethanosaeta by ammonia was identified in previous studies,

the suppression of methanogenesis at different éf\feee ammonia is unknown (Sprott

and Patel 1986; Steinhaus, Garcia et al. 2007)s,Tthe methane production of

Methanosaeta in media with different concentrations of ammowis investigated. The

result from this investigation was used to imprdwe culture condition foMethanosaeta in

liquid media. In addition, a viral challenge andl&ion approach in liquid media, infection

tests, was evaluated. These results pertainirtgetolbjective 2 are presented in chapter 5.

Objective 3: Investigate virus-like particles indaMethanosaeta-dominated reactors

Two lab-scale reactors, the daily-fed and hourly+eactors, both dominated by

Methanosaeta were persistently producing virus-like particlesvas likely that

Methanosaeta viruses were present in these reactors. Thus rotogy size distribution,

genome length, and the concentration of observedike particles were investigated and

are shown in chapter 6.

Objective 4: Investigate the connection betweeunsés and/lethanosaeta using a genomics



approach based on clustered regularly interspdued galindromic repeats (CRISPRS)

Clustered regularly interspaced short palindroraeats (CRISPRS) have been

demonstrated to be an adaptive immune system agagisle genetic elements such as

viruses (Barrangou, Fremaux et al. 2007). Duringw@s challenge, a fragment of invader

DNA named a spacer can be excised and insertedhatioost’s CRISPR locus. The virus

attempting to infect the host can be identifiedsbgirching for homologies between the

spacers and sequenced viral nucleotide databas8P&Roci were found iMethanosaeta

concilii GP6. In chapter 7, the CRISPRs and Cas (CRISP#tiassd) genes of

Methanosaeta concilii DSM 6752 and DSM 2139 were comparatively analyheaddition,

the virus-host interactions in the twiethanosaeta-dominated reactors were studied using

CRISPR-based approach.



Chapter 2 Background

2.1 Anaerobic Digestion

Anaerobic digestion is a reliable technology useddwide to treat organic waste generated from
municipal, industrial and agricultural sources &iad the advantages of reducing waste volume,
destroying pathogens and eliminating odor probl@visCarty 2001). Because it is an anaerobic
process, no electron acceptor (oxygen) needs podsent which could reduce energy
requirements for aeration. Moreover, the processeds organic waste into methane gas, a
renewable energy source (Appels, Lauwers et all2®ecently, this process is drawing more
attention because of its potential to treat diffiérgaste streams and to increase methane yield, for
example, co-digestion of organic fraction of mupaisolid wastes with sewage sludge in

anaerobic digesters (Mata-Alvarez, Mace et al. 2000

An empirical design approach has been appliedtabksh anaerobic digestion in wastewater
treatment process. Most of the time, digestiortable and reliable. Over several decades,
considerable efforts have been made to improvelisyadf anaerobic digestion process (McCarty

2001; Appels, Baeyens et al. 2008). For examphada variety of toxicants have been studied
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that are suspected to cause upsets of digesti@n(@heng et al. 2008). Organic overload
(Nachaiyasit and Stuckey 1997), lack of micronutiseand poor mixing (Kim, Ahn et al. 2002)
have also been demonstrated to cause digestiomeahllso, digestion stability has been found to
be influenced by using different feed-loading freoy (Bombardiere, Espinosa-Solares et al.

2007). Nevertheless, upsets and failures of thegz®still occur with no obvious explanation.

2.2 Microbial Community in Digesters

The reliability of anaerobic digesters in wastewd#teatment process greatly relies on better
understanding of the resident microbial commurigcently, effort has been made to understand
the microbial community structure in anaerobic dtgmn processes (Ariesyady, Ito et al. 2007,
Narihiro and Sekiguchi 2007). Analysis of microbtaimmunities in anaerobic digesters using
molecular biological approaches has detected maoyltured microorganisms implying that

knowledge of microbial ecology remains vastly urlexgd.

The conversion of complex organic matter to metrareecarbon dioxide in anaerobic digester is
mediated by a variety of different populations fromo entirely different biological domains, the

Bacteria and the Archaea (Figure 2.1). Initiaklyge organic compounds (polymers) are



hydrolyzed and degraded into smaller intermedi@es sugars, amino acids, fatty acid, alcohols

etc.) by primary fermenting bacteria. These intatiates are then converted to acetate, @@l

H, by secondary fermenters. Acetate, &0d H are subsequently utilized by the acetoclastic

methanogens or hydrogenotrophic methanogens taoajenaethane and carbon dioxide (Schink

1997). In this complex food web, the fermentingtbeaal community is composed of extremely

diverse groups, whereas the syntrophic bacterbachaeal community is less phylogenetically

diverse (Ariesyady, Ito et al. 2007; Hatamoto, Ihiaat al. 2007; Aller and Kemp 2008; Zhang,

Banaszak et al. 2009). Moreover, when the digegtironess is functionally stable, the bacterial

community composition fluctuated was reported, whsrthe archaeal community remains

relatively stable (Zumstein, Moletta et al. 200l)is implies that there are diverse Bacteria

capable of conducting similar functions in digestdaut certain functional processes can only be

performed by specific Archaea with unique biologathways. For example, the

methanogenesis can only be conducted by metharmgertiaea.
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Figure 2.1 Trophic groups of microorganisms involved in adéér sludge digestion.
Groups of organisms involved: 1) Hydrolytic andnpary fermenting bacteria, 2)
Hydrogenotrophic methanogens, 3) Acetoclastic nmethans, 4) Secondary fermenting
(“syntrophic”) bacteria, 5) Homoacetogenic bactef&chink 1997).

2.3 Acetoclastic M ethanogens

Acetoclastic methanogens inhabit a variety of redtecosystems such as paddy field soils
(Grosskopf, Janssen et al. 1998), fresh water arthemsediments (Elberson and Sowers 1997,
Scholten and Stams 2000) and acidic fens (Steirdreddregan 2008). They are among the most
important methane producers on earth, since twdglof the biogenic methane released to
atmosphere is derived from methyl group of acdgtatarad 1999; Smith and Ingram-Smith 2007).
Acetoclastic methanogens are also essential imeaggd systems such as anaerobic digesters and

upflow anaerobic sludge blanket (UASB)ethanosaeta usually strongly predominates in
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mesophilic sludge treatment digesters (LeclercgBmés et al. 2004) and are thought to mediate
two-thirds of the energy flow and methane producfigeris and McCarty 1965; Smith and Mah
1966). Although syntrophic acetate-oxidizing baetecompetitors of acetoclastic methanogens,
have been shown to convert acetate to hydrogerandn dioxide (Ito, Yoshiguchi et al. 2011)
when ammonium nitrogen concentrations ¢NN) are elevated to 5.5 g/L and 6.9 g/L

(Westerholm, Dolfing et al. 2011), their dominamtenesophilic digesters was not reported.

Most species of methanogens use hydrogen and cdrbxide as substrates (hydrogenotrophic
methanogens) while only two genera of methanogdethanosaeta andMethanosarcina, are

known to utilize acetate (acetoclastic methanogdejause they use the same substrate, acetate,
Methanosarcina andMethanosaeta compete with each other for substrate by diffegeatvth
strategies. Having a higher growth ratggnd lower acetate affinity (highKs), Methanosarcina
usually dominate in environments with high acetatecentrations. In contrast, with lower growth
rate and higher acetate affiniMethanosaeta generally dominate when acetate concentrations are
low. Methanosaeta is ubiquitous and dominant in major biogenic metheeleasing environments
and have been postulated to be the predominantametbroducer on earth (Smith and

Ingram-Smith 2007).
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2.4 Ammonia Toxicity

When assessing viral activity based on metabotiwiag it is also important to consider other
factors that might cause inhibition. Inhibitionraethanogenesis by ammonia has been
previously recognized (Debaere, Devocht et al. 18®4ter and Lettinga 1984; Jarrell, Saulnier
et al. 1987; Bhattacharya and Parkin 1989; HajaantsRanade 1993; Lay, Li et al. 1998; Eldem,
Ozturk et al. 2004; Sawayama, Tada et al. 20043efabic processes can benefit from total
ammonia nitrogen (TAN, sum of ammonia-nitrogen anmimonium-nitrogen) ranging from 50
and 200 mg/L (McCarty and McKinney 1961; McCarty49Liu and Sung 2002). McCarty and
McKinney (1961) and McCarty (1964) also reporteak fhAN are inhibitory at any
concentration between 1500 and 3000 mg/L when @have 7.4, and are toxic at any
concentration beyond 3000 mg/L at any pH level. TidNged from 1700 to 14000 g/L has been
reported to suppress 50% of methane production(GBleeng et al. 2008). The variation of the
reported inhibitory TAN level may be due to var@dgerimental conditions such as substrates,

inocula, acclimation periods, temperature and pH.

NH; (free ammonia/un-ionized ammonia) is implied taf@re toxic than N since it is more

membrane-permeable (Debaere, Devocht et al. 1984¢an interfere with intracellular ion
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exchange (Sprott and Patel 1986). In contrast, siotkes showed that ammonium is more
toxic than free ammonia to methanogenesis (Kostéikaoomen 1988; Lay, Li et al. 1998). In
agueous solution, the concentration of free ammigraafunction of total ammonia concentration
(sum of [NH] and [NH;]), pH and equilibrium constant.{Equation 5.1). In addition, Xs a

function of temperature (Equation 5.2).

* 1+4[H]/Ka
pKa=0.09018+272992/T (Emerson, Russo et al. 1975) (5.2)

where Ka = equilibrium constant

T = temperature (K)

When the temperature is at’85(Ka = 8.95), the fraction of [Ngfican be expressed as
1/(1+[H]/Ka) and is the function of pH (Table 2.1). As shmwin Table 5.1, the fraction of free
ammonia increases as pH rises. Therefore, morbiiigm of methanogenesis may be observed

when pH increases and TAN remains constant.

Several studies have considered optimal free ama@mmcentrations for methanogenic

communities. 5511 mg/L of free ammonia-nitrogersweported to be the maximum tolerable
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in anaerobic acetate and propionate enrichmeniresltat a 40-day solid retention time
(Bhattacharya and Parkin 198®ebaere (1984) suggested that optimal conditiche@feactor
is achieved when free ammonia-nitrogen was keivibal concentration of 80 to 100 mg/L, and

inhibition of methanogenesis was observed whertdineentration of NgtN was at 150 mg/L.

Table 2.1 Fraction of free ammonia (NfHas a function of pH at 36

fraction of fraction of

pH free ammonia pH free ammonia
6 0.001 7.6 0.043

6.2 0.002 7.8 0.066

6.4 0.003 8 0.101
6.6 0.004 8.2 0.151

6.8 0.007 8.4 0.220

7 0.011 8.6 0.309

7.2 0.017 8.8 0.415

7.4 0.027 9 0.529

Methanosaeta concilii has been reported to be the most sensitive majlearto ammonia among
the tested methanogenic pure cultures. Completbifiam was found at 2140 mg TAN/L at pH
7.0 (Sprott and Patel 1986). Cell densityathanosaeta concilii GP6 has been monitored in a
microreactor with ammonia varying between 250 as@@ mg TAN/L at pH 7.6 (Steinhaus,
Garcia et al. 2007). Cell density was reduced & B¢hen the concentration of TAN reached

around 1000 mg/L, and dramatically decreased (~7#8B&n TAN rose beyond 1900 mg/L.
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2.5 Inducing Agents

Viruses can establish a stable relationship widirthosts. This is known as a lysogenic life cycle
(Weinbauer 2004). In the lysogenic cycle, virusaspfophages) remain dormant inside the host
cells and their genomes replicate along with th&’soThis cycle can be broken by inducing
agents that trigger a switch to the lytic life @/ah which virus particles propagate causing the
lysis of host cells. A variety of inducing agents/b been reported to associated with lysogeny
(Ackermann and DuBow 1987). Other inducing ageathss hydrogen peroxide, temperature
changes, polyaromatic hydrocarbons, fuel oil, taobethylene, and pesticides have been also

reported (Wommack and Colwell 2000; Weinbauer 2004)

Archeoviruses have been induced by UV and mitomgciRroduction ofulfolobus spindle

virus (SSV1) can be induced by UV treatment or migoin C (5-15ug/mL) (Reiter, Palm et al.
1987; Liu and Huang 2002; Frols, Gordon et al. 208@dianus two-tailed virus (ATV)
infecting the hyperthermophilic Archaéaidianus convivator could be induced by mitomycin C
(0.5ug/mL), UV, and cold shocknduction of ATV was observed when temperaturetetlifrom
85°C (optimal temperature) to % under exponential growth. Halophage SNJ1 wasciedu

from Natrinema sp. strain F5 by mitomycin C (lg/mL) (Mei, Chen et al. 2007). Viruses of
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Halobacterium are lytic when environmental salinity decrea@@dniels and Wais 1990). In
contrast, the production of virus was not obsemwbdnMethanococcus voltae A3 was subjected
to various stresses including UV, temperature $tifn 30C to 37C, starvation, growth with
mitomycin C, and acridine orange (Wood, Whitmaale989). Thus, while several common
microbial stressors have been demonstrated focinduwarcheovirus production, these stressors

are not universal and must be tested separatebaftir strain.

2.6 Viruses and Their Connection to Process Sability

Viruses are abundant and ubiquitous biologicatiestin natural environments. Their abundance
exceeds that of Bacteria and Archaea in aquatizca@mments by about 10-fold (Bergh, Borsheim
et al. 1989; Wommack and Colwell 2000; Weinbau&r2®uttle 2007). In addition to aquatic
environments, they have been reported in many stasg, including soils (Ashelford, Day et al.
2003; Williamson, Radosevich et al. 2005), sedimé¢Rilippini and Middelboe 2007,
Siem-Jorgensen, Glud et al. 2008) and thermopéiiigronment (Rice, Stedman et al. 2001). It
has been suggested that most observed viruseaeteribphages, the viruses of Bacteria and
Archaea (Cochlan, Smith et al. 1993; Weinbauer 208y targeting prokaryotic hosts and lysing

microbial cells, bacteriophages can influence costtfmm of microbial communities and control
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nutrient cycles in the oceans (Suttle 2005; Sa@i@7). In addition, phages are thought to target

the most rapid growing populations (killing the war theory) and thus protect other competitors

from extinction in the same environment. Thereftagteriophages are also believed to stimulate

microbial diversity (Thingstad and Lignell 1997;imgstad 2000).

In contrast to natural ecosystems, knowledge aticalitabundance, diversity, and phage-host

interactions in engineered biosystems is spans@mvironmental engineering, microbes have

been utilized in variety of processes such as aiet/sludge and anaerobic digestion. Similar to

natural ecosystems, abundant phages have been domthi{Khan, Satoh et al. 2002; Otawa, Lee

et al. 2007; Wu and Liu 2009 luctuation of phage concentrations have been regto correlate

with bacterial concentrations in a membrane bidmaceating industrial wastewater implying a

close phage-host interactions (Shapiro, Kushmaab. 2010). Wu and Liu (2009) reported that

indigenous viruses were abundant and dynamic imtheent, primary settlers, activated sludge,

anaerobic sludge and effluent ofrainicipal wastewater treatment facility. Decreashg

polyphosphate-accumulating bacteN&crolunatus phosphovorus, and increasing of its Iytic

phages found in a laboratory-scale activated slydgeess suggests that phages might be able to

influence the performance of phosphate removal,(ODéawa et al. 2007). Moreover, phages

affiliated with Sphoviridae, Myoviridae, andCystoviridae were found to propagate in a UASB
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methanogenic digester, although their roles ancesponding hosts were not identified (Park,
Ikenaga et al. 2007). In summary, phages are alamuanany engineered bioreactors, which
indicate that these phages may infect indigenoesaieés. More important, phages might have
influence on the stability and performance of bamters by controlling microbial populations
with unique and irreplaceable physiological funede.g. polyphosphate accumulating or

methanogenic populations).

Digestion failure is usually indicated by a decezhgate of methane production, accumulation of
acetic and short chain length organic acids, acdedsed pH (Kroeker, Schulte et al. 1979), which
implies the functional microorganisms involved e tmethanogenesis, acetoclastic methanogens,
were lost Methanosaeta generally outnumbéylethanosarcina and syntrophic acetate-oxidizing
bacteria in mesophilic digesters. Therefore, thgyear to be a favorable target for phage attack,

and this phage-host pair may provide a mechanismmémy observed process upsets.

2.7 Viruses of M ethanogens

Archaeal viruses have been reported to exhibitghaeally complex morphotypes, including

linear, fusiforms, droplet, and bottle shapes. Havemost documented viruses of methanogens
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are of head-tail morphology, which is also the nicsjuently observed morphotype in bacterial

domain. Viruses infecting methanoarchaea also caanyy genes of bacterial origin suggesting

that these viruses likely infect methanogens bgrddmain spreading (Prangishvili, Forterre et

al. 2006).

Five viruses infecting hydrogenotrophic methanogeere reported (Jordan, Meile et al. 1989;

Meile, Jenal et al. 1989; Wood, Whitman et al. 1988lling, Groffen et al. 1993; Pfister,

Wasserfallen et al. 1998; Luo, Pfister et al. 200A9st of the reported viruses belong to family

Caudovirales and have head-tail morphology (Figure 2.3). Asidiscovered by Wood et al.

(1989) was an oval-shaped particle (Figure 2.3 a).
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Figure 2.2 Viruses of methanogens

(a) virus-like particle oMethanococcus voltae A3 (Wood, Whitman et al. 1989), (pM1: a
virus of Methanobacterium thermoautotrophicum Marburg (Meile, Jenal et al. 1989), (@F1: a
virus of Methanobacterium thermoformicicum:, and (d)®F3: a virus oMMethanobacterium
thermoautotrophicum (Nolling, Groffen et al. 1993)

Lytic siphophagegM1 andyM2 are the best characterized viruses of metharso@iggure 2.2
b). yM2 is a mutant derived fromM1 (Pfister, Wasserfallen et al. 1998). They hawang
polyhedral capsid of 55 nm in diameter and a flexihil of 210 nm in length were found to infect

Methanobacterium thermoautotrophicum Marburg (Meile, Jenal et al. 1989; Pfister, Wakdlem
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et al. 1998). Nolling et al. (1993) reported thaukent phages®F1 and®F3 were capable of
infecting Methanobacterium thermoformicicum (strains 2-245, FTF, FF1, FF3 and CSM3) and
Methanobacterium thermoautotrophicum (strain AH), respectivelyF1 is morphologically
similar toMyoviridae and has a capsid of 70 nm in diameter and ataiiifbf 160 nm in length
(Figure 2.2 c) whil@bF3 is morphologically similar t&phoviridae and has a capsid of 55 nm in

diameter and a long flexible tail of 230 nm in lém@~igure 2.2 d).

Methanosaeta viruses have not been previously identified pridypdie to the challenge of
culturing their hostMethanosaeta is notorious for slow-growing and is resistangtow on solid
media (a key step for the traditional virus isaatmethod, the plaque assay). Its viruses remain

to be found.

2.8 Clustered Regularly Interspaced Short Palindromic Repeats (CRI SPRS)

The recently discovered CRISPR/Cas system (Madjpoaz-Villasenor et al. 2000; Jansen, van
Embden et al. 2002), found to date in most archaedld0% of bacterial genomes (Jansen, van
Embden et al. 2002; Grissa, Vergnaud et al. 200M#karova, Haft et al. 2011), provide

prokaryotes with adaptive immunity against mob#aetic elements (e.g. viruses and conjugative
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plasmids) in a sequence-specific manner (Sorekjrkeinal. 2008; Horvath and Barrangou 2010;

Marraffini and Sontheimer 2010). The CRISPR/Cas imelprocess can be divided into three

sequential steps: (1) adaptation, (2) expressimh(3) interference (Makarova, Haft et al. 2011).

In the adaptation step, the spacer and a newlyrgeterepeat sequence are integrated into the

leader end of the CRISPR locus. In the expressem fong pre-crRNA generated from CRISPR

loci are transcribed and further processed intatsi®@ NA monomers, which containing a full

spacer and partial adjoining repeat sequenceheltast step, these crRNAs guide the Cas

proteins to cleave the complementary invading DAgets.

CRISPR was first documented by Ishino (1987) in3héanking region ofiap gene in

Escherichia coli. This group of repeat elements was subsequerngbrted in other bacteria and

archaea (Mojica, Ferrer et al. 1995; Bult, WhitaletLl996; Masepohl, Gorlitz et al. 1996;

Sensen, Charlebois et al. 1998). These shortappeiindromic repeat sequences clustered in

genomes and were separated by unique non-repetdgigences. Because these features are

distinguishable from other known repeat elementg\eel type of repeat family, Short Regularly

Spaced Repeats (SRSRs), was proposed (Mojica,\Dllazenor et al. 2000). The denomination

was later renamed as Clustered Regularly Intersib&bert Palindromic Repeats (CRISPRS) to

address the feature that most repeat sequencegpartigdly palindromic (Jansen, van Embden
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et al. 2002). Jansen et al. (2002) analyzed CRI®RRico and reported a common 300-500 bp

sequence, the leader sequence, flanking on on®&{@RISPR loci. The conservation of leader

and repeat sequence were found within one speatesobintraspecies.

CRISPR-associatedds) genes were always identified in the genomes lip@iRISPR

sequences, and closely located on either side #6ER loci, which suggested a strong

association between CRISPR loci aad genes (Jansen, van Embden et al. 2002).

Using sequence and structure analysis of Cas psytputative function of the CRISPR/Cas

system has been proposed, for example, replicdripaing (Mojica, Ferrer et al. 1995), DNA

repair (Makarova, Aravind et al. 2002), and DNArraagement (DeBoy, Mongodin et al. 2006).

The finding of homologous sequences between spacéerextrachromosomal elements (virus

and conjugative plasmid DNA) and the failure fgsteage to infect a microbe having spacers

matching to this phage raised the hypothesis tRAEER/Cas might be an immune system in

prokaryotes (Bolotin, Ouinquis et al. 2005; Moji€aez-Villasenor et al. 2005; Pourcel,

Salvignol et al. 2005). The first experimental @nde of CRISPR immunity was demonstrated

by Barrangou et al (2007) showing that novel spaeguences derived from challenged phages

were inserted in the CRISPR1 locus of phage-regiSteeptococcus thermophilus. In addition,

inactivatingcasb andcas7 caused the loss of phage resistance and failigerterate the
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bacteriophage-insensitive mutant, respectivelyicatthg thatcas genes were essential for

performing and acquiring the CRISPR immunity (Bagau, Fremaux et al. 2007). Moreover, a

Saphylococcus epidermidis CRISPR locus possessing a space matchingckase gene in

conjugative plasmid was shown to prevent conjugadiod plasmid transformation (Marraffini

and Sontheimer 2008).

CRISPR loci consist of repeat and spacer sequeGeggerally, the repeat sequence within a

locus was highly conserved (Jansen, van Embden 20@2). The size of the repeats ranges

from 23 to 50 bp (average: 31 bp) (Marraffini armh®eimer 2010). Based on sequence

similarity, CRISPR repeats can be roughly clasgifieo 12 groups (Kunin, Sorek et al. 2007).

Repeat sequences in some groups were predictedtostable RNA secondary structure

(stem-loop) but other groups did not have deteetatslictures (Kunin, Sorek et al. 2007). The

size of spacer sequences varies between 17 to Gvbepage: 36 bp) (Marraffini and Sontheimer

2010). In a CRISPR locus, the average number @ategpacer unit was 66 (Marraffini and

Sontheimer 2010), but the it was not uncommonHherrtumber to reach 100 in archaea (Garrett,

Vestergaard et al. 2011). Appearance of multipléSER loci in a given genome was frequently

observed. There are 18 CRISPR loci in the genonhMetifanococcus jannaschii (Bult, White et

al. 1996), which is the highest number of array®oreed so far. CRISPR loci are generally
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located on chromosomes but their presence on pligswas also documented (Lillestol, Shah et

al. 2009; Millen, Horvath et al. 2012).

CRISPR loci are generally preceded by low compjeaitd AT-rich sequences referred to as

leaders (Jansen, van Embden et al. 2002; TangeBaxé et al. 2002; Pourcel, Salvignol et al.

2005; Lillestol, Redder et al. 2006). Leader segasrare several hundred base pairs long and

are located on one side of the loci (leader enklg. osition and orientation of the leader

sequences are invariable with respect to the atiemt of the repeat sequence. The conservation

of leader sequence was found within a speciesdiuntraspecies (Jansen, van Embden et al.

2002). Leader sequences are implied to be themegere transcription starts (Lillestol, Redder

et al. 2006). Starts of transcription have beeregrgentally demonstrated in bacteria

Xanthomonas oryzae (Semenova, Nagornykh et al. 2009), crenarch&atolobus (Lillestol,

Shah et al. 2009), and euryarcha®grococcus furiosus (Hale, Kleppe et al. 2008). The

CRISPR promoter might locate within the leader seges as well (Tang, Bachellerie et al. 2002;

Lillestol, Shah et al. 2009). In addition, thesgusnces might be involved in the insertion of

newly acquired spacer sequences in CRISPR locir¢ebisalvignol et al. 2005; Lillestol, Shah

et al. 2009; Shah and Garrett 2011), which is dribeothree steps of CRISPR/Cas action, the

adaptation.
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In response to the virus or plasmid challengeagrfrent of invader DNA, protospacer, will be
excised and incorporated at or near the first repiea CRISPR locus. The selection of
protospacers from invader genetic elements remaiokear but has been linked to the
protospacer-associated motif (CRISPR motif or PAMYjica, Diez-Villasenor et al. 2005;
Marraffini and Sontheimer 2010). The motif, genlgrakveral base pairs long, is a conserved
region located 2 to 4 bp next to one end of a ggoer in virus or plasmid sequences. For
example, there are AGAAW and GGNG motifs for CRISRRd CRISPR3, respectively for
Sreptococcus thermophilus (Deveau, Barrangou et al. 2008; Horvath, Romerl.€2008). Also,
there are CC (CRISPR family I), TC (CRISPR family &nd GT (CRISPR family II) motifs in
Sulfolobus (Lillestol, Shah et al. 2009). In addition, mutatiwithin PAM regions allowed
phages to infecBreptococcus thermophilus even the CRISPR containing spacer identical to
phage genomic sequences, suggesting a criticabfdhee PAM in CRISPR-mediated resistance.
It is also reported that PAMs determine the digectf spacers in CRISPR loci (Mojica,

Diez-Villasenor et al. 2005).

The addition of new spacers at the leader end d6ER arrays has been reported (Barrangou,

Fremaux et al. 2007; Deveau, Barrangou et al. 2808yath, Romero et al. 2008; Erdmann and
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Garrett 2012). The insertion typically occurredret first position (next to leader) while the

addition at six of the eight repeats has been desor locus E ofulfolobus solfataricus P2

(Erdmann and Garrett 2012). Comparing spacer seggeamong differerftreptococcus

thermophilus strains, the spacer sequences were more consarttesltrailer end (leader-distal)

and were hypervariable at the leader end of theslgelorvath and Barrangou 2010). This is

consistent with the discovery of newer spacers tiealeader sequence and older sequences near

the trailer end oEeptospirillum sp. populations in natural acidophilic biofilmsrn@ersson and

Banfield 2008; Tyson and Banfield 2008). Therefeggcer sequences not only provide the

information of foreign genetic elements but alswedt the history of invading events, which

provides an alternative tool to study the relatiopsnd evolution between the viruses and their

corresponding hosts in several ecosystems (Andessd Banfield 2008; Snyder, Bateson et al.

2010; Sorokin, Gelfand et al. 2010; Pride, Sun.e2@l1; Stern, Mick et al. 2012).

CRISPR/Cas systems have been recently classifetlan multiple criteria, including the

phylogenies of most conserveas genes, sequence and organization of CRISPR repeatshe

genome architecture of CRISPR/Cas arrays (Makatdati,et al. 2011). Three major types (I, I,

and Ill) along with several subtypes were propo3ée.cas3, cas9, andcaslO are signature

genes of CRISPR/Cas type |, Il, and Il systemspeetively. Type | and 1l systems are observed
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in both the Bacteria and Archaea while the typgy#tem is exclusive to the Bacteria. For many
archaea, finding of multiple and different typesGRRISPR/Cas systems located in a single
genome was not unusual (Makarova, Haft et al. 2QQdinpared to the Bacteria, archaeal

CRISPR systems were found to be more complex arets#i (Garrett, Vestergaard et al. 2011).
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Chapter 3 Overview of Materialsand Methods

3.1 Enrichment Reactors

The study reactors consisted of two semi-contingtiused tank reactors (CSTR) that were
originally established in 2002, as described byKlaret al (2006). The reactors were inoculated
with anaerobic digester sludge from the West Phieatment Plant in Seattle, WA, fed aseptic
Reduced Anaerobic Mineral Media (RAMM) supplementgtth vitamins and acetate (234mM)
as the sole carbon and energy source, and opexaB8d34°C. One reactor was fed in a single
daily dose (daily-fed reactor) and the other inrhpiuncrements (hourly-fed reactor). The
daily-fed reactor was re-inoculated in 2007 and@00e to community population shift from
Methanosarcina to Methanosaeta. But reestablishment dflethanosarcina population did not
succeed. Table 3.1 summarizes the operating condifor the reactors during the current study,
which was conducted between 2007 and 2013. Dun@gtudy period, the reactors were fed 150
ml/day sterile feed and the same volume was manuasted daily from each reactor. Due to a
lower operating reactor volume in the daily-fedateaduring the study period, this reactor had a

lower hydraulic retention time (HRT) (13.3 daysamithe hourly-fed reactor (20 days).
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Gas production by the reactors was continually ne&d by wet test meters (Precision Scientific,

Chicago, IL). The concentrations of methane anbaradioxide in headspace gas were analyzed

by Carle Series 100A gas chromatograph equippddantiiermal conductivity detector (GC-TCD,

Chandler Engineering, Tulsa, OK). Helium was usetha carrier gas (20 mL/min). A 6 foot

long packed Haysep® Q80/100 column (Supelco; Bamtlief, PA) was used to separate nitrogen,

methane and carbon dioxide. The injector, ovendatelctor temperatures were set at 110°C. The

concentration of acetate in the reactor effluerg saalyzed using a Shimadzu GC-2010 equipped

with flame ionization detector (GC-FID, Shimadzuedtific Instruments, Columbia, MD). and a

DB-FFAP column (122-3232, Agilent Technologies, @aBlara, CA). Ong@lL of sample was

injected by an autosampler system (AOC-20i, Shim&lzaentific Instruments, Columbia, MD).

Helium was used as carrier gas. The injector atectie temperatures were set at 260°C. The

oven began at 80°C for one minute, then ramped® at a rate of 3°C per minute. The

temperature was then ramped to 200°C at a raté°@f per minute, and then held at 200°C for

SiX minutes.
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Table 3.1 Enrichment reactor characteristics

Parameter Daily-fed reactor  Hourly-fed reactor
reactor volume 2L 3L

vol. of media fed per day 150 ml 150 mi
hydraulic retention time 13.3 days 20 days
date of most recent inoculation March-26-2008 2002

pH 7.3 7.4

CH4 % in headspace 54% 56%

daily-fed reactor has been inoculated with anaershidge from a West Point digester on
January/27/2008

3.2 Feed Media

The feed media for the enrichments was modifiethftbe Revised Anaerobic Mineral Medium
developed by Shelton and Tiedje (Shelton and Tigég) (Table 3.2). The concentrations of
nickel and cobalt are increased to 6 andu®¥ respectively, due to their beneficial effect to
methanogenesis (Speece 1996; Kida, Shigematsuz€Cdl; Conklin, Stensel et al. 2006). Other

modifications are shown in Table 3.1.

To prepare the media, all compounds except thentaNaS-9H0, resazurin, and acetic acid
were added to DI water. After autoclaving at %2 for 50 min, the headspace gas was purged
with nitrogen gas for 15 min. The container waspegpwith a rubber stopper and cooled to

room temperature. Vitamin stock solution,,8é@H0, and resazurin were added while purging
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with nitrogen gas. Finally, acetic acid was addieraolor change of the resazurin indicated that

reduced conditions were achieved. If the medianeaseduced (color of redox indicator

remained pink), additional N&-9HO was added. The media was pumped into bleachizedri

bags (under nitrogen purging). These bags wereemted to reactors and stored in the

refrigerator.

Table 3.2 Feed media for enrichments

Compound Final concentration (mM)  Note
CH3COO(NH;y) 92.4 modified
CH3COO(Na)-3HO 5 modified
KH,PO, 2

KoHPO, 2

Ca(CHCOO), 0.5 modified
MgCl,-6H,0 0.5

FeCh-4H,0 0.1

Trace Element Stock Solution 10 mL Table 3.3
Cysteine Stock Solution 2.5 mL modified
Viamin Stock Solution 50 mL Table 3.4
NaS-9HO0 0.22 reductant
resazurin 0.2 redox indicator
CH;COOH 135.6 modified

modified: the components were modified by Anne Gion2006) from original recipe (Shelton

and Tiedje 1984)
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The recipes of trace element and vitamin stocktswia are listed in Table 3.3 and Table 3.4.
The vitamin (100X) and trace element stock soli(B00X) were sterilized by filtration (0.22

um) and autoclave, respectively. The vitamin sotutieas stored at°€ in the dark.

Table 3.3 Trace element stock solution for feed media

Compound Stock concentration (500MY() Note
NiCl,-6H0O 6 modified
MnCl,-4H,0 2.52

CoCh-6H,0 2.39 modified
ZnCl, 1.38

NaSeQ 0.29

H3BO; 0.21

CuCb 0.03

NaMoOy-2H,0O 0.01

modified: the components were modified by Anne Gion2006) from original recipe (Shelton
and Tiedje 1984)

Table 3.4 Vitamin solution for feed media

Compound Stock concentration (100pQ(L)
4-aminobenzoic acid 50
d-biotin (H) 50
cyanocobalamin (B12) 1
folic acid (M) 20
1,4-napthoquinone hydrate 97% 50
nicotinamide 50
D-pantothenic acid Hemicalcium Salt 50
pyridoxine 98% 100
Riboflavin (B2) 50
thiamine hydrochloride (B1) 50
DL-6-8-thioctic acid amide 50
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3.3 Gassing Station and Oxygen Scrubbing Device

A gassing station was used for preparing the mesiehanging headspace gas of serum bottles,
purging syringes and needles for gas samplingndiljas bags for enrichment culture wasting,
and preparing anoxic stock solutions such as Dégyvantibiotics, and acetate. The gases used
are nitrogen (99.998%, NI 4.8-T; 99.999%, NI-5.00H-carbon dioxide (CD-M-50), and 20%
carbon dioxide and 80% nitrogen (BG NICD20C-K).d&gaxygen in these gases was removed
by two types of gas purifiers. One of them wastiten scrubbing solution and the other was
copper-based oxygen removal tower. For the titarsarabbing solution, 5 mL of titanium (lII)
chloride solution (20%, stabilized in HCI, ST43-%06.25 g sodium bicarbonate, and 2.2 g of
trisodium citrate were dissolved in 500 mL of DItera Gases were bubbled through the
scrubbing solution to remove trace-level oxygentaomnation. The oxygen removal tower was
comprised of heat-reduced copper through whiclgtses were passed (detail description of a

oxygen removal tower, see (Robb and Place 1995)).

3.4 Anaerobic Chamber

Many experiments such as infection tests, plagsayas and media preparation were set up in an
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anaerobic glove box (Type A, Coy Lab Products I@cass Lake, MI). Labwares were
transferred into the chamber through a vacuumcakirto reduce introduction of oxygen.

Nitrogen and hydrogen gas mix{£HCO,: N> = 5%: 5%: 90%) were used for the gas exchange in
the airlock. In the chamber, hydrogen provided &y gnix could react with oxygen in the
presence of heated palladium catalyst. The reablyqroduct, water, was adsorbed by desiccant
to control the humidity inside the chamber. Thdgmhlim and desiccant were routinely

regenerated by heating at 200for 2 h and stored in a 15 oven.

3.5 Transmission Electron Microscopy (TEM)

VLPs in the samples were viewed using transmissiectron microscope (TEM, Philips CM100
TEM, 100kV). TEM samples were prepared in genezabedance with the methods described by
Ackermann (Ackermann 2009). Samples were filteneditgh 0.2 um low protein binding
polyethersulfone (PES) syringe filters (Whatmanft@h, NJ). Filtrate was placed in a 10
ml-polycarbonate tube (Seton Scientific, CA) anaadentrifuged at 171,500xg and 4°C for 2 h
(Beckman Coulter 70.1 Ti rotor, Fullerton, CA). TWieal pellet was resuspended in 1 ml of 0.1 M
ammonium acetate and centrifuged again at 79,3@8&g°C for 1 h. The pellet was resuspended

into 0.2 ml of 0.1 M ammonium acetate and storefPat
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For TEM grid preparation, 3l of poly-L-lysine was placed on a 300 mesh carbtabilized
formvar-coated copper grid (TedPella Inc, Read®Wy) for 1 min. Then the poly-L-lysine was
removed by wicking using Whatman no. 1 filter pafére viral suspension (@) was placed on
the grid for 2 min. Finally, dl of negative stain, phosphotungstic acid (PTA, p¥,7.2) was
added for 1 min, and the grid was wicked dry. Pregpgrids were placed in a desiccator at least

overnight until examination by TEM.

3.6 Epifluorescence Microscopy (EFM)

Filtrate was harvested from reactors or infectests using Whatman 0.2 um PES filters for
enumerating VLPs. VLPs were enumerated using thé Elethods described by Noble and
Fuhrman (Noble and Fuhrman 1998) with minor modifan. Samples were preserved in 10 mM
sodium pyrophosphate, 2% formaldehyde and 94.5 mNBEI (final concentrations);
preservation solutions used were prefiltered uaifgd2 pm Whatman Anotop™ syringe filter.
Fixed solutions were held on ice for 15 min anéfééd through Whatman 0.2 um PES filters. Two
pl of 1,000x SYBR Gold (Invitrogen Molecular ProbEsigene, OR) was added to the filtrate to
stain viral nucleic acid. After vortexing, sampiesre incubated on ice in the dark for at least 15

min. The stained VLPs were mounted on 0.02 um pized Anodis€” aluminum
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oxide-membrane filters (6809-6002, Whatman, Cliftdd). After drying the filter on a KimwifSe
tissue (Kimberly-Clark Corp., Roswell, GA) in thar#l, the filter was placed on a glass slide and
covered with a cover slip with freshly made mougtiolution (50% glycerol and 50% PBS with
0.1% p- phenylenediamide). Slides were stored@C2intil enumeration. Nucleic acid stained
VLPs were directly enumerated using a Leica DM-LBnwscope (Buffalo Grove, IL). For
enumeration of VLPs, at least 15 images per filtere captured by digital camera (Leica DC 300F)
using Image-Pro Plus 5.1 (Media Cybernetics, Bethesda, MD). Fields were randomly selected,
avoiding the area near the supporting ring of tiberfImages were processed by IrfanView

(version 4.27) (converted to grey images). VLPsenmtumerated using ImageJ (version 1.43u).

3.7 Glycerol Sock of Methanogens

Methanosaeta concilii DSM 6752, DSM 2139, and GP6 were preserved in giy&erol. 100 ml
of 40% glycerol solution were prepared in a 160s8tum bottle and purged with nitrogen for
30 min. The glycerol solution was autoclaved aadgferred into an anaerobic chamber for
dispensing. 20% culture stock was made by 1:1 (wix)ng of late log phase methanogens and

40% glycerol solution. The stock was sealed in 10serum bottle and stored at 80
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Chapter 4 Improving Culture Methods for Methanosaeta Using Solid Media

4.1 I ntroduction

The growth oMethanosaeta in solid media is challenging probably due to ldek of proper
solid media, the requirement of strictly anaerahilture condition and its slow growth rate (the
doubling time is 4.8 days) (Janssen 2003). Stunfidéethanosaeta have been mostly conducted
in liquid media. The purification and isolation Mithanosaeta from environments using dilution
to extinction usually took several months (Zehnékrser et al. 1980; Ma, Liu et al. 2006;
Mizukami, Takeda et al. 2006). To improve the adtand isolation techniques and to assess
plaque assay approaches Ktethanosaeta, the methods to cultutdethanosaeta using solid

media were evaluated in this chapter.

Methanosaeta-like cells from paddy field soils have been shdwigrow in a deep-agar medium
and the colonies formed as cotton-like flocs aétenonths of cultivation (Mizukami, Takeda et
al. 2006). This same research group also repdntchb growth oMethanosaeta on roll-tube

agar was found after one year of cultivation (Miaok, Takeda et al. 2006). Recently, a modified

cultivation method to growlethanosaeta on solid media was published (Carbonero, Oakley. et
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2010) incorporating several changes of the med&\M[334). First, the original reductants,

cysteine-HCI and sulfide, were replaced by 10 nf/a 1.25% (w/v) Titanium (lll) citrate

solution due to the possible inhibitory effect af3Hand cysteine on methanogenic cultures

(Brauer, Yashiro et al. 2006). Second, the chedadigent nitrilotriacetic acid (NTA) was

substituted with citrate due to its potential intoby effect onMethanosaeta. Third, an

alternative solidifying agent, gellan gum, was uk®dhe solid media because it is thermally

stable, chemically inert, more economical, and nvisibly clearbetter optical clear (Kang,

Veeder et al. 1982; Rule and Alexander 1986). Utiegmproved media, small white/cream

colonies were observed inside and on the surfa@®wfw/v) gellan gum after 3 to 5 days of

cultivation and about 1 mm diameter colonies forrmed % solid plates after one month of

incubation (Carbonero, Oakley et al. 2010).

The plaque assay is a traditional method usedtifypisolate, and quantify viruses. Among

various modifications of this method, one of thesirfoequently used procedures is the

double-agar layer plaque assay (Kropinski, Mazzatad. 2008). In principle, viruses are

mixed with the host of interest in molten soft addnis agar is then poured on a layer of base

agar precast in a Petri plate. During incubatibe,tost will grow as a lawn in the top agar. The

viruses lyse the contacted hosts and continuouslyggate to kill the host cells in their vicinity,
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forming visible clear zones called plaques. Eacgpé is considered to have originated from a

single virus, and therefore this approach can led ts purify and isolate the viruses of the host.

Additionally, by counting the number of plaguestba plate, the titer of the virus can also be

determined. To apply this method, the host cultnust be amenable to grow as a lawn on solid

media.

In this chapter, the attempts to griethanosaeta both as colonies and as lawn were described.

In addition, plaque assay approachedViethanosaeta was also assessed.

4.2 Materialsand Methods

4.2.1 Methanosaeta Cultures and Media

In this study, twdMethanosaeta concilii strains, DSM 6752 and DSM 2139, purchased from

German collection of microorganisms and cell c@sufDSMZ) were used. DSM 6752 was a

pure strain and DSM 2139 is described by DSMZ laigjlaly enriched culture. However, no

bacteria were observed in DSM 2139 using confogataacopy during periodic examinations.

To culture the strains, the suggested DSMZ med&V[334, was utilized. The recipe of the
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media is shown in Table 4.1. Trace element solwiweh vitamin solution were sterilized by

autoclaving and 0.gm filtration, respectively. For preparation of timedia, all compounds in

Table 4.1, except N&-9HO, resazurin and the vitamin solution were addetigtlled water in

a flask and autoclaved. After autoclaving, the raedas purged under 20% of g@nd 80% of

N while it was still hot. The flask was then cappéth a sterile black rubber stopper and cooled

to room temperature. N&-9H0, resazurin and vitamin solution were added uaimagerobic

techniques (under the GN, purge). 37% of HCl was added into media untilgkireached

7.0. If the media was colorless, the flask was edgdpy a stopper. If the media was pink, the

media was gradually dosed with additionab8l®HO until it turned colorless. Lab tape was

used to secure the stopper before the flask wasfeaed into an anaerobic glove box for media

distribution.

Modified DSM 334 (Carbonero, Oakley et al. 2010pwiélized for solid media in plaque assays.

The reductants, cysteine-HCI, and,8&®H0, were replaced by 10 mL/L of a 1.25% (w/v)

titanium (1) citrate solution. An iron chelatiregent, nitrilotriacetic acid (NTA), was substituted

with 67 mM of sodium citrate for preparing the gadement solution. For the solidifying agent,

agar was replaced by Gelzan (Sigma-Aldrich; St.i$,ddO). The Gelzan concentration used in

this study ranged from 0.1% (w/v) to 1.0% (w/v).dddition, 30 mg/L (final concentration) of
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ampicillin and vancomycin were used in the modifiZ8M 334 media to inhibit bacterial

growth.

Table4.1 DSM 334 media

Media DSM 334 modified DSM 334
Compound Concentration Concentration Unit
KH,PO, 0.300 0.300 g/L
NaCl 0.600 0.600 g/L
MgCl,-6H,0 0.100 0.100 g/L
CaCh-2H,0 0.080 0.080 g/L
NH,CI 1.000 1.000 g/L
KHCO; 4.000 4.000 g/L
Cysteine-HCI-HO 0.300 -- o/L
Na&S-9HO0 0.300 -- g/L
Titanium (l11) citrate -- 10.000 mL/L
Resazurin 1.000 1.000 mg/L
Trace element solution 10.000 10.000 mL/L
Vitamin solution 10.000 10.000 mL/L
Trace element solution

Compound Concentration Concentration Unit
Nitrilotriacetic acid (NTA) 12.800 -- g/L
Sodium citrate dihydrate -- 19.7 g/L
FeCk-6H,0 1.350 1.350 g/L
MnCl,-4H,0 0.100 0.100 g/L
CoCh-6H,0 0.024 0.024 g/L
CaCh-2H,0 0.100 0.100 g/L
ZnCl, 0.100 0.100 g/L
CuCk-2H,0 0.025 0.025 g/L
H3BO; 0.010 0.010 g/L
NaMoO,-2H,0 0.024 0.024 g/L
NacCl 1.000 1.000 g/L
NiCl,-6H,0 0.120 0.120 g/L
NaSeQ-5H,0 0.026 0.026 g/L
Vitamin solution

Biotin 2.000 2.000 mg/L
Folic acid 2.000 2.000 mg/L
Pyridoxine-HCI 10.000 10.000 mg/L
Thiamine-HCI-2HO 5.000 5.000 mg/L
Riboflavin 5.000 5.000 mg/L
Nicotinic acid 5.000 5.000 mg/L
D-Ca-pantothenate 5.000 5.000 mg/L
Vitamin By 0.100 0.100 mg/L
p-Aminobenzoic acid 5.000 5.000 mg/L
Lipoic acid 5.000 5.000 mg/L

42



4.2.2 Methane M easurement

Methane concentrations produced by methanogensamatgzed using a SRI1 8610C GC-FID

with a Supelco Alumina Sulfate Plot column (50 "'83mm i.d.). Gas samples (10D at bottle

internal pressure) were taken using a 1-mL BD g@i(BD309602) and a 25-gauge needle

(BD305125) (Becton, Dickinson and Company; Frankkkes, NJ) connected by a Teflon

Mininert valve (Supelco; Bellefonte, PA). The bestiwere allowed to adjust to the ambient

temperature before sampling. Before injection @@-FID (valve closed), 25-gauge needles

were replaced with 30-gauge needles (BD 305128 usx30-gauge needles matched the

diameter of the GC-FID injection port while 25-gautgedles were easier to handle when

penetrating the blue rubber stopper (2048-11800¢c®&lass; Vineland, NJ). 10 mL of methane

standards ranging from 0.2% to 100% were prepar@®imL Tedlar gas bags (Jensen Inert

Products; Coral Springs, FL). Each standard wasquesl by mixing methane and nitrogen gases

in the gas bag (final volume was 10 mL). Triplicatgctions were made for each standard curve

and the standard curves were generated around xergnonths. A typical standard curve is

shown in Figure 4.1. The overall standard curvgyfé 4.1 a) consists of two linear sections

which are used to calculation methane concentrativen peak area equal or below 2500

(Figure 4.1 b) and above 2500 (Figure 4.1 c).
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Figure 4.1 Standard curve of methane using GC-FID

(a) overall standard curve of methane. (b) thedgtechcurve of methane when peak ax&00.
(c) the standard curve of methane when peak aB&06. Error bars represent avedevs of
triplicate injections.

4.2.3Virus Size-fraction Filtrate (VSF)

Virus size-fraction filtrates (VSFs) were harvestern enriched reactors or anaerobic digesters

for plague assays or infection tests. In addit\®Es were also collected from the infection tests
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during serial transfers. To collect the VSFs frami@hment reactors, two steps were performed:
(1) the cultures in the reactors were anoxicallgted into nitrogen-purged serum bottles
through 18-gauge needles (BD1838, Becton, Dickirs@hCompany; Franklin Lakes, NJ); (2)
the cultures in the bottles were withdrawn by syes and needles and filtered through o
pore-size low protein binding PES syringe filte880-2502, Whatman, Clifton, NJ) into sterile
anoxic serum bottles. For the VSFs from infectiestd, the filtrates were generated by step (2)
described above. For the VSFs originating from-$gtle digesters, pretreatment such as
centrifuging and prefiltering was necessary. Anbergludge was placed in 50-mL conical tubes
and centrifuged at’€ and 4150 rpm for 30 min in a Sorvall Legend Rilétop centrifuge
equipped with a swing-bucket rotor (75006441, TheBuientific, Waltham, MA). The
supernatant was collected and vacuum filtered tyiivduyum glass fiber filters. The filtrates were
then filtered through 0.45 and 0.20 um PES syriilges (6780-2502 and 6780-2504, Whatman,

Clifton, NJ). The VSFs were transferred to anoxitsn bottles and stored a&C4before use.

4.2.4 Plaque Assay

Modified DSM 334 media was used for the plaqueyadsar solid media preparation, all

reagents except resazurin, titanium (lll) citradkigon, and vitamin solution were dissolved in
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distilled water in a flask with a stir bar. The needas autoclaved at 121 and 15 psi for 25 min.
After autoclaving, the media was cooled under ting@ of CQ/N, gas mix (1:4) and was kept
warm on a hot plate. Resazurin, titanium (lIl) &i&r solution, antibiotics (ampicillin and
vancomycin), and vitamin solution were added i media and the pH was adjusted to 7.0
using 37% HCI. When the media was reduced (colepd¢pH 7.0), it was immediately
transferred to the anaerobic glove box and distebinto 15-mL or 50-mL polystyrene
centrifuge tubes (352099 and 352074, Corning, Tewks MA) pre-warmed to SC using a
dry bath. Plating techniques such as pour plathyspread plating were utilized for plaque
assays. To assess the growtiMiethanosaeta on solid media, streak plating was also used.
Several media containers were tested for the plagsays including plastic and glass Petri
dishes, serum bottles (W012492, Wheaton; MillviNg), Balch tubes (2048-00150, Bellco
Glass; Vineland, NJ), cell culture flask (43016&ring, Tewksbury, MA) and Wolfe bottles

(Bellco Glass; Vineland, NJ) (Hermann, Noll et2086).

4.3 Results and Discussion

4.3.1 Gellan Gum Concentration
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In Carbonero’s study (2010), it took one week ttaobMethanosaeta concilii (DSM 6752)

colonies in media with 0.1% gellan (semisolid) @me& month to have colonies on plates with

1% gellan (solid). However, 0.1% semisolid platesavalmost impossible to be manipulated for
plaque assays. Therefore, multiple gellan congetratwere tested to reduce the time for
observedMethanosaet sp. growth while preserving gellan strength faqgule assays. Gellan
concentrations ranging from 0.12% to 0.8% werestedDepending on the plating techniques
(e.g. pouring, spreading, and streaking), the tfpmntainers (e.g. Petri dishes, Balch tubes, and
serum bottles), and the orientation of containersng incubation (e.g. tilted or inverted to avoid
moisture condensing on the surface of media), gekmcetrations from 0.15 % to 0.5% were

used in this study.

4.3.2 Cultivation Containers and Plating Techniques

Initially, Petri dishes and cell culture flasks weselected due to easy manipulation (Figure 4.2 a
and d). The plates and flasks were placed in theegbox at room temperature and in a BBL
GasPak" 100 Anaerobic jar (260626 Becton, Dickinson andnPany; Franklin Lakes, NJ)
(Figure 4.2 b)ncubated at 3%. In both cases, the media in plates and flagke¢tlpink within

one week and no colonies were found on the metka thiree months. This indicated that the
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media may have been exposed to oxygen under tbesi&ions. Therefore, 160-mL glass serum
bottles and Balch tubes were tested Wiigthanosaeta concilii DSM 6752. By pour plating
Methanosaeta using media with 0.2% of gellan in Balch tube® thedia turned turbid in one
week at 38C (Figure 4.3 a). In addition, the growthMé&thanosaeta was confirmed by
detecting increased methane in headspace gas aad/migMethanosaeta-like cells when these
samples were examined under the microscope (F&8rk). By spread platingethanosaeta on
the media with 0.5% of gellan at®5in serum bottles, white colonies (1-3 mm in digeme
were formed (Figure 4.3 c). Methane was also deteahd théVlethanosaeta-like cells were
shown in Figure 4.3 d. Nevertheless, the medi&iara bottles or Balch tubes turned pink
occasionally, which was probably due to the leaknfthe old septa. Wolfe bottles had the
advantages of large surface area and being gas-tiglvever, they were not routinely used

because of the lack of availability of these bsttle

Both spread and pour plating were able to gktsthanosaeta in solid media. By spread plating,
white colonies formed on the surface of the metter about one month of incubation. However,
the culture did not grow as a lawn. By pour platwgite cloudy cultures grew inside the media
and these cultures formed faster than spread glédiiter one week) and produced turbidity,

which could be used for the testing of plagque assay
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Figure 4.2 Cultivation containers used in plaque assays.
(a) Petri dish. (b) BBL GasP&k 100 Anaerobic jar. (c) Wolfe bottle. (d) cell aute flasks (e)
160 mL serum bottle. (f) Balch tube.

Figure 4.3 Cultivation ofMethanosaeta concilii (DSM 6752) using serum bottles and Balch
tubes.

(a) Pour platingMethanosaeta concilii in the media with 0.2% of gellan in the Balch tu(i®
Methanosaeta-like cells from the tube. (c) Colonies lethanosaeta concilii on the surface of
media (0.5% gellan). (dYlethanosaeta-like cells from the colonies.
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4.3.3 Fragmentation of Methanosaeta

Methanosaeta usually grow as a long thread (up to hundred miaters) (Figure 4.4) when
cultured without any physical shear force suchhakigg or stirring. In order to disperse
Methanosaeta more homogeneously in the media, several methaets & shaking and
ultrasound were tested. Figure 4.4 shows the sestifragmentation of cultures. Both shaking
and ultrasound were able to shear long threadsmgadl fragments after 70 min. However,
single cells oMethanosaeta were rarely observed. The fragmented and untreatigres were
then inoculated into Balch tubes using media witfeent gellan concentration to further
evaluate the growth rate by measuring the methesguption rate in Balch tubes (Figure 4.5).
Negative correlation was found between methanergéogr rates and gellan concentrations.
Consistently, the fragmented cultures producedresthane than those untreated. This result
suggested that sheared cells might be damagedydtertreatment. No difference of the
evenness dflethanosaeta flocs in tubes was observed between sheared oratatl culture. The
media with 0.2% gellan was still too soft to handleerefore, untreatedethanosaeta pour

plating using the media with 0.5% gellan was usedife assessment of plaque assays.
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Figure 4.4 Fragmentation o¥ethanosaeta concilii (DSM 6752) by shaking and ultrasonic.
Images were observed at 1000X magnification (orhension).
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Figure 4.5 Effect of gellan concentrations and fragmentatiboultures to the growth rate.

(a) methane generation for ultrasonic and untrelsliitianosaeta concilii (DSM 6752) in Balch
tubes. (b) methane yield at day 16. 0.1 mL of cekiwere inoculated into 5 mL of media
(expected final methane yield is 0.4 mmole).
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4.3.4 Plaque Assays

Typical plaque assays performed in this study géevn in figure 4.6 and table 4.2.
Double-layer plaque assays were used. 20-40 mLedlia(0.1-0.5% of gellan) was poured as
the bottom layer (providing additional nutrients fbe growth oMethanosaeta inoculated in the
top layer and diffusing the metabolites out frora top layer). 5-10 mL of media (0.1-0.5% of
gellan),Methanosaeta concilii and VSFs were mixed and poured as the top layéhis layer,
plaques would form if infectious viruses were pras¥ SFs from the daily-fed enrichment, the
hourly-fed enrichment, and upset full-scale digesteere evaluated in the plaque assays. Serial
diluted VSFs were spotted on the top layer or mwét Methanosaeta and pour plated. VSFs
andMethanosaeta were incubated in liquid media for 2 hours at@Wwith shaking before pour
plating. In most tests, no plagues were observederal plaque-like clear zones were found in
viral assays. Material from these clear zones was$yaed by EFM, however, no VLP was found.
Although Methanosaeta was able to grow in the modified media, the cetiaentration in gellan
was not very dense, which made the observatiotegiues difficult. Concentration of sodium
acetate in the bottom layer was increased (frongA.8o 24.6 g/L) in order to increase cell

density but a change in turbidity was not obvious.
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i\ Top layer:

media (0.5%) 5-10 mL, DSM 6752, VSFs
/ pour plating or spotting

R —1__, Bottom layer
o ) media (0.1-0.5%) 20-40 mL
160 mL serum bottle  supplying more media, diluting generated metal®lite

Figure 4.6 Experimental bottle setup for double-layer plagaesays foMethanosaeta concilii.

Table 4.2 Experimental design for plaque assaysMethanosaeta concilii
Top layer Bottom layer
Virus filtrate

bottle media Methanosaeta (Dail media
0.5 % gellan (DSM 6752) y 0.1 % gellan
reactor)
1 10 ml 1mil 10Qul 20 ml
2 10 ml 1ml -- 20 ml
3 10 ml 1mil 10Qul 40 ml
4 10 ml 1ml -- 40 ml

note: 1. Serial dilution of virus size-fractiontfites (VSFs): 16, 10% 10%and 10
2. VSFs andMethanosaeta were mixed and shaken for 2 hours dGbefore pour plating

3. Samples were duplicated @a0%and 109

4.4 Conclusions

The growth ofMethanosaeta concilii was observed using modified DSM 334 solid media in
glass containers such as serum bottles and Babels fdethanosaeta concilii colonies appeared
on the surface of media (0.5% of gellan) after omth of incubation in serum bottles afG5

by spread plating but these colonies did not spasaallawn. By pour plating (0.5% of gellan),
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growth ofMethanosaeta was found by observing formation of turbidity asetecting methane in
headspace gas of serum bottles after about one ineghation at 3%C. In the future, growth of
Methanosaeta on solid media can be further evaluated usingfit anaerobic techniques. For
example, Petri dishes with pressure-controllechitas steel containers or gas-tight bags
(Nakamura, Tamaki et al. 2011) could better avoiggen contamination, since Petri dishes have
the advantage of large surface area and flat teaaapcovers that make the observation of

growth much easier than serum bottles (thick, roglads bottles).

By pour plating, a double-layer plague assay wsigtkin serum bottles to screen for viruses of
Methanosaeta but plaques were not observed. The modified DSMr88dia improved culturing
but was still not sufficient for plaque assays. plague assays in the future, inducing

(mitomycin C and UV) and enriched lytic virus midig worth incorporating into the tests.
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Chapter 5 Ammonia Toxicity and the Assessment of | nfection Tests for

Methanosaeta

5.1 Introduction

During the initial assessment of viral impact o fmureMethanosaeta strains cultured in liquid
media, and challenged by VSFs from enrichment oeaeind full-scale digesters, methane
suppression results did not agree with TEM resarnit$ negative controls (i.e. methane yields
remained inhibited while virus concentrations dasegl). Inhibitors were investigated and

ammonia was shown to be the inhibitor.

For anaerobic digesters, treatment processes cafitoirom total ammonia nitrogen (TAN, sum
of ammonia-nitrogen and ammonium-nitrogen) rangiog 50 and 200 mg/L (McCarty and
McKinney 1961; McCarty 1964; Liu and Sung 2002)t Binibition of methanogenesis was
observed when TAN was elevated. 50% methane sugpnesas reported in a wide range of
TAN (1700 to 14000 g/L) (Chen, Cheng et al. 206®). Methanosaeta concilii, the ammonia
toxicity level was reported in only two studies.dne of the studies, methane generation was

completely inhibited at 2140 mg TAN/L at pH 7.0 (8 and Patel 1986). In the other study, cell
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density ofMethanosaeta concilii GP6 reduced to 50% when the concentration of TAddhed
about 1000 mg/L, and dramatically decreased (~#8P&n TAN rose beyond 1900 mg/L
(Steinhaus, Garcia et al. 2007). Although the ittwb of Methanosaeta by ammonia was
identified in previous studies, the suppressiomethanogenesis at different level of free
ammonia is unknown. Therefore, the methane prooluctf Methanosaeta in media with

different free ammonia concentrations was invegtigén this chapter.

When the ammonia toxicity was controlled, improvgigction test approaches were evaluated.

The assessment of infection tests was summariziukisecond section of this chapter.

5.2 Materialsand M ethods

5.2.1 Acetate Solution and Anoxic DI water

Acetate solution was made by dissolving 0.539 g amaacetate and 0.952 g sodium acetate
trinydrate in distilled water to 100 mL. The sobrtiwas placed into 160-mL serum bottles and
purged with nitrogen. The bottles were capped Witie rubber stoppers and sealed with 20 mm

aluminum crimps (224178-01, Wheaton; Millville, NThe bottle were autoclaved at 2€ifor
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25 min. Anoxic DI water, used as controls in infecttests, was also prepared as described

above.

5.2.2 Collection of Virus Size-fraction Filtrates from Upset Digesters

Virus size-fraction filtrates (VSFs) from anaerobdigesters, which had been upset, were screened
for the virus ofMethanosaeta. For example, Filtrate 2009 was obtained from eofaie digesters

at the Port Angeles wastewater treatment plant (WYWhen the digesters became upset in Nov
2009. Two digesters (West and East) were expengrdiiferent levels of upset when the sludge
was collected. The West digester had greater symgptd upset and had volatile fatty acid (VFA)
2500-3000 mg/L as acetic acid, alkalinity 1700-2&@0§/L as CaCg) and a pH of 5.8. The upset
of the east digester was much less pronouncedathtfRA's 380-850 mg/L, alkalinity 2800-3000
mg/L, and pH of 6.8. Although the East digester \eas upset, it was foaming severely. Filtrate
2009 was used to challenge methanogens from enematsnfdaily-fed and hourly-fed reactors)
andMethanosaeta concilii DSM 6752 and DSM 2139. After digester samplevadiat the
laboratory, VSFs were prepared immediately. Thehoteto process VSFs was described in

4.2.3.

5.2.3 Concentrating VL Ps
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VLPs in VSFs were concentrated by a centrifugahdiltration device, Amicon Ultra-15,
(UFC903024, Millipore, Billerica, MA). 15 mL of VSfwere added to the filtration unit and
centrifuged at 4000xg for 10 min. After centrifujirate was discarded. If the total volume of
VSFs was more than 15 mL, the process was repaatéall of the VSFs were filtered. The
final volume of VSFs (retentate of ultrafiltratiowgs reduced to 150-2%Q by adjusting the

time of centrifugation.

5.2.4 Infection Test Setup

Two strains oMethanosaeta, DSM 6752 and DSM 2139, were challenged by VSFEemim
bottles. A flowchart of the infection test approaslilustrated as Figure 5.1. In the infectiornttes
Methanosaeta, 0.14 M acetate media and virus size-fractiondfiis (VSFs) were added to serum
bottles by needle and syringe (in control bottléSEs were replaced by anoxic water or media).
Methane vyield in the headspace of serum bottlesmeesured by GC-FID during the incubation.
Bottles producing less methane than the controte wespected to be inoculated with
Methanosaeta viruses. The original VSFs harvested from enrichimen anaerobic digesters

contained a variety of viruses and each passatiesof SF was expected to dilute those unrelated
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viruses out of bottles. VSFs collected from bottiasing methane suppression were serially

transferred to fresMethanosaeta cultures. If the VSFs did not inhibit methane protibn during

serial transfer, the set of infection tests wasdbaed. If the methane yield was suppressed by

VSFs during serial transfer, controls to inactivdteses (such as autoclave or UV treatment) or to

remove viruses from filtrate (such as 0,08 filtration) were performed to assess whether the

inhibition was caused by viruses. The morphologyinfs-like particles (VLPS) in the VSFs was

viewed by transmission electron microscope (TEM).

incubation at 3%

60 ml serum bottles 12
—— 10 - control bottles
[s)
€8
CH, GC-FID Eg |
> = il
©, 1 VSFs challenged bottles
O 4.__.——/."
Hosts:Methanosaeta (DSM 6752/DSM 2139) 0 1 2 3 4 5 6 7 8
Viruses: filtrate of enrichments or digesters time (day)
Substrate: acetate solution l

VSFs serially transferred to fresh hosts

! '

tests end«— CH,is not inhibited CHlis suppressed

}

assess if the inhibition is caused by virusesctimated viruses, TEM

!

purify and characterize viruses

Figure 5.1 Flowchart of planned infection test approach wdtikalized results scenarios
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5.3 Results and Discussion

5.3.1 Investigating the Inhibition of M ethanogenesis

Inoculation and Serial Passage

Two labMethanosaeta-dominated enrichments were used for infectionttesissess the first

transfer of Filtrate 2009 (see Table 5.1). Theltesfuthe first transfer of Filtrate 2009 is shown

Figure 5.2. Compared to DI water controls, bot{les7 and 180) inoculated with VSF from the

east digester produced less methane in both eneichenltures. In contrast, bottles (176 and 179)

inoculated with the VSF from the larger upset whgester generated more methane than that of

DI water control, which might be due to the addafignore acetate in the VSFs from the digester.

Because methane generation was suppressed irskbamtieaining VSFs from the East digester,

this filtrate (named Filtrate 2009) was considdegdotentially have infective virus particles.

Therefore, VSF was harvested from bottles 177 &tdtd see if inhibition of methanogenesis

could be transferred.

Table 5.1 Experimental design for challengiethanosaeta-dominated enrichments with
Filtrate 2009

Serum Source of methanogens: Source of VSFs note
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bottle no.

176 A,B
177AB
178 A,B
179AB
180 A,B
181AB

daily-fed enrichment: 5 mL  west digesteB BiL  infection challenge (sick)
daily-fed enrichment: 5 mL east digesteb: L  infection challenge (sick)

daily-fed enrichment: 5 mL

DI water: 3.5 mL

negative control

hourly-fed enrichment: 5 mL  west diges@®E mL  infection challenge (sick)

hourly-fed enrichment: 5 mL
hourly-fed enrichment: 5 mL

east digesBeb: mL  infection challenge (sick)
DI water: 3.%m

negative control

DI: deionized water (anoxic)
1.5 mL acetate feed was added to all bottles fota bottle volume of 10 mL

A —

host: daily-fed enrichment

0.70
0.60
0.50
0.40
0.30
0.20
0.10 r
0.00

accumulated methane (mmolegy

176 (West)

178 (contr
T

L

177 (East)

=

o

~

accumulated methane (mmolé

2 3 4
time (day)

»

N

0.70

0.60
0.50
0.40
0.30
0.20
0.10

0.00

host: hourly-fed enrichment

179 (West)

181 (control)

180 (East)

1 2 3
time (day)

Figure 5.2 ChallengingMethanosaeta-dominant enrichments with Filtrate 2009.

Hosts in the challenging tests were daily-fed dnment (a) and hourly-fed enrichment (b)

Filtrate 2009 was transferred one more time (se¢@msfer) in the enrichments to verify the

ability to suppress the generation of methane €rat2). The result is illustrated in Figure 5.3. As

in the previous infection test, enrichment receguiltrate 2009 produced less methane than its

corresponding DI control. At the end of the te&&%7and 95% methane suppression were

observed for the daily-fed and the hourly-fed émments, respectively. Again, the VSF was
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collected, and further transfers were done withii@ gulture oMethanosaeta concilii (DSM

6752).

Table 5.2 Experimental design for transferring of Filtra@0®2 in enrichments

Serum

bottle no. Source of methanogens: Source of VSFs note

182 A,B daily-fed enrichment: 5 mL 177A: 3.5 mL tfdte transfer
183 AB daily-fed enrichment: 5 mL 177B: 3.5 mL tfdte transfer
184 A,B daily-fed enrichment: 5 mL DI water: 3.5 mL negative control
185A,B  hourly-fed enrichment: 5 mL 180A: 3.5 mL [treate transfer
186 A,B  hourly-fed enrichment: 5 mL 180B: 3.5 mL ltrite transfer
187 A,B  hourly-fed enrichment: 5 mL Dl water: 3.5 m  negative control

DI: deionized water (anoxic)
1.5 mL acetate feed was added to all bottles fota bottle volume of 10 mL

@) . . )

9 host: daily-fed enrichment %Bp host: hourly-fed enrichment
020 | £ 020 [

E £ 187

2 o1s | 184 € o015

o @®©

- <

5} o

€ 010 ¢ g ow |

2 o

Z 182-183 S

= 005 - ‘—; 005 r

E é/@/e/g £ 185-186

Q 1 | | | | 1 8 & ; & —

g o000 g 000

o
=
N
w
~
o
o
~
o
=

2 3 4 5 6 7
time (day) time (day)

Figure 5.3 Transfer of Filtrate 2009 in enrichments
Hosts for the transfer were daily-fed enrichmeniafad hourly-fed enrichment (b)
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Filtrate 2009 was then serially passed (9 transfets Methanosaeta concilii (DSM 6752) to

confirm its ability to suppress methane generafidre experiment design and typical results are

shown in Table 5.10 and Figure 5.12. Generallthatend of an infection experiment, methane

yield from the culture receiving Filtrate 2009 wakibited about 75 % compared to the DI water

control.

Table 5.3 Experimental design for transferring of Filtrat@® inMethanosaeta concilii (DSM
6752)

Serum  Source of methanogens:

bottle no. Mst. concilii DSM 6752 Source of VSFs note

192 A,B Mst. concilii: 5 mL 182A: 3.5 mL filtrate transfer
193 A,B Mst. concilii: 5 mL 182B: 3.5 mL filtrate transfer
194 A,B Mst. concilii: 5 mL 183A: 3.5 mL filtrate transfer
195A,B Mst. concilii: 5 mL 183B: 3.5 mL filtrate transfer

196 A,B Mst. concilii: 5 mL DI water: 3.5 mL  negative control

DI: deionized water (anoxic)
1.5 mL acetate feed was added to all bottles fota bottle volume of 10 mL

)

o

E 0.20 196 (control)
@ 015 -

©

e

b

€ 010 ¢ 192-196
©

Q

©

T 005 +

=

>

S 0.00

time (day)

Figure 5.4 Transfer of Filtrate 2009 iNlethanosaeta concilii (DSMZ 6752)

TEM Micrographs of VLPs in Filtrate 2009
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During the serial passage of Filtrate 2009, VLPthafiltrate were examined periodically using
TEM. The contaminant viruses (i.e. viruses of othasts), originating from anaerobic digesters
and the enrichments, were expected to be dilutéaeiisystem during serial passage and leave a
majority of VLPs associated with the available Bostethanosaeta concilii (DSMZ 6752). The
morphology of VLPs in the filtrate at second traamsind at fourth transfer are shown in Figures
5.13 and 5.14. These images indicated that aletfamnilies of tailed phage were present in the

Filtrate 2009.

The morphology of virus-like particles in the fiite at & transfer and at ftransfer is shown in
Figure 5.15 (the dilution factors df' @&nd 11" transfer were 1.8x10and 7.9x10). Tailed phages
were not found in the filtrate, instead, spheraadl oval-shaped particles ranging from 30 nm to
50 nm were most frequently observed. VLPs condgistéh this size and morphology were not
observed during serial passages, which may indibatethe inhibition of methanogenesis during

infection tests was not causedMgthanosaeta viruses.
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0-20 um]

Figure 5.5 TEM micrographs of filtrate 186 {2transfer of filtrate 2009)
In the Filtrate 2009, tailed phage includiMigoviridae (tail contractile; e.g. 5.5 (d)Fphoviridae
(tail long, noncontractile; e.g. 5.5 (c)) aRddoviridae (tail short; e.g. 5.5 (f)) were observed.

65



.

- 0.20 4m
X64000

Figure 5.6 TEM micrographs of filtrate 204 {transfer of filtrate 2009).
In the Filtrate 2009, tailed phage includiMigoviridae (tail contractile; e.g. 5.6 (h)gphoviridae
(tail long, noncontractile; e.g. 5.6 (c)) aRddoviridae (tail short; e.g. 5.6 (b)) were present.
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(b) 0.08 um

X180000 . X180000

Figure 5.7 TEM micrographs of filtrate.
(a) 8" transfer and (b) HAtransfer

Inactivating Viruses by Autoclave

In order to examine whether infective viruses cdubke inhibition of methane generation, viruses
in Filtrate 2009 were inactivated by autoclavingelexperiment is described in Table 5.4 and the
result are shown in Figure 5I8ethanosaeta inoculated with autoclaved filtrate (bottle 205)
produced less methane thidethanosaeta with Filtrate 2009. Compared to the DI water cohtr

68 % of methane yield was inhibited in bottles wiilirate 2009, and 88 % of methane yield was
suppressed in bottles with autoclaved Filtrate 200#Iso implied that the inhibitor may increase

or was more toxic after heat treatment.
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Table 5.4 Experimental design to inactivated viruses inr&it 2009 by autoclave

Serum  Source of methanogens:

bottle no. Mst. concilii DSM 6752 Source of VSFs Note

202 A.B 5mL 194 A: 3.5 ml filtrate transfer
203 A,B 5mL 194 B: 3.5 ml filtrate transfer
204 A.B 5mL 195 B: 3.5 ml filtrate transfer
205A,B 5mL autoclavedlo5 A: 3.5 ml  to inactive viruses
206 A,B 5 mL DI water: 3.5 ml negative control

*: autoclaved at 12°C for 30 min (three cycles)
DI: deionized water (anoxic)
1.5 mL acetate feed was added to all bottles fotad bottle volume of 10 mL

@

g 020

E DI control (206

2 015 t

a

<

@

€ 010 -

B filtrate transfer (202-204)
S 005 |

§ autaclaved filtrate (205)
[&]

g 0.00

0 1 2 3 4 5 6 7
time (day)

Figure 5.8 Inactivated viruses in Filtrate 2009 by autoclave

Removal of VLPs by 0.02 um pore size Filtration

0.02 um filters were used to remove VLPs to exanfiMethanosaeta concilii receiving 0.02 um

filtrate could show recovery of methane generafitable 5.5). Filtrate was obtained by two

consecutive filtrations: 0.45 pm polyethersulfoR&S) syringe filter was first applied to remove
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large patrticles (e.dethanosaeta cells) and 0.02 pum Anodisc filter membranes weseduo

remove patrticles larger than 20 nm (e.g. VLPs, galyeranging from 30 to 200 nm). In addition,

to evaluate the possible impact of oxygen expodurmg the filtration process, DI water was also

filtered, using the same process (bottle 229).rEealts are illustrated in Figure 5.9. Methane

accumulated in headspace was no differentieihanosaeta inoculated with Filtrate 2009 or with

0.02um-filtered Filtrate 2009. The result of thesttindicated that VLPs were not cause of the

observed inhibition of methane generation and atstechemical inhibitor that could be passed

through a 0.02 um filter was suspected.

Table 5.5 Experimental design to remove VLPs from Filtrad®2 using 0.02 um pore size filters

Source of
Serum methanogens:
bottle A Source of VSFs Note
no. Mst. Concilii

(DSM 6752)
226 A,B 5mL 214 A: 3.5 mL filtrate transfer
227 A,B 5mL 214 B: 3.5 mL filtrate transfer
228 A,.B 5mL 215 A, B (0.0@2m Anodisc ): 3.5 mL  remove virus
229 A,B 5mL Dl filtrate (0.02um Anodisc ): 3.5 mL process control
233 A,B 5mL DI water: 3.5 mL negative control

DlI: deionized water (anoxic)
1.5 mL acetate feed was added to all bottles fota bottle volume of 10 mL
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Figure 5.9 Removing VLPs from Filtrate 2009 using 0.02 pmepsize filter

Examination of Other Inhibitors - Syringe FilterdaRiltration Process

The concern of eluting potential toxic substancemffilter membrane was examined by using

filters made from different materials. The expentat designs are shown in Tables 5.6. As

shown in Figure 5.10, the amount of final methaieddywas similar no matter whether Filtrate

2009 was harvested by filtering through 022 mixed cellulose esters (MCE) membrane (bottle

208) or 0.2um polyethersulfone (PES) membrane (bottle 207 Gis Tesult indicated that the

material of filters has no effect on the metharehition.

To further examine the influence of the particleoxal process, centrifugation instead of

filtration was used to collect VLPs. The experinamtesigns are shown in Tables 5.7. In Figure

5.11, centrifugation (bottle 218) was used in addito filtration (bottle 214-215) to remove

bacterial cells from previous infection tests. Tinal methane yield remains inhibited no matter
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whether the host cells were removed by filtratibat{le 214-215) or centrifugation (bottle 218).
This result implied that the process of filtratias not related to methane suppression. In
addition, because concentrates may be exposed/geoxiuring the process of centrifugation, DI
controls (bottle 220 and 221) were used to evalteémpact of oxygen. 37% and 27% of
methane yield were suppressed (compared to b@&8g®/ oxygen in bottles 220 and bottle 221,
respectively. This result suggested that the intiipiactivity in bottles 218 and 219 was not only
caused by oxygen exposure during the process (temhibition (80%) than oxygen exposure

(37%)) but also by unknown inhibitors.

Table 5.6 Experimental design to evaluate the processtodtiibn: materials of PES and MCE
filters

Source of
Serum methanogens:
bottle A Source of VSFs Note
no. Mst. Concilii
(DSMZ 6752)
207 A 5mL 202 A (0.4um PES): 3.5 mL filtrate transfer
207 B 5 mL 202 A (0.45um PES): 3.5 mL filtrate transfer
207 C 5mL 203 A (0.2m PES): 3.5 mL filter evaluation
208 A.B 5mL 202 B (0.2am MCE): 3.5 mL filter evaluation
212 A,B 5mL DI water: 3.5 mL negative control

polyethersulfone (PES); mixed cellulose esters (VICE
DI: deionized water (anoxic)
1.5 mL acetate feed was added to all bottles totad bottle volume of 10 mL
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Figure 5.10 Evaluating the process of filtration: materialdf&S and MCE filters

Table 5.7 Experimental design to evaluate the filtrationqarss

Source of
Serum methanogens:
bottle A Source of VSFs Note
no. Mst. Concilii
(DSMZ 6752)

214 A,B 5mL 208 A: 3.5 mL filtrate transfer
215A,B 5mL 208 B: 3.5 mL filtrate transfer
218 5mL 207 B (3500 RPM 20 min): 3.5 mL centrégug

219 5mL 207 B (3500 RPM 20 min, 0.4tn PES): 3.5 mL  centrifuge

220 5mL DI (3500 RPM 20 min): 3.5 mL process coint

221 5mL DI (3500 RPM 20 min, 0.46n PES): 3.5 mL process control
225A,B 5mL DI water: 3.5 mL negative control

DI: deionized water (anoxic)
1.5 mL acetate feed was added to all bottles fota bottle volume of 10 mL

S 020 ¢

g DI control (225)

o 015 ¢

g DI centrifugation & filtration (221)
e . .

< B DI centrifugation (220)

£ 0.10 _ .

- centrifugation (218)

% 0.05 | { centrifugation & filtration (219)
>

€ ——filtrate transfer (214-215)
§ 0.00 ‘ ‘

0 1 2 3 4 5 6 7
time (day
72



Figure 5.11 Evaluating the filtration process

Examination of Other Inhibitors - Transfer FiltraieD| Water Control

The transfer of filtrate from earlier DI water cools (bottle 225) was also conducted (Table 5.8),
and methane yield was patrtially inhibited (FigurgZ). Compared to DI water control, methane
yield was inhibited 42 % in bottle 231 (DI firsatrsfer), 53 % in bottle 230 (Df%transfer) and 69
% in bottle 226 and 227 (Filtrate 2009). The ressiiggest that an inhibitory agent was formed

during the control tests with DSM 6752.

Table 5.8 Transfer the filtrate of previous DI water control

Source of
Serum  methanogens:

bottle no. Mst. Concilii Source of VSFs Note
(DSMZ 6752)

226 A,B 5mL 214 A: 3.5 mL filtrate transfer

227 A,B 5mL 214 B: 3.5 mL filtrate transfer

230A,B 5 mL 224 A (DI control? transfer): 3.5 mL DI control 2" transfer

231A,B 5 mL 225 A (DI control ®ltransfer): 3.5 mL DI control T transfer

233A,B 5mL DI water: 3.5 mL DI water control

DI: deionized water (anoxic)
1.5 mL acetate feed was added to all bottles fota bottle volume of 10 mL
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Figure5.12 Transfer the filtrate of previous DI water control

Filtrate 2009 harvested from a sick digester abRtbe Angeles WWTP was initially considered to

have potential infectiv®ethanosaeta viruses due to its consistent suppression of metlyaeld

of Methanosaeta in enrichment antethanosaeta concilii (DSM 6752) during serial passage.

However, virus-caused methane suppression wasippbsgted by the TEM observations and

inactivated filtrate controls (autoclaved filtrated 0.02 pum filtrate). Methane generation was

further inhibited with the addition of autoclavelirate. The aforementioned results showed that

the methane impairment was not related to infeatingses. Several test results showed that the

inhibitor was not eluted from filters and not geated during the filtration process. Methane yield

in bottles that received the filtrate of previoulsddntrols was partially inhibited. This implied

that the inhibitor could originate from the cultwiEMethanosaeta concilii, media, or acetate

stock solution since these were the only substaadésd into the bottle. The above tests results

were summarized in Table 5.9.
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Table 5.9 Summary of the investigation of the inhibitor hetinfection tests

Results of infection tests Implication of the inhibitor Figure

Autoclaved VSFs increased inhibitoryInhlbltor Increase or more toxic after 5.8
treatment

'0.0_ng filtered VSFs remains soluble or particle less than 20 nm 5.9

inhibitory

Inhibitory VSFs harvested by both not eluted from the material of filter 5.10

MCE or PES filter

Inhibitory remained when filtration wasot generated during the filtration

substituted by centrifugation process 511

5.3.2 Evaluation of Potential Ammonia Toxicity

pH Adjustment

pH is an important variable for ammonia toxicityable 2.1). A range of initial pH was tested to

evaluate its influence on methane generation dunfegtion tests. Two identical groups of

bottles were prepared (Table 5.17). pH of one greag kept with the initial condition (about 8.0)

and pH of the other group was adjusted to aboutMe2hane production during the tests is

illustrated in Figure 5.21. As expected, the methgeld of the bottles without pH adjustment

was inhibited (Figure 5.21 a and c). The pH oflibétles seeded with autoclaved VSFs

increased by 0.12 (autoclaved VSFs of the dailyeieichment) and 0.06 (autoclaved VSFs of

the hourly-fed enrichment). When the pH of theselé&®was adjusted to 7.2, methane

production was partially recovered. Moreover, thettlane generation in pH-adjusted DI

controls did not increase when compared to unagust controls.
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Table 5.10 Infection tests with and without pH adjustment

Source of methanogens: ) . .
Mst. Concilii (DSMZ 2139) Source of VSFs: 3.5 mL  Initial pH  Initial Ng=N (mg/L)

5mL VSF-Daily 7.95 66.7
5mL VSF-Hourly 7.92 62.6
5mL VSF-Daily (autoclaved) 8.07 85.4
5mL VSF-Hourly (autoclaved) 7.98 71.0
5mL DI water 7.91 23.3
5mL VSF-Daily 7.2 12.8
5mL VSF-Hourly 7.13 10.9
5mL VSF-Daily (autoclaved) 7.26 14.7
5mL VSF-Hourly (autoclaved) 7.23 13.7
5mL DI water 7.27 57

DI water: deionized water (anoxic)
1.5 mL acetate feed was added to all bottles fota bottle volume of 10 mL
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Figure 5.13 Infection tests with and without pH adjustment

Methanosaeta concilii DSM2139 receiving VSF of daily-fed enrichment waith (a) and with pH
adjustment (b)Methanosaeta concilii DSM2139 receiving VSF of hourly-fed enrichment
without (c) and with pH adjustment (d)

Ammonia Toxicity Tests

Free ammonia (NgJ has been demonstrated to be toxiMahanosaeta concilii, and the
speciation of ammonia nitrogen (WNH,") is influenced by pH (see Sections 2.4). Thergfore
the correlation between the levels of methane itibiband the concentration of free ammonia
was evaluated. Initial free ammonia concentratiamging from 12.8 to 86.4 mg/L (ammonia-N:

10.5 mg/L to 71.2 mg/L) were tested (Figure 5.0%).day 4.8, no suppression of methane
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generation was observed when ;NW concentration were below 16.8 mg/L (10.5 an@16.
mg/L). Methane yield was reduced to 84% at a camagon of 28.7 mg/L ammonia-N. Methane
production declined to 60% and 49% with ammoniatM7a9 mg/L and 71.2 mg/L, respectively.
A past study has reported that 55.2 mg/L ofsNNH(120 mM NH,CI at 35C, pH 7 for 21 days)
suppressed methane yieldMéthanosaeta concilii to 80% (Sprott and Patel 1986) (Figure 5.15).
The inhibition reported by Sprott and Patel wasearmonounced than the finding in this study
(49% methane inhibited at 70.8 mg/L of MN). The difference can be attributed to the
difference in culture media (total ammonia, soditoncentration etc.), pH (7.9 in this test), and

the tested strains (DSM 6752 in this study).

Free ammonia concentration and ammonia-nitroger walculated for DSM 334 media for pH
ranging from 7.0 to 8.5 (Table 5.18). In addititme experimental observed percentage of
suppression of methanogenesis and correspondingai@mitrogen is also summarized. When
pH of the media was below 7.2, the influence of amia-nitrogen on the methane production
was negligible. When pH of the media increases a0y, notable inhibition occurs. Combined
with the finding of optimal growth pH at 7.62-7.{3teinhaus, Garcia et al. 2007), a suggested
pH range foMethanosaeta concilii DSM 6752 should be kept between 7.4 to 7.6. Adaily,

NH,4CI concentration in the media can be reduced 50%ducing nitrogen source of the media
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does not has negative effect on methanogenesisijtire Methanosaeta concilii DSM 6752 at

its optimal growth pH 7.6 with negligible ammonaxicity.

Total

ammonia NH3z-N
o U4 :
é E —+—357mg/L 10.5 mg/L
o 03 |
S —=—500 mg/L 16.8 mg/L
e
5]
£ o2+ —A—700mg/L  28.7 mgiL
(]
ks
g —6—0939mg/L 47.9 mg/L
§ 0.1 -
] ---A--- 1200 mg/L  71.2 mg/L

0.0

time (aay)

Figure 5.14 Influence of ammonia toxicity on methane yielddthanosaeta concilii DSM
6752
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Figure5.15 Correlation between ammonia nitrogen concentratjorggl) and methane
suppressions (%)

Table 5.11 Ammonia concentration in DSM 334 media
Ammonia toxicity test in this study

H NH3] (mM NHs-N (mg/L Suppression of
P NFalmi) et NHz-N (mg/L) methapr?ogenesis (%)
7.0 0.21 9.1

7.1 0.26 115 10.5 not observed
7.2 0.33 14.4 16.8 not observed
7.3 0.41 18.0

7.4 0.51 22.6

7.5 0.64 28.2 28.7 15.6%
7.6 0.80 35.2

7.7 1.00 43.9 47.9 39.6%
7.8 1.24 54.5

7.9 1.53 67.4 71.2 51.3%
8.0 1.89 83.1

8.1 2.31 102.0

8.2 2.82 124.4

8.3 3.42 150.7

8.4 411 181.1

8.5 4.90 215.7
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Ammonia Toxicity in the Infection Tests

In infection tests, ammonia originated from threarses: (1) media which carried the host,
Methanosaeta, (2) VSFs and (3) acetate stock solution (ammocedade: 0.07 M) (Table 5.12).
The experiment in this section was modified by remgwammonia from acetate stock solution
and VSFs in order to see if the infection tests@dad improved. To remove ammonia from
acetate stock solution, acetic acid was used idsiethe mixture of ammonia acetate and
sodium acetate (bottle 4-6). To further reduce amienm VSFs, viruses in VSFs were
concentrated by centrifugal ultrafiltration (Amicbittra-15), which reduced the volume and
total ammonia by about 93% (from 3.5 mL to gbP(bottle 7-8). VSFs used were from
anaerobic digesters of West Point WWTP (WP) andtsBilant (SP). The pH of the individual
bottles were measured, and corresponding free ananconcentration was calculated (Table
5.12). As shown in Figure 5.16, without reducing amiaam infection tests (bottle 1-3),
methane generation dfethanosaeta concilii (DSM 6752) received VSFs from WP and SP was
inhibited 90% and 99% (corresponding Nebncentrations 131.6 and 153.3 mg/L, respectively)
at day 5.8 (compared to control, bottle 6). Whegtia@acid was utilized as the substrate, the
corresponding Nklconcentrations were decreased to 34.4 and 41.9, megpectively (bottle 4
and 5). The inhibitions were reduced to 51% (38%very) and 67% (32% recovery),

respectively. When ammonia concentrations in VSH&Wm@ver by concentrating the VLPs
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(bottles 7 and 8), the corresponding Ndéncentrations were reduced to 3.8 and 3.9 mg/L,

respectively, and the inhibitions were not observédx influence of pH (7.27-8.18) and ion

concentration of media (e.g. VSF in bottle 1 andriottle 3) on the growth d¥lethanosaeta

concilii should be evaluated in detail to distinguish tirapact on methanogenesis from that of

ammonia toxicity. However, the current result stidasly indicated that the impairment of

methanogenesis in infection tests was caused by amméLPs in VSFs did not suppress

methane yield oMethanosaeta concilii, suggesting the infectivdethanosaeta concilii virus

was not present.

Table 5.12 Study of ammonia toxicity thMethanosaeta concilii DSM 6752 in the infection tests

Bottle '\E')Sél\‘jog%g vsEDI3smL 014 Mni‘fetat&'S Initial pH (Nr:'g?’/LN)
1 5 mL WP-VSF NaAc/NWAC  8.18 131.6
2 5 mL SP-VSF NaAc/NBAC 826 153.3
3 5 mL DI NaAc/NHAC  7.96 28.6
4 5 mL WP-VSF HAC 7.63 34.4
5 5 mL SP-VSF HAC 7.72 41.9
6 5 mL DI HAC 7.27 3.0
7 5mL  WP-VSF: 23@L + DI HAC 7.27 3.8
8 5mL  SP-VSF: 25QL + DI HAC 7.27 3.9

VSFs used were from anaerobic digesters of West ROMTP (WP) and South Plant (SP)
NaAc: sodium acetate; NJAc: ammonium acetate; HAc: acetic acid
DI water: deionized water (anoxic)
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Figure 5.16 Study of ammonia toxicity tMethanosaeta concilii DSM 6752 in the infection tests
(a) original recipe of the infection tests, (b) waAMg ammonia in acetate solution using acetic
acid, (c) reducing concentration of ammonia usicgfia acid and Amicon Ultra-15

Improving Infection tests

From the results of previous experiments, it isuctbat controlling ammonia (especially free

ammonia) concentrations is critical in infectiostte One approach is to reduce the total

ammonia/ammonium in the systems. Therefore, irctida tests, the acetate stock solution

which combined ammonia acetate and sodium acetatswasituted with DSM 334 media

(Table 4.1) (less ammonium in DSM 334 media: ammmogoncentrations arel g/L and 5.4 g/L

in the DSM 334 media and the original acetate smhjtiln addition, VLPs in VSFs from either

enriched reactors or anaerobic digesters were atrated by centrifugal ultrafiltration. Another

approach is to control pH during the tests suclitiscarbonate buffering. Both these

modifications were used to screen fbethanosaeta viruses in VSFs from the reactors and

digesters. Carbonate buffering was tested by evatytie influence of different initial
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headspace C{aoncentrations (Table 5.13 and Figure 5.17). Coetpbtr one another, no

difference was found when 10% or 15% of s present into the bottles. Minor suppression
was observed in bottles with G@oncentration above 20%. Therefore, 10% @@s selected

for subsequent infection tests. In addition, 20@hiresh media was spiked in bottles when all

acetate was consumed, and the feasibility of adehtiga media was examined. The result

showed no negative effect of adding fresh media.aduition of more fresh media could

support more growth cycles fdtethanosaeta, and therefore could produce more infective

viruses (if they are present in VSFs) to make ola#evimpact on methane yield.

Table 5.13 Effect of initial CQ headspaceoncentrations on methane generation of

Methanosaeta concilii
Initial NHs-N  End NH:-N
Bottle DSM 2139 DSM 334 CO2 Initial pHENnd pH (mg/L) (mg/L)
9 4 mi 16 ml 10% 7.56 7.68 32.2 42.0
10 4 ml 16 ml 15% 7.35 7.53 20.2 30.2
11 4 ml 16 ml 20% 7.22 7.38 15.1 21.6
12 4 ml 16 ml 25% 7.04 7.24 10.0 15.8

the tests were conducted in 160 mL serum bottles
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Figure5.17 Effect of different initial CQheadspace concentrations on methane generation of
Methanosaeta concilii

5.3.3 Assessment of Improved I nfection Tests for Screening Methanosaeta

Viruses

The improved infection test was used to screeMighanosaeta viruses in VSFs from
enrichments and anaerobic digesters as describebla 5.14. The experiments were conducted
in 240-mL serum bottles. Both strainsMéthanosaeta concilii were used as tested hosts.
Initially, the inocula (hosts) were 20% (4mL in 2@ nbottles 8 and 9) but were reduced to 10%
(bottle 13-17) to increase virus-to-host ratio. Alde input of VSFs was increased from 3.5 mL
to a concentrate harvested from 90 mL (increasiooy®26 times by centrifugal ultrafiltration).
Final volume of VSFs varied from 150 to 225 10% CQ was added in the headspace of the

serum bottles. The results of the infection testssaown in Figure 5.18. No obvious suppression
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of methane yield was found in bottles receiving ¥9Hgure 5.18 a, b and c). Intact VLPs were

observed by TEM (Figure 5.18 d)indicating the diliration process was experimentally

feasible.

Table 5.14 ChallengingMst. concilii with VSFs of enrichments using improved infectiostse

Bottle Mst. concilii Media VSF CO2 Note
8 AB DSM 2139 4 mL 16 ml  H-fed 90 mL (22&) 10% H-fed
9AB DSM 2139 4 mL 16 ml -- 10% control
13AB DSM21391.65mL 15ml D-fed 90 mL (489 10% D-fed
14 AB DSM 2139 1.65 mL 15 ml -- 10% control
15AB DSM67521.65mL 15ml D-fed 90 mL (185 10% D-fed
16 AB DSM67521.65mL 15ml  H-fed 90 ml (389 10% H-fed
17AB DSM67521.65mL  15ml -- 10% control

Experiments were conducted in 240 mL serum bot#22@ mL headspace)
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Figure 5.18 ChallengingMst. concilii with VSFs of enrichments using improved infectiostse

Mst. concilii DSM 2139 challenged by VSFs from the hourly-fed dnrient (a) and daily-fed
enrichment (b)Methanosaeta concilii DSM 6752 challenged by VSFs from both enrichments (c)
TEM of VLPs in VSFs after centrifugal ultrafiltratidd). Scale bar is 80 nm.

The experimental design of a typical infectiondasting VSFs from anaerobic digesters is
illustrated in Table 5.15. During the cultivatior6(8ays), no difference in methane production

was found between cultures seeded with VSFs (bottentl®0) (Figure 5.19) and the
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corresponding controls (bottles 19 and 21). Taklé Summarized the VSFs that have been used

(results not shown) in infection tests but nonéhefVSFs have caused the impairment of

methanogenesis dlethanosaeta.

Table 5.15 Mst. concilii challenged with VSFs of an anaerobic digestergusinproved infection
tests

Bottle Mst. concilii DSM 334 VSF CO2 Note

18 AB DSM21391.65mL 15mL WP 60 mL (150 uL) 10% West Point WWTP
19 DSM 2139 1.65 mL 15 mL -- 10% control

20A,B DSM 6752 1.65mL 15mL WP 60 mL (150 uL) 10% West Point WWTP
21 DSM 6752 1.65 mL 15 mL - - 10% control

VSFs collected from a digester at West Point (WRYWWP
100 mL of media was spiked at day 22
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Figure 5.19 Mst. concilii challenged with VSFs of an anaerobic digestergusiproved
infection tests
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Table 5.16 Summary of the VSFs that have been used in imie¢ésts

VSFs Date Note
D-fed enrichment  November 2011/ April 2012 healthy reactor
H-fed enrichment  November 2011/ April 2012 healthy reactor
West Point digester November 2011/ April 2012 healthy digester

South Plant digester April 2012 healthy digester
Port Angeles digesteMay 2012 recovered from upset after 3 month
Brightwater digester July 2012 upset digester

Tested hosts weldethanosaeta concilii DSM 6752 and 2139

Since the ammonia concentration has been reduded bexic level in the infection tests,
Methanosaeta concilii has not been suppressed by the VSFs collecteddroimhed
methanogenic reactors or digesters of WWTPs. Howé@wemained unclear if a virus of
Methanosaeta concilii might be present and reproduced by lysogenic pathivhas been shown
that the virus-to-bacteria ratio is increased itrieat-rich, more productive environments
(Wommack and Colwell 2000), which suggests thawtheses of fast growing hosts might prefer
a lytic life cycle. Under anaerobic conditions, iied energy is gained by slow-growing
Methanosaeta when acetate is converted to methane. Theretoedysogenic pathway might be

favored by theMethanosaeta virus.

Test of Inducing Agents and Induction Experiments

In order to perform induction experiments, inducaggents including temperature (heat shock),
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mitomycin C, and UV were tested. In addition, tvim-chain volatile fatty acids (intermediate
products of digestion), propionic and butyric aeidre also examined (Table 5.17). The effect of
these inducing agents on the growtiMethanosaeta concilii is shown in Figure 5.20. 80 heat
shock for 20 min dramatically inactivated the celbile no negative effect was found using
50°C and 55C. For the mitomycin C, concentration atjidgmL caused 80% inhibition, and
partial suppression of methane generation was faubdttle containing mig/mL of mitomycin

C. For the UV treatment, 80% to 90% reduction oftraee yield was observed when cells were
exposed to UV at least 10s. Partial suppressionathanogenesis was found in bottles that
received propionic and butyric acid during the igalion, but the level of inhibition was not
correlated to the tested concentration range. Tinggse of this test was to select suitable
concentration or intensity of inducing agents @&use partial impairment but avoid severe
damage to host cells). Therefore, heat sho& $6r 20 min, 5ug/mL mitomycin C, UV

exposure for 10 s, and 30 mM propionate and 12 ratyirbte were selected for further study.
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Table5.17 Test of inducing agents

Bottle Inducing agent Note

T50 temperature 5@, 20 min

T 55 temperature 56, 20 min

T 60 temperature 6C, 20 min

C1 mitomycin C lug/mL

C5 mitomycin C Jug/mL

C 15 mitomycin C 1g/mL

co deoxygenated DI  process control

UV 10 uv 10s

UV 30 uv 30s

UV 40 uv 40 s

uv o -- 40 s (UV off, process control)

VFA 1 VFA propionate: 7.5 mM; butyrate 3 mM
VFA 2 VFA propionate: 15 mM; butyrate 6 mM
VFA 3 VFA propionate: 30 mM; butyrate 12 mM
VFA O Deoxygen DI process control

control -- no inducing agent

2 mL of Methanosaeta concilii DSM 6752 was added to 8 mL of DSM334 media in &0 m
serum bottles
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Figure 5.20 Effect of inducing agents on the growthhdéthanosaeta concilii DSM 6752

2 mL of Methanosaeta concilii DSM 6752 was inoculated in 8 mL of media for tests$. (a) heat
shock at 50, 55 and B0 for 20 min. (b) concentration of mitomycin C:5land 15.g/mL. (c)
UV exposure for 10, 30 and 40 s. (d) concentratiopropionic acid/butyric acid: 7.5/3, 15/6
and 30/12 mM.

The induction tests were performed Methanosaeta concilii DSM 6752 that had been seeded
with VSFs from the daily-fed (Figure 5.21 a) anditig-fed (Figure 5.21 c) enrichments’(1

transfer). 4 mMethanosaeta concilii was added in 16 mL media (20% inocula). Host cedise
92



incubated until early log phase prior to introdantof inducing agents (day 7). Samples were

taken before (day 7, before induction) and aftduation (day 14) for EFM to measure VLPs

concentrations (Figure 5.21 b and d). Methane yield partially inhibited in bottles treated by

UV. For bottles receiving the rest of inducing atgethe suppression dfethanosaeta concilii

was less (Figure 5.21) than when testing of indyieigents (Figure 5.20) possibly due to the

higher concentration of more activeethanosaeta concilii in the induction experiment.

Comparing concentration of VLPs before and aftduation, no obvious increasing was

observed (Figure 5.28 b and d). The results impdydecline of methane generation might be

directly caused by inducing agents but not the ¢tida of viruses fronMethanosaeta.
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Figure5.21 Induction experiments dflethanosaeta concilii DSM 6752 with enrichment VSFs
(a) induction test using VSFs of daily-fed enricimnéb) concentration of VLPs before (day 7)
and after (day 14) induction for test (a). (c) intlon test using VSFs of hourly-fed enrichment.
(d) concentration of VLPs before (day 7) and aftiety 14) induction for test (c).

94



5.4 Conclusions

Free ammonia concentrations above 16.8 mg/L aie toMethanosaeta concilii DSM 6752
and the ammonia toxicity can be avoided by redu€ily concentrations or/and using

carbonate buffering to control pH of the media.

For Methanosaeta concilii DSM 6752, there was no inhibition of the metharapction when

the concentration of ammonia-nitrogen was belov8 bég/L. The suppression of methane yield
(day 4.8) was 15.6%, 39.6%, and 51.3% at free amavatrogen of 28.7 mg/L, 47.9 mg/L, and
71.2 mg/L, respectively. A past study has repotied 55.2 mg/L of NgN (120 mM NH,CI at
35°C, pH 7 for 21 days) suppressed methane yielMaedfianosaeta concilii to 80% (Sprott and
Patel 1986). Difference in level of inhibition wasssibly due to the use of different media,
strains and anaerobic technique. Based on thelaatouof free ammonia-nitrogen and reported
optimal growth pH in DSM 334 media (TAN: 1000 mg{iSteinhaus, Garcia et al. 2007), the
suggested pH for cultivation dMethanosaeta concilii DSM 6752 should kept between 7.4 and
7.6 to maintain free ammonia-nitrogen below 35.ZLnfminor suppression of methanogenesis).
Additionally, NH,Cl concentration in the media can be reduced 50%ducing nitrogen source

of the media does not have negative effect on metlenesis) to cultulglethanosaeta concilii
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DSM 6752 at its optimal growth pH 7.6 with negligimmmonia toxicity (NBN: 17.6 mg/L).

The virus challenge experiment performed in ligmedia (the infection test) was improved. The
concentrations of free ammonia in infection testseanreduced by using DSM 334 media,
concentrated VSFs and 10% carbon dioxide as heeglgpa (to reduce the fraction of toxic
ammonia-nitrogen). The virus-to-host ratio was @ased by using concentrated VSFs and less
host inocula. In addition, the addition of moresfienedia was shown to support more growth
cycles forMethanosaeta, and therefore could produce more infective visugkthey are present

in VSFs) to make an observable impact on methasld. WSFs collected from the daily-fed
enrichment, the hourly-fed enrichment, and upsiésstiale digesters were used in improved
infection tests but none of the VSFs have causedtipairment of methanogenesis of

Methanosaeta.
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Chapter 6 Characterizing microbial and viral communitiesin enrichment

reactors

6.1 Introduction

In this chapter, persistent virus populations thaabit laboratory methanogenic reactors
receiving a sterile feed with acetate were chareete (description of reactors, see section 3.1).
Virus morphologies were visualized using transnoisglectron microscopy (TEM). Sizes of
VLPs were measured to show particle distributiottgpas. Virus concentrations were
enumerated using epifluorescence microscopy (EPMIsed field gel electrophoresis (PFGE)
was used to reveal genome sizes of viruses. Iniaddconcentrations of two acetoclastic
methanogen genera and bacteria were determineg ggantitative PCR (QPCR). The
prokaryotic community structures of two reactorgsev@vestigated using 16S rDNA clone

libraries.

The scope of this chapter is (1) to investigatedtt@irrence of viruses in two
Methanosaeta-dominated reactors, (2) to examine the morpholsigg distribution and genome

length of observed viruses, and (3) to determieectincentration of viruses in relation to
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acetoclastic methanogens and bacteria in two actgdtmethanogenic reactors.

6.2 Materialsand Methods

6.2.1 Autofluorescence Microscopy

The reactor effluents were examined by laser scgnconfocal microscopy (Leica SP5 I, Leica
Microsystems GmbH, Wetzlar, Germany) under thefihg conditions: excitation (405 nm laser)
and emission (430-500 nm), which are used to viseahethanogens using their natural

autofluorescent characteristics (Doddema and VAf#rs).

6.2.2 Pulsed Field Gel Electrophoresis (PFGE)

Cellular materials in 1 L of sample from each reagtere initially separated from viruses by
centrifuging at 3696xg and@ for 30 min in a Sorvall Legend RT tabletop cdute equipped
with a swinging-bucket rotor (Cat. No. 7500644 1h€Tmo Scientific, Waltham, MA).
Supernatant was collected and serially filteredulgh 0.45 and 0.20 um pore size low protein

binding polyethersulfone (PES) syringe filters (67202 and 6780-2504, Whatman, Clifton, NJ).
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Viruses in the filtrates were concentrated usisgrées of centrifugal ultrafiltration units
(Centricon UFC703008, Amicon Ultra-15 UFC903024 anticon Ultra-0.5 UFC503008;
Millipore, Billerica, MA) following the manufacturés instructions. In addition, ultrafilter
retentates were washed twice in SM buffer (100 mMW@CN8 mM MgSQ 7H,0, 50 mM Tris-Cl;
without gelatin) and the final volume adjusted @ 8. The concentrate was treated with 1U of
DNase | (AM2222, Life Technologies, Grand Island,)Nit 37°C for 1 h to degrade free DNA
followed by 65C for 15 min and the addition of 10 mM of EDTA @inconcentration) to

inactivate the DNase |.

Equal volumes of concentrate and 2% low-meltingegm(A9414, Sigma-Aldrich, St. Louis, MO)
were mixed by gentle pipetting and transferredlitg pnolds. After solidification, plugs were
incubated overnight in extraction buffer (100 MMED pH 8.0, 1% SDS and 1 mg/ml proteinase
K (4333793, Life Technologies, Grand Island, NY)y@m temperature with gentle mixing on a
rocker. The plugs were rinsed three times with EXthffer for 30 min and stored &Gt Plugs
and the DNA marker (N3551S, New England Biolabswiigh, MA) were placed into wells of a
1% agarose gel (162-0137, BioRad, Hercules, CA)amexd in 0.5X TBE (wells were sealed with
1% agarose). PFGE was performed with CHEF-DR It&8yqBioRad, Hercules, CA) using the

following conditions: 0.5X TBE, 6 V/cm, 15°C for Z¥urs, switch times ramped from 1-25
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seconds. The gel was stained with SYBR Green | ébldar Probes, Eugene, OR) for 30 min and

the image was acquired by a UVP GDS-8000 SystenP(Wpland, CA).

6.2.3 DNA Extraction

Genomic DNA from the reactors was isolated by @temn Soil DNA Isolation Kit (Mo Bio
Laboratories, Carlsbad, CA). DNA extraction wad@ened following the manufacturers'
protocol except the samples were disrupted usirastPrep-24 bead beater (MP Biomedicals,

Solon, OH) at setting 5 m/s for 20 s.

6.2.4 Quantitative PCR (QPCR)

Quantification of 16S rRNA genes bfethanosaeta, Methanosarcina and Bacteria were
performed using an Eppendorf Mastercyglep realplex and RealMasterMix kit (Eppendorf,
Hauppauge, NY). Standards were prepared using R@Rigts of 16S rRNA genes of
Methanosaeta concilii (DSM 6752),Methanosarcina barkeri (DSM 804) andphingopyxis TrD1

(GenBank accession number: JN940802), which were clonetyuBDPO TA Cloning Kit
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(Invitrogen Molecular Probes, Grand Island, NY)agphids were isolated by QIAprep Spin
Miniprep Kit (Qiagen, Valencia, CA) and quantifiading a NanoDrop 1000 spectrophotometer
(NanoDrop Technologies, Wilmington, DE). Plasmidsrelinearized by restriction enzyme
EcoRI (R6011, Promega Co., Madison, WI). Reactioresicontained gl DNA templates, 4.5l
RealMasterMix and individual forward and reversieners adjusted with water to 10 Primers
used for gPCR are summarized in Table 6.1. For gBi®Rethanosaeta, thermal cycling

conditions were as follows: initial denaturatior®&fC for 10 min, 50 cycles with denaturation for
10 s at 95°C, annealing for 20 s at 61.8°C, extenfr 20 s at 68°C. The resulting standard curve
for Methanosaeta had an efficiency of 98% (R0.9826) with a method detection limit of 1X10
16S rRNA gene copies per PCR reaction. For gPQRetffianosarcina, thermal cycling

conditions were: initial denaturation at 95°C f@rrin, 50 cycles with denaturation for 10 s at
95°C, annealing for 20 s at 64°C, extension fos 20 68°C. The resulting standard curve for
Methanosarcina had an efficiency of 94% ¢(R0.9982) with a method detection limit of 1%10
16SrRNA gene copies per PCR reaction. gPCR cyelditons for bacteria were: initial
denaturation at 95°C for 10 min, 50 cycles withateration for 15 s at 95°C, annealing for 30 s at
55.4°C, extension for 20 s at 68°C. Melting curgeserated at the end of the gPCR reactions were
routinely examined to verify the correct amplificat The resulting standard curve for Bacteria

had an efficiency of 84% (R0.9826) with a method detectionlimit of 3X10
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Table 6.1 qPCR primers foMethanosaeta, Methanosarcina and Bacteria

Target Organisms Primer Sequence Reference
Primers used for g°PCR
Methanosaeta MS1lb  5-CCGGCCGGATAAGTCTCTTGA-3' (1)
SAE835R 5-GACAACGGTCGCACCGTGGCC-3' (@H)
Methanosarcina MB1lb  5-CGGTTTGGTCAGTCCTCCGG-3' (1)
SAR835R 5-AGACACGGTCGCGCCATGCCT-3' (@D
Bacteria 1114F 5-CGGCAACGAGCGCAACCC-3' 2
1275R  5-CCATTGTAGCACGTGTGTAGCC-3' 2
Primers used for cloning reactions

Bacteria 8F 5-AGAGTTTGATCCTGGCTCAG-3' (3)
Archaea 21F  5-TACCTTGTTACGACTT-3 (3)
Universal 1492R 5-TTCCGGTTGATCCYGCCGGA-3' (3)

Reference of primers: (1) (Shigematsu, Tang €@03), (2)(Denman and McSweeney 2006), (3)
(Stackebrandt and Goodfellow 1991; DeLong 1992)

6.2.5 Clone Libraries and Phylogenetic Analysis

16S rRNA genes were amplified with forward primspecific forBacteria,) andArchaea

combined with a Universal reverse primer, whichlested in Table 6.1. Clone libraries were
constructed by using TOPO TA Cloning Kit (Invitrag®lolecular Probes, Grand Island, NY).
16S rRNA genes in clones were sequenced at the Highughput Genomics Center at University
of Washington from one en@d4cteria: 8F,Archaea: 21F or 1492R). Sequences were trimmed and
assembled using Sequenchérersion 4.9, Gene Codes Corporation, Ann Arbdi), &hd
sequences having similarity >99% were defined a®8d (Operational Taxonomic Unit).

Taxonomic affiliation of OTU was determined by RBRissifier (Wang, Garrity et al. 2007). All
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sequences were deposited in the GenBank databdseantession numbers KC961776 -

KC961942.

6.2.6 Size M easurement of VLPs

The head diameter and tail length of VLPs were meakby ImageJ (Version 1.43u).

Micrographs were screened, and clear images of Wed?e selected for the measurement.

6.3 Results

6.3.1 Morphology of VLPs

TEM images of VLPs from the reactors are shownigufe 6.1. All of the observed VLPs were
head-tailed morphologies, consistent with the dpsons of the orde€Caudovirales (Ackermann
2007). Within this morphology, two distinct varatis were observed: isometric capsids with long
noncontractile tails (characteristic of the fan@iphoviridae; ex: Figure 6.1 a, b, c, e, g, i and 0) in
both reactors, and isometric capsids with long remtite tails (characteristic of the family

Myoviridae; ex: Figure 6.1 |, p, g, r and s) only in the Hpueactor. One example of an additional
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morphology was observed (Figure 6.1 d) that haddearately elongated capsid. The only
described family within the ord€audovirales not observed in this study wBedoviridae, which

is characterized by short tails. Various faculatstructures of VLPs were evident in the TEM
micrographs (for a review of the description ofuitative structures see (Ackermann 1998)). For
example, tail sheaths (Figure 6.1 j, k and m), Imdetes (Figure 6.1 e, n and p), tail spikes (Fegur

6.1 e) and tail fibers (Figure 6.1 k, m, r, andve)e observed as indicated by arrows in the figures
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Daily-fed reactor

Figure 6.1 Selected transmission electron microscope micpygraf virus-like particles in the
reactors

VLPs in the daily-fed reactor (a-i) and the houeyg reactor (j-s). VLPs morphologically similar
to Sphoviridae (a, b, c, e, g, i and 0) andMyoviridae (j, p, g, r, and s) were observed. Scale bar
represents 100 nm.
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6.3.2 Sizedistribution of VL Ps

The sizes of capsids and tails of 41 VLPs fromdhaiy-fed reactor and 42 VLPs from the

hourly-fed reactor were measured. Size distributib¥LPs varied between two reactors (Figure

6.2 a) with smaller capsids and longer tails obseima the daily-fed reactor, and larger capsids and

shorter tails in the hourly-fed reactor (Table 6.2)

In the daily-fed reactor, the size distributionsgmetric capsid diameters showed a distribution

peak in the 58 nm - 62 nm group (Figure 6.2 b) &ht clear peak was found in the distribution of

tail lengths (Figure 6.2 c). Long flexible noncatile tails were observed. Four of these ranged

between 200 nm and 220 nm and 7 tails were lomger 240 nm.

In the hourly-fed reactor, the size distributiorhefid diameters also showed a peak in the 58 nm -

62 nm group (Figure 6.2 b). VLPs with extremelygkcapsid were also observed (e.g. Figure 6.1

p: 140 nm and Figure 6.1 g: 150 nm). Most tail tasganged from 80 nm to 240 nm with one

exception of a VLP with a 380 nm tail (Figure 6.2rd Figure 6.1 0). The distribution of tail

lengths formed two peaks, one with tail length ragdrom 100 nm to 119 nm and the other with

tail length between 140 nm and 159 nm.
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Figure 6.2 Distribution of measured capsid diameters andedaijths

41 virus-like particles (VLPs) from the daily-fedactor and 42 VLPs from the hourly-fed
reactor were measured. (a) XY scatter chart, @® sf capsids: X-axis shows capsid diameters
and Y-axis shows number observed, (c) tail lengthaxis shows tail lengths and Y-axis shows
number observed.
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Table 6.2 Dimensions of VLPs observed in the reactors inganson to previously documented

phage
Reactor/phage Head diameter (nm) Tail length (nm)
- Reference
families average range STD average range  STD

daily-fed reactor 66 54-96 9.6 162 84 -289 61.4 This study

hourly-fed reactor 76 55-15122.6 137 87-382 514 This study
Siphoviridae® 55 40 - 97 -- 191 79 - 593 -~ (Ackermann 1998)
Myoviridag® 85 53-160 -- 167 80-485  -- (Ackermann 1998)

251 total phages examined
PSTD, standard deviation

6.3.3 Concentration of VLPsusing EFM

The average concentrations of VLPs in the reacjoasitified using EFM are shown in Figure 6.3
and Table 6.3. Variation of VLP concentrations \eag over the course of a week and before and
after automated feeding. The concentration of Viveee similar in the hourly-fed reactor (8.4 £
4.3x10 VLPs/ml) than in the daily-fed reactor (7.1 + 11B%VLPs/ml). Variation shows the
deviation among multiple samples collected fromrdactors at different times, and no significant

difference indicated between the two (T-test, PG5D
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Figure 6.3 Concentrations dflethanosaeta, Bacteria and virus-like particle (VLP) in reador
Values are the average of 6 sampledMethanosaeta and Bacteria, and 10 (daily-fed) and 7
(hourly-fed) samples for the VLP. Standard deviadiovere indicated by error bar.

Table 6.3 Concentrations virus-like particle (VLAYlethanosaeta and Bacteria in reactors

Methanosaeta Bacteria Prokaryotic Virus-to-Prokaryotic

Reactor VLPs (VLPs/mL) )
(cells/mL) (cells/mL) (cells/mL) cell Ratio (VBR)

daily-fed reactor 7.1 +15x10  53x16  4.1x1d 5.7x10 0.12
hourly-fed reactor 8.4 +4.3x10  8.4x10 6.7x1d  9.0x10 0.09
6.3.4 Genome size of VLPs

Viral genome size distributions for the daily-fentdehourly-fed reactors are shown in the PFGE

results (Figure 6.4). Different banding patternsev@bserved between the two reactors. Three

bands (two major and one minor) were discoverezhoh reactor. The major (brightest) bands in
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the daily-fed and hourly-fed reactors were obsetempproximately 80 and 85 kbp, respectively.
The second brightest band was observed at apprdin®b kbp for both reactors. A third dim
band in each reactor was observed at a higher olaleweight range (>240 kbp). The ranges of
genome size fa@phoviridae andMyoviridae are ~14 kbp to ~135 kbp and ~24 kbp to 316 kbp,
respectively (Hyman and Abedon 2012). Thus, thesas have genomes >240 kbp in both
reactors might belong tdyoviridae althoughMyoviridae was not found in the daily-fed reactor
using TEM. Additional background smearing obsenvetihe hourly-fed reactor, especially

around 145 kbp may suggest DNA from multiple vispgcies with similar genome sizes.

i

Kilobases
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485
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Figure 6.4 Pulsed field gel electrophoresis (PFGE) of vihgmes from reactors
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6.3.5 Performance of the Acetate-fed Reactors

Both the daily-fed and hourly-fed reactors had redytH and consistent methane producpaor
to sampling. Monitoring of acetate concentratigyess production and gas composition in the
reactors showed that nearly all of the acetatecsaserted to methane (calculations data not

shown). Neither reactor had any upsets or failumngd the course of the study.

6.3.6 Dominant Reactor Microorganisms

Three independent methods were used to demongismtiominance dflethanosaeta in the

reactors including microscopy, qPCR and sequera®/egy. Filamentous cells composed of
several single flat-end rods (0.8-0.9 x 1.8438) were dominant in both reactors (Figure 6.5 a, c,
d and f). These rods were non-motile and genega#iy as long threads (3-pn).
Autofluorescence characteristic of methanogenithAea was confirmed in the dominant
microbial populations in the samples (Figure 6d&nd e). The rod-shapes observed are consistent
with Methanosaeta as described elsewhere (Zehnder, Huser et al.; 1888sen 2003; Mizukami,
Takeda et al. 2006). Coccoidal morphotypes werereks with much lower frequency, some of

which were autofluorescent.
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Methanosaeta gPCR signals dominated the reactors (Figure @BleT6.3), whileMethanosarcina
was not detected (detection limit in the extrachste of 3x18 copies/ml of reactor effluent).
Methanosaeta 16S rRNA gene copy concentrations were ~7x grélaaertotal bacterial gene copy
concentrationdMethanosaeta concentrations were statistically equivalent ia tévo reactors,

while bacterial concentrations were higher in tbarty-fed reactor (T-test, P = 0.05).

Phylogenetic affiliation of archaeal and bacteti®b rRNA genes from the two reactors as
determined by clone sequencing are summarizeddle Ba4. In corroboration of the gPCR and
microscopic evidence, the most frequently deteateiaeal phylogenetic group was
Methanosaeta in both reactors. One clone (out of 73 archaealed) in the daily-fed reactor
aligned with the genuslethanosphaera (a Coccoidal-shaped microbe). No clone sequemoes f

the groupMethanosarcina were detected.

For the bacterial domain, the most frequently olesgclones in both reactors were from the phyla
Proteobacteria, Firmicutes, andBacteroidetes (Table 6.4). While other groups were consistent
between the two reactors, more clones for the W\(#f&la description of phylum WWEL1 see

(Chouari, Le Paslier et al. 2005)) were obtainedifthe hourly-fed reactor. Of tiReoteobacteria,
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the Arcobacter was represented by 35 clones, consisting of 4@f7#te Proteobacteria in the

daily-fed and 29.8% in the hourly-fed reactors &dadt shown).

Figure 6.5 Micrographs of enriched cultures in the daily-feec) and hourly-fed reactor (d-f)
(a) and (d) are transmitted light bright field ineag(b) and (e) are fluorescence micrographs. (c)
and (f) are transmission electron microscope miepigs
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Table 6.4 Phylogenetic analysis of 16S rRNA gene in theydftl and hourly-fed reactors

Clone Library Taxoh No. of OTU No. of clone Da(l%fed Ho%%-fed
Archaea-21F Methanosaeta 4 36 96.4 100.0
Methanosphaera 1 1 3.6 -
Archaea-1492RMethanosaeta 4 36 100.0 100.0
Bacteria Proteobacteria 6 43 47.8 44.7
Firmicutes 7 21 19.6 25.5
Bacteroidetes 5 13 13.0 14.9
WWE1 2 7 2.2 12.8
minor group$ 6 9 17.4 2.1

#Taxon was determined by RDP classifier (Wang, ®aeti al. 2007); Archaea was grouped at
the genus level and Bacteria was group at phylwel le
POTU, Operational Taxonomic Unit

“Clones with either 2 or less representatives idibmary were from the groupSpirochaetes,
Chloroflexi, Lentisphaerae, SR1 and unclassified bacteria.

6.4 Discussion

6.4.1VLPsin Enriched Reactors

VLPs have been previously reported in anaerobiesiegs (Park, Ikenaga et al. 2007; Wu and Liu
2009). However to the best of our knowledge, thithe first time that VLPs associated
specifically with acetate-fed methanogenic conaatiriched ilMethanosaeta have been
characterized. Anaerobic digester sludge from mpaiavastewater treatment plants have had
higher reported VLP concentrations (e.g. 2.4230.Ps/ml (Wu and Liu 2009)) likely associated

with higher microbial diversity in these systemsngared to the study enrichment reactors. Still,
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the prevalence ddiphoviridae observed in the study reactors was consistentAwgkiermann’s

2007 survey that showed this virus family to bertiest common tailed-phage documented in

published electron micrograph images irrespectivb® habitatSphovirdae were also the most

abundant identified morphotype (16%) in a previgwsudied methanogenic digester treating

wastewater from a beer brewery (Park, Ikenaga @08i7). Observation of this common viral

family is particularly interesting because althowsgime archeoviruses have been reported to

exhibit exceptionally complex morphotypes (e.geén fusiforms, droplet and bottle shapes)

(Prangishvili, Forterre et al. 2006; Pina, Bizealet2011), currently characterized viruses of

methanogens are of head-tailed morphologies (JoMaite et al. 1989; Meile, Jenal et al. 1989;

Nolling, Groffen et al. 1993).

Several observations demonstrate that virus papukbetween two reactors differed. First,

VLPs morphologically similar tdyoviridae were only found in the hourly-fed reactor (Figure

6.1). Second, different dominant VLP capsid sizes$tail lengths were observed in the two

reactors (Figure 6.2 a), a parameter thought taididy conserved and uniform for individual

virus species (Ackermann 1998). Third, PFGE banggiterns suggested that the viruses in the

two reactors had different genome sizes (Figureesgt virus with 80 kbp genome in the daily-fed

reactor and virus with 85 kbp in the hourly-fedatea). Different virus populations may have
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developed in the reactors due to several contrigutictors such as feeding schedule, HRT,

re-inoculation of the daily-fed reactor, naturapptation drift in each reactor caused by unique

“virus-host arm races”.

6.4.2 Enriched Culturesand Microbial Communities

One genus of the acetoclastic methanogdiehanosaeta, was dominant in both reactors. Higher

periodic acetate concentrations and shorter HRMeardaily-fed reactor was designed to favor

Methanosarcina due to its higher growth ratk)(@nd lower acetate affinity (high&s) than

Methanosaeta andMethanosarcina was historically dominant in the daily-fed reachsr

previously reported (Conklin, Stensel et al. 206&wever, dominance shifted from toward

Methanosaeta by year 2007. Re-inoculation of the daily-fed reaetith sludge from municipal

anaerobic digesters failed to reestabldthanosarcina, as evidenced by gPCR, microscopic, and

sequencing results presented in this work. Thedbb&ethanosarcina in the daily-fed reactor

remains unexplained, but allowed comparison of ¥bRimunities in two reactor systems that

shared a dominant microbial population.

While the Bacteria were less prevalent thanMleehanosaeta, their phylogeny still reveal
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interesting insights into the reactor microbial coomities.The phylaProteobacteria, Firmicutes

andBacteroidetes detected in the reactors have previously beernrteghas core microbial groups

in several full-scale mesophilic anaerobic diges(&iviere, Desvignes et al. 2009) and in

mesophilic bovine serum albumin-fed reactors (T&tdgematsu et al. 2005). One of the OTU

detected in this study (containing 35 clones) withinylumProteobacteria was assigned to genus

Arcobacter and was most frequently detected in both the daiiy(45.7%) and hourly-fed (29.8%)

reactors (data not shown). The closest relatedesmgu(NCBI accession number: GQ136513.1,

100% sequence coverage and similarity) to this @/BY a clone also found in an acetate enriched

digester sample, implying that an anaerobic acetatiehed niche may be a favorable habit for

Arcobacter. Sequences assigned to WWE1 were observed mopgefidy in the hourly-fed

reactor, while the sequences affiliated with migamups were more dominant in the daily-fed

reactor, indicating different bacterial communitietween the two reactors. Most of the bacterial

16S rRNA gene sequences recovered did not cloffédigta to any known isolated culture

(similarity <97%) but were similar to the clonesifwl in the anaerobic digesters (Tang,

Shigematsu et al. 2005; Shigematsu, Tang et ab;Z®iere, Desvignes et al. 2009; Ito,

Yoshiguchi et al. 2011; Krakat, Schmidt et al. 20Methanogenic consortium and landfill

leachate (Limam, Bouchez et al. 2010) suggestiagetanoxic systems may contain many

bacterial species with yet unconfirmed metabolleso
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6.4.3VLPsand Enriched Cultures

Observations of persistent VLP populations in #ectors suggest that they are actively

propagating in the system. Because viruses argaiblparasites, they only reproduce when their

corresponding hosts (Bacteria or methanogenic Aalathis study) are present. VLPs were

confirmed to be entering the reactors with the feddch was prepared aseptically and evaluated

by EFM to confirm that VLPs were not present. VItRgt entered the reactors with the anaerobic

digestion sludge used to inoculate the reactanstisnathematically not predicted to have

persisted in the reactors due to the extendeddinoe last re-inoculation (>3 years prior to the

study) in comparison to the systems’ retention $infénus, replication of the observed VLP was

the most likely explanation for observation of Vpérsistence.

While replication of the virus population was sugpd by the data, the virus-to-bacteria ratio

(VBR) values were lower in the study reactors tisaoften reported. The ratio of VLP

concentrations to the prokaryotic celMethanosaeta and bacteria) concentration was 0.123 in the

daily-fed reactor and 0.093 in the hourly-fed rea¢assuming 2 and 3.8 16S rRNA genes copies

per organism foMethanosaeta (Barber, Zhang et al. 2011) and Bacteria (Fogelliies et al.

1999), respectively. In contrast to the study dakon, when VBR has been used to study
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relationships between viruses and bacteria in nmatyral aquatic ecosystems, the number of

virus is higher than the number of bacteria withi¢gl VBR ranging from 3 to 10 in aquatic

ecosystems (Wommack and Colwell 2000). Assumptisesl to estimate microorganism

concentrations from 16S rRNA copy number may piyt@ntribute to lower VBR values,

particularly because the numbers of 16SrRNA gem@sahromosome can vary among species of

the same genus and some methanogens have recegnlydported to contain more than one

chromosome (Hildenbrand, Stock et al. 2011) (thoughyet studied for slow-growing

Methanosaeta). However, lower VBR values similar to this studsesults have been reported in

an oligotrophic lake (0.03-0.7) (Tapper and HicR98) and in rhizosphere soil (0.04) (Ashelford,

Day et al. 2003). VBR values in Archaea-dominamiremments have not been reported.

Finding of low VLPs concentration in twdethanosaeta-dominant reactors studied here may due

to several reasons. First, viruses in reactors npggfer lysogenic or pseudolysogenic (Los and

Wegrzyn 2012) life cycles, in which viruses persiside host cells and thus were not counted

using the study methods. Second, it has been stimtthe VBR is higher in nutrient-rich, more

productive environments (Wommack and Colwell 20B@)wever, the acetate-fed methanogenic

reactors in this study are not classified as prode@nvironments for viruses. Under anaerobic

conditions, limited energy is gained by slow grogviiethanosaeta when acetate is converted to
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methane, and only limited substrate (e.g. vitamive3 available for the growth of bacteria

(although metabolic roles of bacteria in reactsnsriknown). Third, a positive correlation between

VBR and host community diversity has been previpobkerved (Tuomi, Fagerbakke et al. 1995),

suggesting that the VBR may be an indicator of bostmunity diversity. For the reactors in the

current studyMethanosaeta was found to be dominant in the daily-fed and heted reactors and

low diversity of microbial communities was obseryedhich may correlate with the low VBR

observed in two enriched reactors.

Despite persistent VLP presence in bigithanosaeta dominant reactors, upset or failure of these

methanogenic reactors was not observed over tdg prriod. This might be explained by the

present of temperate viruses, chronic infectionsosevolution of virus and host populations in

reactors. First, limited energy conditions andaavsjirowing host under anaerobic conditions may

be favorable for lysogenic or pseudolysogenicdifeles. Second, some crenarchaeal viruses have

been found to be chronically produced without toedis lysis (Prangishvili and Garrett 2005;

Prangishvili, Vestergaard et al. 2006; Pina, Bizal€2011). Although viruses of acetoclastic

methanogens have not yet been reported, this hgpisteeems less likely because currently

identified head-tail morphotypes, such as thosemesl in this study, have previously been

reported as lytic (Meile, Jenal et al. 1989; NdaliGroffen et al. 1993; Luo, Pfister et al. 2001).
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Finally, an evolutionary arms race between virusas hosts could result in minor changes in
population structure without the changing of comitystability (Andersson and Banfield 2008).

Nevertheless, this theory requires more investigaior methanogenic habitats.

6.5 Conclusions

Persistent VLPs were present in Methanosaeta-dominated daily-fed and hourly-fed reactors.
Virus populations between the two reactors wergriswhich was supported by three
observations: (1) VLPs morphologically similarNtyoviridae were only found in the hourly-fed
reactor; (2) the different size distribution of \i.Between two reactors, suggesting that distinct
virus species existed in the individual reactoB$;different PFGE banding patterns also indicate

that certain virus species were unique in the inldial reactors.

All of the observed VLPs were of head-tailed moiphg. VLPs morphologically belonging to
Sphoviridae were found in both reactors, and VLPs morpholdbyicamilar to Myoviridae were
only found in the hourly-fed reactor. The number¥ibPs was 18% higher in the hourly-fed
reactor (8.4 + 4.3x10/LPs/ml) than in the daily-fed reactor (7.1 + 11B%VLPs/ml). Major

viral genome size of the daily-fed reactor and hoeted reactors was at about 80 and 85 kbp,
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respectively. Viruses with 35 kbp and >240 kbp gees were found in both reactors.

VBR values were low in both the daily-fed react@d@3) and the hourly-fed reactor (0.093). This

result may imply that lysogenic or pseudolysogéifieccycles could be the favorable strategy for

viruses targeting slow-growing hosts in the metiggmac environment. Besides, low VBR might

also due to low diversity of microbial communitieseactors.

The presence of many VLPs with 60 nm capsid andnb2@ail or viruses having the same

genome sizes (30 kbp) in both reactors may sudlgegttarget a common host such as

Methanosaeta, Proteobacteria or Firmicutes. Since both reactors were dominated by

Methanosaeta, viruses infectingVethanosaeta are likely to propagate in the systems.

For the bacterial domain, both reactors were dotethhyProteobacteria, Firmicutes, and

Bacteroidetes. Of theProteobacteria, the Arcobacter was represented by 35 clones, consisting of

45.7% of theProteobacteria in the daily-fed and 29.8% in the hourly-fed reast
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Chapter 7 The study of the connection between viruses and Methanosaeta
using a genomic approach based on clustered regularly inter spaced short

palindromic repeats (CRISPRS)

7.1 Introduction

In this chapter, interactions between viruses Methanosaeta were studied using molecular
biology approach based on Clustered Regularlydptaed Short Palindromic Repeat (CRISPR)
(literature of CRISPRs reviewed in section 2.8)I8PR has been shown to be a tool to study
the relationship between viruses and hosts in neaogystems (Andersson and Banfield 2008;
Snyder, Bateson et al. 2010; Sorokin, Gelfand.2G10; Pride, Sun et al. 2011; Stern, Mick et
al. 2012). Using this tool, the present\vdéthanosaeta viruses in twdViethanosaeta-dominated
reactors (the daily-fed and hourly-fed reactorg) tinmee full-scale digesters (West Point, South
Plant, and Port Angeles) was investigated. Inytj@lbmparative analyses of CRISPR/Cas
systems of thre®lethanosaeta concilii strains were conducted. For the identificatio€&ISPR
spacer in microbial genomes, two different toolR(EPRFinder and Crass) were compared.
Isolated spacer sequences were then used to #rgiputativeMethanosaeta viruses in
constructed viral nucleotide database. These s@qliences were used as queries to search for
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homologies in NCBI database. Finally, recognitidassfor the CRISPR/Cas systems on targeted

viral sequences were investigate.

7.2 Materials and Methods

7.2.1 Overview of the experimental approaches

The experimental approaches are summarized ind-igdtThe experiments to collect,
concentrate, and purify viruses for metagenomiciseging were done in conjunction with a
former Master’s student, Scott Pease (MS in ENV#,2). The data and results of viral
metagenomes analyzed by Pease are located in Appgendicrobial metagenomes from the
daily-fed and hourly-fed reactors were sequencdividually. The spacer sequences in the
CRISPR loci were extracted from microbial metageesnand these spacer sequences were
blasted against the viral metagenomes to iderti#gycbrresponding viruses. In addition, pure
strains ofMethanosaeta concilii (DSM 6752 and DSM 2139) were also sequenced. Guedbi
with a Methanosaeta concilii GP6 genome retrieved from NCBI, variation of tHRISPR and
CRISPR-associate@ds) genes among the three strains were investigAtiditionally, viral

metagenomes of three full-scale anaerobic digesters sequenced. The presence of viruses of
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Methanosaeta concilii in these digesters was studied using the extrapader sequences.

acetate-fed
methanogenic reactc

EL CU:

v

anaerobic digeste Methanosaeta concilii strain:

s

microbes viruse: DSM DSM O | GP¢t
| | v v v
metagenomic sequenci sequencin CRISPR db

\ 4 A 4 A 4 *

CRISPR spacer (Cra:| | assembled viral cdtigs CRISPR spacer (Cra CRISPR
| blas |

blast .| NCBI Non-redundant
protein sequences (n

viral contigs

Figure 7.1 Flowchart of the experimental approach

7.2.2 Sequencing Enrichments and Methanosaeta concilii Genomes

Sample sequencing was performed using an lon tgpesonal genome machine (PGM) with a
316 chip and the long reads protocol (Functionaldaacs Laboratory, University of
Washington). DNA of the daily-fed and hourly-fediehments was barcoded and sequenced
with a 316 chip. Likewise, barcoded DNA Mthanosaeta concilii DSM 6752 and DSM 2139

were pooled and sequenced. Reads were qualitsefiligsing the clip function in Nesoni (v. 58;
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Victorian Bioinformatics Consortium) to trim reatisa length with a minimum quality score of
10 and discard reads <24 bp. Assembly parameteesaptimized using VelvetOptimiser v.
2.2.0 (Zerbino and Birney 2008) and were appliedatatig assembly using MetaVelvet (Namiki,

Hachiya et al. 2012).

7.2.3 Methanosaeta concilii CRISPR/Cas System Comparison

The whole genome dflethanosaeta concilii GP6 was retrieved from NCBI and used as a
template for the comparative analysis. The vanmetiof CRISPR/Cas regions in strain DSM
6752 and DSM 2139 were identified using bneseq (http://barricklab.org/breseq) (Barrick, Yu
et al. 2009) and were visualized using Integra®emomics Viewer (IGV) (Thorvaldsdottir,

Robinson et al. 2013).

7.2.4 CRISPR and Spacer Identification

Since the discovery of CRISPR in many genomes ctieloia and archaea, several tools have
been developed to identify these unique repeatesiesnincluding the CRISPR Recognition

Tool (CRT) (Bland, Ramsey et al. 2007), CRISPRFir{@issa, Vergnaud et al. 2007a), and
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Crass (Skennerton, Imelfort et al. 2013). CRISPREiinis so far the most widely used tool to
detect CRISPR. Crass is a recently developed toidlentify CRISPR for metagenomic data
without the need of assembly, which brings the athge of avoiding the sequence error
generated during assembling. In addition, Crass asew algorithm to increase the sensitivity,

specificity and speed of CRISPR detection.

In this study, CRISPR and spacer sequences wenmtfidd and extracted using CRISPRfinder
(http://crispr.u-psud.fr/Server/) (Grissa, Vergnaidl. 2007a) and Crass v. 0.3.6
(http://ctskennerton.github.io/crass/) (Skennertorelfort et al. 2013). Contigs and filtered
reads were used as input for CRISPRfinder and Crasgectively. Identified CRISPRs were
grouped by the repeat sequences. Homologies catrspguences were searched in the NCBI
nr/nt database and CRISPRdatabase (http://crippud-:fr/crispr/) (Grissa, Vergnaud et al.

2007b) in order to find the suspected microbesrwathe corresponding CRISPR.

7.2.5 Spacer Similarity Search

The spacers obtained were blasted against seveabinetagenomes using ViroBLAST (Deng,

Nickle et al. 2007) with default settings, asidenfrthe word size, 7. The viral metagenomes
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used were the daily-fed reactor, hourly-fed readMeast Point digester, South Plant digester, and
Port Angeles digester. For Crass, maximum mismiaétiveen spacer and protospacer (viral)
sequences was 2 nt and the E-value w&E-7. Homologous sequences or proteins of
protospacer-containing viral contigs were searchete nucleotide collection (nt/nr) database
using blastn and the non-redundant protein segsdncedatabase using blastx, respectively.

For the search of non-redundant protein sequeieealue was< 6E-4.

7.2.6 Analysis of Protospacer Adjacent Motif (PAM)

Protospacer adjacent motifs (or protospacer-agsaocraotif) ofMethanosaeta CRISPR systems
were investigated by aligning the invading sequsnisicleotide conservation near protospacer
was examined. The conserved motifs of each locewdantified and illustrated using WebLogo

(Crooks, Hon et al. 2004).

7.3 Results and Discussion

7.3.1 Sequencing and Assembly Statistics

Results of sequencing and assembly of enrichmewtMathanosaeta concilii are summarized

in Table 7.1. The lon torrent 316 chip containswa&35 millions wells. Therefore, under
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perfect library preparation and sequencing conaktiohere should be 6.35 millions reads per

sequencing run. In reality, fewer total reads cambtained due to empty wells, wells with only

primer signal, wells with positive control beadsdavells with double signal (polyclonal reads).

The number of combined raw reads of two enrichrsantples was 4,237,650 (67% of total

addressable wells), which is higher than that ofloimed DSM 6752 and 2139 samples

(2,579,244 reads, 41% of total addressable wélg)luding the reads without barcodes, the

final raw reads were 4,213,832 (66%) for enrichragand 2,564,818 (40%) fMethanosaeta

concilii strains. Better sequencing results of enrichmemp$as were also indicated by longer

mean read length. In addition, estimated averagerge coverage of strain DSM 6752 and

DSM 2139 are about 40x% (calculated usingNtethanosaeta concilii GP6 genome length: 3.03

Mb).

N50 is a sequence length-weighted median valuelyigeed to address the quality of assembly.

It represents at least 50% of bases in contigsaotigan N50. Not surprisingly, the N50 is longer

in two pure strains than the enrichments. N50 efttburly-fed enrichment is larger than that of

the daily-fed enrichment which might indicate aslééserse microbial community in the

hourly-fed reactor. However, this remains to beficored by other approaches, and the bias

introduced by DNA extraction should not be excluded
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Table 7.1 Sequencing and assembly statistics of enrichnamiMethanosaeta concilii

Enrichments antethanosaeta concilii

Statistic Daily Hourly 6752 2139

Raw reads 2,127,272 2,086,560 1,259,401 1,305,417

f>§ Mean raw read length 188.02 188.64 176.66 172.04
= Raw bases 399,975,626 393,610,055 222,484,454 224,584,415
% Filtered reads 2,070,722 2,036,139 1,178,771 1,215,114
©  Mean filtered length 107.97 110.79 100.06 100.35
ff Filtered bases 223,578,268 225,581,678 117,947,470 121,941,370
Percent reads pass 97.34 97.58 93.60 93.08
Percent bases pass 55.90 57.31 53.01 54.30

N50 914 1,348 3,620 3,540

3 Longest contig 11,037 13,342 23,120 14,400
e Contigs 7,880 5,662 1,567 1,621
£ Contigs > 1k 941 939 773 809
ﬁ Bases in contigs > 1k 1,871,679 2,117,487 2,497,469 2,562,059

Assembled bases 4,011,863 3,621,101 2,821,136 2,896,328
GC 51.27 51.41 51.38 51.30

7.3.2 CRISPR/Cas of Methanosaeta concilii

CRISPR/Cas Systems bfethanosaeta concilii GP6

CRISPR/Cas systems bfethanosaeta concilii GP6 retrieved from NCBI and CRISPRdatabase
were summarized in Tables 7.2 and 7.3, and illtesdran Figure 7.2. Six putative CRISPR loci
were found in thé/lethanosaeta concilii GP6 genome, and all loci were located on the
chromosome. CRISPR locus 1 contained only one spate there was ngas gene in the

vicinity of this region. This locus is probably rCRISPR, so it is excluded in this study. Locus

2 and locus 3 are clustered in a close regionhaned identical repeat sequences. A different
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repeat sequence is shared by loci 4, 5, and 6these loci are clustered. The predicted RNA

secondary structures of repeats are shown in Fig3teThe repeat sequence of CRISPR/Cas

system 1 forms a stable secondary structure (stem4gtructure), and a weaker folding RNA

molecule could be generated by the repeat of sy&térhe amount of spacers ranges between 8

and 17 in most of the loci, while locus 6 contadfisspacers. The spacer size is between 31 to 41

bp. The identical sequences (231 bp) were onlytéatcen one end (upstream) of loci 2 and 3

suggests they might be the leader sequences. Nev@u sequence was detected in either

flanking regions of loci 4, 5, and 6.

Both CRISPR clusters are physically linkedcés genes (Table 7.3 and Figure 7.2). In system 1,

cas3 (the closest) is located 825 bp upstream fronfitherepeat of locus 2. In system 2, the

cas3 (the closest) is 6291 bp upstream from the erldafs 4, exceptasé spotted 1149 bp away

from locus 6. The two most conserveas$ genesgcasl andcas2, are found in both systems. Both

CRISPR/Cas clusters are classified as type | syst@nause of the appearance of the

type-specificcas3 gene. In addition, CRISPR/Cas system 1 is furthessified into subtype I-B

due tocas8b. Genecas4 appears in both systentasbh andcas7 are found in the system 1, and

casb andcsal are exclusive in the system 2. Moreover, manysiparsase families are found in

both systems (gray arrows in Figure 7.2).
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The most conserved and universal Cas proteins, &asLCas2, contain metal-dependent DNA

and RNA endonuclease, respectively, and are suggjesparticipate in the adaption step (spacer

acquisition and integration). Also, Cas4 is impliede involved in the adaption process due to

possessing RecB nuclease domain, and is fusedstbi@aome type | subsystems (Garrett,

Vestergaard et al. 2011; Makarova, Haft et al. 20C&s3 is a large protein that carries a

separated helicas domain and HD endonulease doammight be responsible for the

cleavage of invader DNA during the interference sidhe RNA endonuclease activity in Casb,

Cas6, and Cas7 suggests they could promote theAcrRituration during processing step. Cas8

is a large subunit of Cascade complex, and miglmmved in both adaptation and interference

steps.

Table 7.2 CRISPRs ofMethanosaeta concilii GP6

Start End # Repeat Spacer Locus
Locus Position Position spacers DR consensus (bp) (bp) (bp)
1 27456302745727 1 TTTCTCGTGGAACTTGCTCTTGATGT 26 46 97
2 2747357 2747982 8 GTTTCAATCCTTGTTTTCGTGGAACTTGCTCTTGATG 37 34-40 625
3  27496132750460 11 GTTTCAATCCTTGTTTTCGTGGAACTTGCTCTTGATG 37 33 -41 847
4  28518952852843 12 GTTTCAATTCCCTTTTCATCGGGATAGGCTCTGCAAT 37  36-41 948
5 28541782855494 17  GTTTCAATTCCCTTTTCATCGGGATAGGCTCTGCAAT 37  36-40 1316
6 2856874 2860348 46  GTTTCAATTCCCTTTTCATCGGGATAGGCTCTGCAAT 37 31-41 3474
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Table 7.3 cas genes oMethanosaeta concilii GP6

System/Classification®®  Gene Start End  Strand (+/-) Genesize (bp)
cas3 2751286 2753754 - 2468
casbh 2753729 2754442 - 713
system 1: Iocu_s 2-3 and Cas cas? 2754450 2755370 ) 920
proteins cas8b 2755373 2757256 - 1883
CRISPR-Cas type I-B cas4 2757370 2758005 - 635
cas2 2758007 2758294 - 287
casl 2758297 2759421 - 1124
csal 2840113 2841054 - 941
system 2: locus 2-3 and Cas cas4 2841087 2841680 - 593
proteins cas2 2841781 2842059 - 278
casl 2842091 2843104 - 1013
CRISPR-Cas type | cas3 2843201 2845603 + 2402
casb 2861498 2862475 - 977

& classification of CRISPR-Cas (Makarova, Haftlef@11)

CRISPR/Cas system 1: type I-B

CRISPR CRISPR 3 Cas3 CasbCas7 Cas8 Cas4?2 Casl
: : 0.8 kb ] < < < :

CRISPR/Cas system 2: type |
csa: 4 2Cas  Cas CRISPR CRISPR'! CRISPR (

_< (:m j _--umm‘ I~

6.3 kb

Figure 7.2 Organization oMethanosaeta concilii GP6 CRISPR/Cas systems.
Transposase families are shown as grey arrows.
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CRISPR 1 (locus 2 and :GTTTCAATCCTTGTTTTCCTIGGAACTTGCTCTTGATC

CRISPR 2 (locus 4, 5, and ¢
e
G
27,9/‘
i O
.

Figure 7.3 Predicted RNA secondary structure of two CRISRI®at sequence

Two CRISPR/Cas systems were found inethanosaeta concilii GP6 genome. System 1 is
classified as type I-B, and system 2 belongs te tygo date, the type | system is the most
abundant group found in the archaeal genome (Makatkdaft et al. 2011). The presence of
multiple CRISPR/Cas systems in a given archaeaftssfrequently reported (Lillestol, Redder
et al. 2006; Hale, Kleppe et al. 2008; Garrettt®@mard et al. 2011; Terns and Terns 2011).
Based on sequence similarity, CRISPR repeats catabsified into at least 12 groups. Some
groups can form stable stem-loop RNA secondaryttras, while others have no predicted

structures (Kunin, Sorek et al. 2007). A stem-Isbpcture may act as a binding structure for
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conserved Cas proteins (Kunin, Sorek et al. 200file binding via sequence-specific manner

was also reported iulfolobus (Peng, Brugger et al. 2003). In addition, sevgraups of repeats

clearly correspond to distinct CRISPR-Cas subtypéating close association between repeats

and Cas proteins. Together, this might suggestieativo CRISPR/Cas systems in

Methanosaeta concilii GP6 adopt different processing mechanisms to rtesdranunity.

Comparative Analyses of CRISPR/Cas Systenidathanosaeta concilii

To compare CRISPR/Cas systems among three strfaMetloanosaeta concilii, sequencing

reads were aligned against the template strain \YGmP@ results are shown in Table 7.4 and

Figure 7.4. For CRISPR/Cas system 1, DSM 6752 d¢yasat element and contains partes

genes. In contrast, the repeat sequence and mthstcais cassette are missing in DSM 2139.

For CRISPR/Cas system 2, repeats and cas cassettetaletected in DSM 6752 while they are

intact in DSM 2139.

Two CRISPR/Cas systems in strain GP6 probably atte dctive with respect to the appearance

of repeat-spacer units ands genes responsible for all three immunity procagsteps. It is

noteworthy that the distance between CRISPR londscas genes is about 6.3 kb in

CRISPR/Cas system 2. Most reported CRISPRs ar¢hasslkb away fronsas genes
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(Marraffini and Sontheimer 2010), but active CRISIB& of Sulfolobus were also documented

when they were several kb (3.5-10 kb) away faasigenes (Lillestol, Shah et al. 2009;

Erdmann and Garrett 2012). However, there is neatigble leader sequence in system 2. For

crenarchaeal gen&lfolobus, lack of a leader sequence has been shown torgrdhe

extension of CRISPR locus, although the transcugise detected (Lillestol, Shah et al. 2009;

Erdmann and Garrett 2012). These results suggatshathMethanosaeta concilii GP

CRISPR/Cas systems might be actively transcribédheuaddition of new spacer-repeat units

could only happens in the system 1.

Table 7.4 Missing coverage in CRISPR/Cas regions

. CRISPR/Cas . I
Strain system Size (bp) Description
1927-2156 MCON_3254
31-109 transposase, 1S116/I1S110/1S902 family
~ 35-49 transposase, 1S116/1S110/1S902 family
Lo 2140-2303 MCON_3259-MCON_3260
© 1 109-127 hypothetical protein/hypothetical protein
% 1359 [MCON_3264]—[cas3]
) 1101 [cas3]-[cas5]
964 [cas5]-[casT7]
2519 [cas7], cas8b, [cas4]
2 21389 21 genes: csal-MCON_3406
o 1 11913-11996 MCON_3254—[cas4]
< 1639 [cas4], cas2, casl
s 1629 MCON_3381
8 2 1195 transposase and inactivated derivatives,d8ily
797-904 [MCON_3387]
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Figure 7.4 Mapping reads to CRISPR/Cas systems
(a) CRISPR/Cas system 1, (b) CRISPR/Cas system 2

Some of the CRISPR/Cas systems for DSM 6752 and RE39 are either truncated or lost. For

DSM 6752, the system 1 might have been defecticaumse most of theas genes are absent,

whereas the whole system 2 was lost. For DSM 2thig9whole system 1 was missing while the

system 2 is intact. The variation of CRISPR/Cas uheslof different strains has been

documented; for instance, four of six CRISPR/Casgules were lost in a variant strain®f

solfataricus P2 (Redder and Garrett 2006). Besidesslandicus HVE10/4 has two CRISPR/Cas

modules whileS. islandicus REY15A carries only one CRISPR/Cas module (ShegiSet al.

2001; Reno, Held et al. 2009). In addition, theijpms of CRISPR/Cas module in the genome
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was not conserved for differesitislandicus strains (Shah and Garrett 2011). The above
observation probably can be explained by compleoe rearrangements in the CRISPR
regions. It has been reported that CRISPR systemstantly locate in the region rich in
transposable elements (Garrett, Vestergaard 20al.; Guo, Brugger et al. 2011; Shah,
Vestergaard et al. 2011; You, Liu et al. 2011). Tdss of CRISPR/Cas module $hsolfataricus

P2 was implied by a single recombination event betwtwo bordering IS elements (Redder and
Garrett 2006). Bordering IS elements were impleég@roduce transposons containing whole
CIRSPR/Cas modules and to trigger recombination bading to the loss of CRISPR systems
(Shah, Vestergaard et al. 2011). Loss of CRISPR#gstems through genome recombination in
Methanosaeta is possible because sevdrainsposase families were found in or adjacent to the
Methanosaeta concilii CRISPR/Cas systems (Figure 7.2). Moreover, it inigha selective
advantage for the DSM 6752 and DSM 2139 to los€€CREPR/Cas systems because the

absence of infective viruses during laboratorydfaming.

7.3.3 Repeats and Spacers of Enrichments and Methanosaeta concilii

CRISPR Identification

Table 7.5 and 7.6 summarize the CRISPRIethanosaeta concilii and enrichments identified
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using CRISPRFinder. CRISPRs were grouped on the basepeat sequence similarity. As

shown in Table 7.5, there are 5 and 7 repeat grdefested for DSM 6752 and DSM 2139,

respectively. The repeat sequencdlethanosaeta concilii GP6 CRISPR/Cas system 1 was

found in DSM 6752 (group 1), while the repeat seqeaeof system 2 was only detected in DSM

2139 (group 1), which was consistent with the gemomapping result in the previous section.

For other groups, no homology was found in NCBIleatide collection (nt/nr) database and

CRISPRdatabase. There are 24 spacers extractegysiam 1 of DSM 6752, and 5 spacers

isolated from system 2 of DSM 2139. Many spacenewaentified in other unknown repeat

groups, for example, there are 19 spacers in goaffDSM 6752, and 13 spacers in group 6 of

DSM 2139. However, it is unclear whether both sisaiarry novel CRISPRs in their genomes.

For the CRISPRs in enrichments, 5 groups were fauide daily-fed reactor, while only 2

groups were detected in the hourly-fed reactor. Agninese 7 groups, 3 groups were identical to

the repeats dflethanosaeta concilii GP6. Group 1 and group 2 of the daily-fed reab&ong to

GP6 system 1 and 2, respective. Group 1 of thelyxben reactor is homologous to the repeat of

GP6 system 1. Again, the repeat sequences of liee gtoups have no homology in the public

database, which also indicates that the microb#ssranaerobic ecosystem are rarely

characterized. For the daily-fed reactor, 10 osp8cers are from the GP6 CRISPRs (9 of system
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1; 1 of system 2). For the hourly-fed reactor, 22bspacers are isolated from the repeat of GP6

CRISPR system 1.

Table 7.5 CRISPR ofMethanosaeta concilii DSM 6752 and DSM 2139 (CRISPRFinder)
Repeat # Repeat homology

Sample Group CRISPR repeat sequence (bp) spacers
1 CATCAAGAGCAAGTTCCACGAAAACAAGGATTGAAAC 37 14
CATCAAGAGCAAGTTCCACGAAAACAAGGATTGAAAC 37 2 Methanosaeta
CATCAAGAGCAAGTTCCACGAAAACAAGGATTGAAACT 38 2 concilii GP6
o~ CATCAAGAGCAAGTTCCACGAAAACAAGGATTGAAAC 37 4 CRISPR/Cas system
ﬁ CATCAAGAGCAAGTTCCACGAAAACAAGGATTGAAAC 37 2 1
© CONSENSUSCATCAAGAGCAAGTTCCACGAAAACAAGGATTGAAAC 37 24
= 2 GTTTCAATTGGGCCACTTCTTAGCAGAAATGGATAG 36 8
8 GTTTCAATTGGGCCACTTCTTAGCAGAAATGGATAG 36 1
— GTTTCAATTGGGCCACTTCTTAGCAGAAATGGATAG 36 3
S GTTTCAATTGGGCCACTTCTTAGCAGAAATGGATAG 36 4
5 CAATTGGGCCACTTCTTAGCAGAAATGGATAG 32 3
g CONSENSUSGTTTCAATTGGGCCACTTCTTAGCAGAAATGGATAG 36 19
o] 3 GGCTCTCGGAGAGATCGGCGATCCGAAAGCCATCGATCC 39 3
g GGCTCTCGGAGAGATCGGCGATCCGAAAGCCATCGATCC 39 1
% CONSEeNSUSGGCTCTCGGAGAGATCGGCGATCCGAAAGCCATCGATCC 39 4
% 4 GTTTCAATTGGGCCACGTCCTTTCAGACATGGATAG 36 3
s CTATCCATGTCTGAAAAGACGTGGCCCAATTGAAAC 36 2
CTATCCATGTCTGAAAGGACGTGGCCCAATTGAAAC 36 3
CONSENSUSCTATCCATGTCTGAAAGGACGTGGCCCAATTGAAAC 36 8
5 CTATCCATGTCTGCGAAGACGTGGCCCAATTGAAAC 36 7
b3 62
1 GTTTCAATTCCCTTTTCATCGGGATAGGCTCTGCAAT 37 2 Methanosaeta
TGTTTCAATTCCCTTTTCATCGGGATAGGCTCTGCAAT 38 2 concilii GP6
8’) GTTTCAATTCCCTTTTCATCGGGATAGGCTCTGCAAT 37 1 CRISPR/Cas system
a‘ CONSENSUS GTTTCAATTCCCTTTTCATCGGGATAGGCTCTGCAAT 37 5 2
s 2 GTTTCAATTGGGCCACGTCCTTTCAGACATGGATAG 36 4
n GTTTCAATTGGGCCACGTCCTTTCAGACATGGATAG 36 4
| GTTTCAATTGGGCCACGTCCTTTCAGACATGGATAGG 37 2
é CONSEeNSUSGTTTCAATTGGGCCACGTCCTTTCAGACATGGATAG 36 10
2 3 CCTATCCATGTCTGAAAAGACGTGGCCCAATTG 33 3
8 4 CTATCCATTTCTGCTAAGAAGTGGCCCAATTG 32 4
% CTATCCATTTCTGCTAAGAAGTGGCCCAATTG 32 2
Eg CONSENSUSCTATCCATTTCTGCTAAGAAGTGGCCCAATTG 32 6
8 5 ATCCATTTCTGCGAAGAAGTGGCCCAATTGAAACAC 36 3
g 6 GTTTCAATTGGGCCACGTCTCTTCAGACATGGATAG 36 8
)] GTTTCAATTGGGCCACGTCTCTTCAGACATGGATAG 36 5
= CONSENSUSGTTTCAATTGGGCCACGTCTCTTCAGACATGGATAG 36 13
7 AAGAGCATGTTCTCGGAGATGTG 23 5
b3 45
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Table 7.6 CRISPR of the daily-fed and hourly-fed enrichmd@BRISPRFinder)

Repeat #
Sample  Group CRISPR repeat sequence (bp) spacers Repeat homology

1 CATCAAGAGCAAGTTCCACGAAAACAAGGATTGAAACC 38 2
- CATCAAGAGCAAGTTCCACGAAAACAAGGATTGAAAC 37 1 Methanosaeta
S CATCAAGAGCAAGTTCCACGAAAACAAGGATTGAAAC 37 2 concilii GP6
e CATCAAGAGCAAGTTCCACGAAAACAAGGATTGAAA 36 3 CRISPR/Cas
% CATCAAGAGCAAGTTCCACGAAAACAAGGATTGAAAC 1 system 1
'S cONSensUSATCAAGAGCAAGTTCCACGAAAACAAGGATTGAAAC 37 9
o 2 GTTTCAATTCCCTTTTCATCGGGATAGGCTCTGCAAT 37 1 GP6 system 2
8 3 GTTGCAACGAACTTGAAAACCCGATAGGGATTGAA 35 2
; ACGTTGCAACGAACTTGAAAACCCGATAGGGATTGAAAC 39 1
T CONSENSUSTTGCAACGAACTTGAAAACCCGATAGGGATTGAAAC 3
0O 4 CAAGGATTGCCGTCATTGCAGTTCTTTTGGCTATGAGT 38 3

5 CCATCAAGAGCAAGTTCCACGAAAA 25 2

b3 18

1 GTTTCAATCCTTGTTTTCGTGGAACTTGCTCTTGATG 37 3
= GTTTCAATCCTTGTTTTCGTGGAACTTGCTCTTGATG 37 7
Q GTTTCAATCCTTGTTTTCGTGGAACTTGCTCTTGATG 38 3 Methanosaeta
E GTTTCAATCCTTGTTTTCGTGGAACTTGCTCTTGATG 37 3 concilii GP6
g TGTTTCAATCCTTGTTTTCGTGGAACTTGCTCTTGATG 38 2 CRISPR/Cas
% GTTTCAATCCTTGTTTTCGTGGAACTTGCTCTTGATG 37 2 system 1
S GTTTCAATCCTTGTTTTCGTGGAACTTGCTCTTGATG 37 3
Q CONSENSUS GTTTCAATCCTTGTTTTCGTGGAACTTGCTCTTGATG 37 23
_$\ 2 GTTTCAATCCCTATCGGGTTTTCAAGTTCGTTGCAL 37 1
5 GTTTCAATCCCTATCGGGTTTTCAAGTTCGTTGCAL 37 1
% GTTTCAATCCCTATCGGGTTTTCAAGTTCGTTGCAA 36 2

CONSENSUSTTTCAATCCCTATCGGGTTTTCAAGTTCGTTGCAAC 36 4
z 27

In the 4 samples investigated (2 pure strains am@&ors), more spacers were observed from

system 1 than from system 2 (57 spacers from sy&terd 8 spacers belong to system 2). This

result is contrary to the data foundviethanosaeta concilii GP6 genome, in which there are 20

and 75 spacers in system 1 and 2, respectivainlyf considering the spacers in reactors (where

the viral sequences are present), the majorith@tpacers belong to CRISPR system 1 (32 of

33). This observation suggests that CRISPR systenmbre active than CRISPR system 2 in

the environment with persistent viruses, with resjpé the spacer acquisition. When challenged
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with virus mixture, no extension was found in lo¢usf S. solfataricus P2 CRISPR subfamily |

(Erdmann and Garrett 2012), which lacks a leadguesece (extension was found in the other 3

loci in the same CRISPR system). This might expllaat more spacers were found in

leader-containing system 1 than in leader-absestésy2. However, caution should be awared

that the information of sequences flanking CRISB®& is only available for strain GP6.

Therefore, it remains unclear whether the lackefleader sequence Mdiethanosaeta CRISPR

system 2 is common in all strains or just a paldicaase in GP6.

CRISPR results generated from Crass are listedheT7.7. The number of repeat group for

DSM 6752, DSM 2139, the daily-fed reactor, andhbarly-fed reactor are 4, 2, 12, and 9,

respectively. The numbers are different compardtidee found by the previous method,

CRISPRFinder (5, 7, 5, and 2). GP6 CRISPR systearsl2 were observed in DSM 6752 and

DSM 2139, respectively. These two systems weredonroth reactors using Crass but system

2 was not detected in the hourly-fed reactor ulegCRISPRFinder. Sequences of the other

repeats were blasted against the nr/nt database oegablast program (word size 7). Group 46

is homologous to CRISPR @fandidatus Cloacamonas acidaminovorans str. Evry (WWE1

candidate division). Group 28 of the daily-fed tea@and group 1 of the hourly-fed reactor were

identical, and homology of the repeat was found microbesMethylomonas methanica
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MCO9/Ramlibacter tataouinensis TTB310Pseudomonas stutzeri A1501/Chlorobium luteolum
DSM 273. The number of spacers found in reactamadtically increased. There were 99, 45,
262, and 263 spacers found in DSM 6752, DSM 2189daily-fed reactor, and the hourly-fed
reactor, respectively (62, 45, 18, and 27 found@§lRISPRFinder). Again, in the reactors,

more spacers were identified in CRISPR system 2)(2@an system 2 (38).
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Table 7.7 CRISPR of two pure strains and two reactors (Grass

Sampl GID Repeat concensus Repeat # SP
e Length pacers Length
Gl CTATCCATATCCATTTCTGCTAAGAAGTGGCCCAATTGAAAC 42 15 32
G2 CATCAAGAGCAAGTTCCACGAAAACAAGGATTGAAAC 37 62 36 GP6 system 1
6752 G6 CGTTTCAATTGGGCCACGACTTCTCAGTCATGGATAG 37 7 37
G8 CTATCCATGTCTGAAAGGACGTGGCCCAATTGAAAC 36 15 36
X 4 99
G1 CTATCCATATCCATTTCTGCAAAGAAGTGGCCCAATTGAAAC 42 28 34
2139 G5 ATTGCAGAGCCTATCCCGATGAAAAGGGAATTGAAAC 37 17 38 GP6 system 2
T 2 45
Gl CATCAAGAGCAAGTTCCACGAAAACAAGGATTGAAAC 37 96 36 GP6 system 1
G2 ATTGCAGAGCCTATCCCGATGAAAAGGGAATTGAAAC 37 25 38 GP6 system 2
G3 AGGTCGATCCCCGCGCATGCGGGGTAGCC 29 7 31
G5 GTTGCAACGAACTTGAAAACCCGATAGGGATTGAAAC 37 73 36
G12 GTCAGAATCAATAAATGCCCGCCAGGGCATTAAGAC 36 8 36
G15 GTTTCAATTCCTTATAGGTAGGCTACAAAC 30 3 36
Daily G28 GTCcGCGCCCCACGCGGGCGCGTGGATTGAAAC 32 15 34 ++
G30 CGGTTCATCCCCGCGTGAGCGGGGAACACG 30 10 31
G46 GTTTCAATCCTTGATTTAATGGACTGTAGAGTAAAAAC 38 6 35 *x
G48 ATTTCCATGGCTGAAAAGTCATGGCCACATTGAAGC 36 8 37
G50 GTTGTGGTTTGATAAGAAATTGGAATAGAAGACATTA 37 8 29
G63 AGTCGCCCGCTCACGAGCGGGCGTGGATTGAAACCA 36 3 31
x 12 262
Gl GTCGCGCCCCACGCGGGCGCGTGGATTGAAAC 32 25 34 ++
G2 CATCAAGAGCAAGTTCCACGAAAACAAGGATTGAAAC 37 106 36 GP6 system 1
G5 GTTGCAACGAACTTGAAAACCCGATAGGGATTGAAAC 37 79 36
G6 GTACCCAGCTTACCTATAAGGAATTGAAAC 30 8 35
Hourl G7 GTTTCAATTGGGCCACTTCTTAGCAGAAATGGATAGA 37 20 36
y  G12 ATTGCAGAGCCTATCCCGATGAAAAGGGAATTGAAAC 37 13 38 GP6 system 2
G17 AATGTCTTCTATTCCAATTTCTTATCAAACCACAAC 36 6 30
G20 CGGTTCATCCCCGCGTGTGCGGGGAACGCGGGGAACAC 38 3 23
G27 CGGTCCACCCCCACGCGTGTGGGGATAAC 29 3 33
9 263

**: homologous repeat found iBandidatus Cloacamonas acidaminovorans str. Evry (WWE1 catdidivision)
++: homologous repeat found hethylomonas methanica MCO9/Ramlibacter tataouinensis TTB310/Pseudomonas

stutzeri A1501/Chlorobium luteolum DSM 273

Methods Comparison

The CRISPR identification methods were comparet véspect to the number of repeats and

spacers detected. The result is shown in FigureA7ctear trend, that the Crass approach is more
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sensitive in more complex data than CRIPSRFindeegtxfor the spacers in DSM 6752 (i.e.

more repeats and spacers were found in reactarsritpure strains using Crass) was observed.

Crass : shar| CRISPR
Finder ;

6752 DR 2139 DR Daily DR Hourly

6752 SP

Daily SP Hourly SP

Figure 7.5 Comparison of two CRISPR identification methodsa&3s and CRISPRFinder)

It is noteworthy that the current data is causednty by different tools, but also the distinct
data formats used (i.e. reads before (Crass) dadafsembling (CRISPRFindr)). The effect of
these two factors on the present result is indjsishable, but Crass has been demonstrated to be

more sensitive and specific than other availabist(Skennerton, Imelfort et al. 2013) when
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same metagenomes and data format (reads or cowige)used. In conclusion, when studying
the CRISPR, it is better to use Crass for unassatelads, especially for data obtained from the

complex microbial communities.

7.3.4 Sudying the Relationship between Viruses and Hosts using CRISPR

Spacer sequences identified by Crass were usedeaigs|to blast against several viral
metagenomic libraries, including two reactors (gééld and hourly-fed reactors) and three
full-scale digesters (West Point, South Plant, Rad Angeles). In addition, the spacer sequences
of GP6 were also used. The viral contigs contaimirstport segment of DNA (protospacers)
matching to spacer sequences were retrieved. érgkviral contigs were tagged by the same
spacer, these contigs were assembled (if possititelonger sequences. Finally, these
protospacer-containing contigs were blasted ag#uestucleotide collection (nt/nr) database
using blastn as well as the non-redundant proeguences (nr) database using blastx to find
homologous sequences or proteins, and hopefuligueal the putative viruses bfethanosaeta
concilii. The spacers harvested exclusively from CRISPR¥fidal not have any homology in

the database, so they were not included.
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Protospacer-containing Viral Contidgl¢thanosaeta concilii CRISPR)

Protospacer-containing viral contigs were identifiecontigs contained significant homologies
to spacer sequences (100% coverage; mismatch )< Phetresult is summarized in Table 7.8.
For theMethanosaeta concilii strains (DSM 6752, DSM 2139, and GP6), about 10%e
spacers matched the viral contigs containing ppatosrs. For the spacers extracted from the
reactors, the percentages of matched spacers secréa 30%. It is not surprising to have higher
percentage of matches for the reactors, sincethetbpacers and viral contigs were isolated
either from the same environment or from relatedas. However, even for spacers recovered
from the reactors, many of the spacers did not imtt@ny viral contig (70%). It is likely that

the spacers were acquired from other mobile geeétiments, such as conjugative plasmids.
Since plasmids were likely removed during the vpusfication processes (CsCl density
gradient or the DNase treatment), they would nadjmected to be found in the viral
metagenomic libraries. In addition, a fractiontod putative viral populations might be lost due
to the selective pressure causing by the presentrofineMethanosaeta (CRISPR-mediated) in

the systems.
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Table 7.8 Blast resultsNlethanosaeta concilii spacers against viral metagenomic libraries)

match
sample contigs with unknown viral no match
spacer overall :
annotated gene contigs

DSM 6752 99 9(9%) 3(3%) 6(6%) 90(91%)
DSM 2139 45 5(11%) 2(4%) 3(7%) 40(89%)
GP6 87 910%) 1(1%) 8(9%) 78(90%)
Daily 121 40(33%) 3(2%) 37(31%) 81(67%)
Hourly 119 32(27%) 1(1%) 31(26%) 87(73%)

To understand which systems contained putativesgswfMethanosaeta,

protospacer-containing contigs were sorted by iddiai viral metagenomic library (Figure 7.6).

All viral metagenomes except Port Angeles haveigsrthat matciMethanosaeta spacer

sequences. Although CRISPR/Cas systems could mrMathanosaeta immunity against the

viruses when matched spacers are present, viriddatlmanosaeta might still active in these

systems for several reasons. First, when searghitegive viruses, mismatch was allowed

between spacer and protospacer. It has been rdgbgaeviruses with a single nucleotide

mutation in the protospacer region could escapeSBRFmediate immunity (Deveau, Barrangou

et al. 2008). Second, even with perfectly matchmtars, viruses can still circumvent the

CRISPR/Cas system by mutating in PAM regions (Dey8arrangou et al. 2008; Semenova,

Nagornykh et al. 2009). Third, the CRISPR loci wexgidly evolved and diverse in the level of

strain (Zheng, Roberts et al. 2004; Andersson aartfigld 2008; Tyson and Banfield 2008),
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suggesting that viruses could propagate by infgaiportion of the host population.

S P matched viral contigs
W 10% 0%

oD
D mH
50% EHW
BS
mP

3%

Figure 7.6 Distribution of protospacer-containing viral cagispecific tdViethanosaeta spacers

Protospacer-containing Viral Contigs (other micgamisms)

Viral contigs matched to spacers isolated from GHRS of other microbes were also obtained
(Table 7.9). This suggests that some of the obder®s infecting microbial hosts in
enrichments were still produced. For example, @susight propagate in the daily-fed reactor
by infection a microbe belonging to WWE1 candidditesion (Figure 7.9: repeat group 46).
There are 16 and 17 viral contigs tagged by theesgdrom the daily-fed and hourly-fed
reactors, respectively. In addition to the reagcttirsse viral contigs were also found in the
full-scale digesters, suggesting their correspantiivsts are prevalent in the full-scale anaerobic

digesters.
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Table 7.9 Spacer-matched viral contigs from other microQiRISPRs

, . matched viral metagenome
Sample Repeat group # matched viral contig g

D H W S P
D 5 11 7 2 2
46 3 2 1
3 1 1
28" 1 1
H 5 9 6 1 1 1
. 6 2 4
7 1 1
20 1 1

*. homologous repeat found @andidatus Cloacamonas acidaminovorans str. Evry (WWEL1 caxdidivision)
**: homologous repeat found iMethylomonas methanica MCO9/Ramlibacter tataouinensis TTB310Pseudomonas
stutzeri A1501/Chlorobium luteolum DSM 273

Homologous Sequences of Viral Contigs

Spacer-tagged viral contigs were searched for hognes in the NCBI database. First, matched
viral nucleotide sequences were used as quergsarch similar sequences in nucleotide
databases using blastn, but no significant homalsgequence was found. Therefore, the viral
nucleotide sequences were translated into proegjnences and used as queries to search the
non-redundant protein database using blastx. Témifted homologous sequences are
summarized in Table 7.10. There are 15 homologegsences found containing either
annotated functions or predicted hypothetical pngsteAmong them, 8 proteins were targeted by
spacers fronMethanosaeta CRISPR, and 7 proteins were matched to spacarsdther

CRISPRs. Although many viral contigs were targdtecCRISPR spacers, most of the matched
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viral contigs have not been annotated yet. For @@n30% of reactaviethanosaeta spacers
matched to viral contigs, but only less than 3%hefspacers linked to annotated viral sequences
(Table 7.8), which suggests that most viruses itimghin the methanogenic environment have

not yet been characterized.

By analyzing the genes in contigs, the viral cantaygeted bivethanosaeta spacers could
reveal their origins. One of the invaders belomggituses, due to the identification of a viral
structure protein (a capsid protein of deep-seartbphilic phage D6E) and several viral
enzymes including the viral terminase, methyltrarese, and recombinase (Table 7.10). The
phage D6E was isolated from its ha8&obacillus sp., cultured at 6€. It is a myovirus with a

60 nm diameter capsid and 120 nm tail (Figure &g, has a 49,335 bp dsDNA genome (Wang
and Zhang 2010). Although D6E belongs to the nresjuently observed head-tail phage, its
genomic sequence is unigue among other known phbgaddition, the gene cluster of
transcription and replication of D6E is highly siamito a thermophilic siphovirus GVEZ2, despite
their low sequence similarity. Moreover, the D6 ha extensive mosaic genome, which has
been reported in other mesophilic phages. Sim#arivere observed between the phage D6E
and the viruses from the studied reactors and tigeg1) these viruses both inhabit in the

anaerobic environments with elevated temperatues@mphilic and thermophilic), (3) viral

151



genomes have low sequence similarities to knowgghé&/Vang and Zhang 2010) (low

significant taxonomic matches for studied viral tg®s, see appendix Table A.2), and (3) VLPs

with similar morphology were also observed in tlarty-fed reactor (Figure 7.7 and Figure 6.1

j)-

In addition to the phage structure protein, sewaral enzymes were also targeted by

Methanosaeta CRISPR spacers for example, terminase, methyfeease, and recombination

protein. The phage terminase (large subunit) &eprotein and is in charge of translocating

DNA in viral genome packaging. Methyltransferasesrasponsible for DNA modification

probably to avoid host restriction systems or ratjoh.

S0y

Figure 7.7 The deep-sea thermophilic phage D6E (Wang andgBam0)
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Table 7.10 Homologous sequences of spacer-matched viralgsonti

Spacer ID Igsgg‘g j: rgagggﬁg 0 # mlslmatcﬁ’) > Blastx: Non-redundant protein sequences {hr)
DG1SP1407 GP6 system | 6 DWS DWS capsid prote[Deep-sea thermophilic phage DEE]
DG1SP1215 GP6 system| 6 D D W(2) S(2)capsid proteifDeep-sea thermophilic phage D6E]
HG2SP971 GP6 system | 2 WS phage recombination protéiviethanomethylovorans hollandical
6752G2SP6 GP6 system | 1 W putative phage proteiterminase, large subumiRaenibacillus alvei]
6752G2SP272 GP6 system | 1 D hypothetical protein ABC283Bécillus clausi KSM-K16]
6752G1SP580 unknown 2 D adenine DNA methyltransferaBerfletella phage BPP-1]
2139G1SP791 unknown 1 D transposase, 1S891/1S1136/1S184&Hanococcoides burtonii]
2139G5SP149 GP6 system |l 1 W hypothetical protein MCON_332Blgthanosaeta concilii GP6]
DG5SP856 unknown D prophage lambdaghérial proteifCaldicellulosiruptor owensensis
DG5SP1060  unknown D hypothetical protein [Enwnental Halophage eHP-380075]
DG28SP23 4 bacteffa 1 S phage terminase-like protdirge subunit$oirochaeta africanal
HG1SP125 4 bacteffa 5 WS (4) phagerelated hypothetical protei@phaer ochaeta pleomorphal
HG5SP621 unknown DH hypothetical protein MCOBRE [Methanosaeta concilii GP6]
HG5SP143 unknown D W prophage lambdach01 pardébin [Caldicellulosiruptor owensensis
HG5SP959 unknown D hypothetical protdifefhanobacterium formicicun]

(a): Ramlibacter tataouinensis TTB310; Methylomonas methanica MCO09; Pseudomonas stutzeri A1501; Chlorobium luteolum DSM 273
(b): D: daily-fed reactor, H: hourly-fed reactor; West Point WWTP, S: South WWTP,

(c): Maximium E value: 6E-6

(d): (d): The closest relative sequence of theidgp®tein [Deep-sea phage D6E] is MCON _19813t[ concilii GP6] (Max identity: 57%;
E value: 8e-110)
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In contrast to contigs with annotated viral DNAye®l contigs contained predicted proteins of
prokayotic origin, and thus raise several questibirst, are these true viral sequences (e.g.
prophage or microbial genes captured and carriedrbges) or microbial genomes
contaminated during virus particle purification?héy are microbial DNA, why they are
targeted by CRISPR? Why does Methanosaeta CRISPR spacer sequence matches to a gene
of Methanosaeta concilii GP6 (hypothetical protein MCON _3328ME&thanosaeta concilii GP6)
(Table 7.10)? An interesting finding shows that ¢hasest similar sequence of the capsid protein
(ADE87491.1, Deep-sea phage D6E) is the hypotHeirogein, MCON_1983, found in the
genome oMethanosaeta concilii GP6. Therefore, this hypothetical protein mighelrelic of
prophage, and perhaps the case is the same foyploghetical protein MCON_3328. Moreover,
identical sequences were observed betv@reptococcus thermophilus spacers (7%) and its own
genome which suggests that CRISPRs might involveianobial regulatory systems (Horvath,

Romero et al. 2008).

Similarly, the contigs matched by other microbi&ISPR spacers reveal their viral origin. Viral
proteins (portal protein, terminase) were idendifie all but one contig, which contain
hypothetical protein MCON_3328 Methanosaeta concilii GP6. To sum up, current evidence
suggests that unidentifiddethanosaeta viruses are propagating in the investigated system
(except for the hourly-fed reactor). In additiorMethanosaeta in reactors, several microbes

appear to be the hosts of other viruses.

Protospacer Adjacent Motif (PAM)

Protospacer adjacent motifs have been identifiedany systems (Horvath, Romero et al. 2008;
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Lillestol, Shah et al. 2009; Mojica, Diez-Villasaret al. 2009). This motif probably serves as a
recognition site for the CRISPR/Cas system to sééeget sequences. To search the PAMs of
Methanosaeta CRISPR/Cas systems, spacer-matched viral contge aligned, and results are
shown in Figure 7.8. About 65 contigs were aligf@dCRISPR system 1, and a TTG motif
immediately upstream of the protospacers was rede&8imilarly, a CC motif locatedl nt
upstream of the protospacers was identifiedMethanosaeta CRISPR system 2. The appearance

of these motifs suggests the protospacers areandomly selected.

CRISPR system 1

? upstream (63 2 downstream (68 contigs)
2, Y
K T F1
A
- . c
5y T e 0T iR EaEE e S B e BB R AL AREREE eI . Teve - o de. _ac
slopldy - o RRNRAABRERS R e e B TR S e SR AT S w RIS B0
y ERARROEGNRERRR SRRy 3
e b

CRISPR system 2

2 upstream (13 contigs) 2 downstream (15 contigs)

0
=1 2
o C %1

ool = TR I aa o e s& =2 o S. . = ¢ :cléIc” S T g
g TR RRTRATO NN SN e o TN RLERRRNEANRRERR, ‘;,gggggg%ﬂgggggggggg;ggg:«:?_égwqﬁﬁ?'ﬁ'@?é—u&hﬁutma
bbbl e weblogo berkeley.edy

Figure 7.8 Conserved proto-spacer adjacent motifs (PAMd)lethanosaeta CRISPR/Cas

systems

155



7.4 Conclusions

Two CRISPR/Cas systems were found/iethanosaeta concilii GP6 genome. System 1 is
classified as type I-B, and system 2 belongs te typhese two CRISPR/Cas systems in strain
GP6 probably are both active with respect to theeamnce of repeat-spacer units eaigenes
responsible for all three immunity processing stéfmsvever, the lack of a leader sequence in

systems 2 suggests it might not be functional.

CRISPR/Cas systems of DSM 6752 might be defeceoaibise most of theas genes are absent,
and the whole system 2 is lost. For DSM 2139, sysieas totally missing while the system 2 is
intact. The observed variation of CRISPR/Cas systamong strains probably can be explained

by complex genome rearrangements in the CRISPRnegia severdlansposase families.

When identifying and isolating spacers of CRISRRduld be better to use Crass for
unassembled reads, especially for the data obt&iosdthe complex microbial communities.
Using this approach, GP6 CRISPR 1 and 2 systems eleserved in both reactors. In addition,

CRISPR of the other microbes were also detected.

Higher percentage of matching between spacers iagdcontigs was found when spacers were
isolated from reactors rather than from pure sréidSM 6752, DSM 2139, and GP6). This is
not surprising since both the spacers and viraligenvere isolated either from the same
environments or from related samples. However, évespacers recovered from the reactors,

many of the spacers did not match to any viraligoff0%). It is likely that the spacers were
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acquired from other mobile genetic elements, sgotoajugative plasmids. In addition, it is
possible that a fraction of the putative viral plagpions were lost due to the selective pressure
causing by the presence of immuviethanosaeta in the systemdMethanosaeta spacers matched
viral contigs were found in the two reactors (ddég and hourly-fed reactors) and two digesters
(West Point and South Plant), suggesting thaMéihanosaeta viruses might propagate in these

systems.

30% of reactoMethanosaeta spacers matched to viral contigs, but only leas 826 of the
spacers linked to annotated viral sequences, itidgcthat most viruses that inhabit in the
methanogenic environment have not yet been chaizede Presence of various phage proteins
in contigs targeted blylethanosaeta spacers suggests these sequences are originated fr
Methanosaeta viruses. This relationship is further confirmedflnging conserved PAMs on viral
contigs targeted by both CRISPR/Cas systems. litiaddo Methanosaeta in reactors, several

microbes were the hosts of other viruses.
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Chapter 8 Conclusions

This study is the first to identify viruses Mliethanosaeta in anaerobic digesters and laboratory
reactors. In the course of this study, culturirshteques foMethanosaeta concilii in both solid
and liquid media have been greatly improved andiegpnto the investigation d¥lethanosaeta
viruses. Despite the fact that virusesvi#thanosaeta remain recalcitrant to culture, molecular
results clearly suggeMethanosaeta viruses propagate in two laboratory

Methanosaeta-dominated reactors and two full-scale anaerolmesters.

Media and methods for culturindethanosaeta have been improved. By substituting potential
toxicants (sodium sulfide, cysteine, NTA, and adgarmodified compounds (titanium (111)
citrate, sodium citrate and gellan gum), the groeftMethanosaeta was observed after one
week using pour plating and one month using sppéstthg in serum bottles (0.5% gellan,’G5.
Ammonia toxicity toMethanosaeta can be avoided with concentration of NN in media below
16.8 mg/L. This can be achieved by reducing infAN Bnd controlling pH (e.g. using carbonate
buffer system). Based on the improved culturinghods, two viral isolation approaches for

Methanosaeta, plaque assays and infection tests, were evaldmitiedo virus was found.

Persistent VLPs were present in Methanosaeta-dominated daily-fed and hourly-fed reactors
suggesting these VLPs are likely to infect themresponding hosts in reactors such as
Methanosaeta. This implication is supported by detecting pwtaiViethanosaeta viruses in both
reactors using metagenomic and CRISPR approachstudied reactord/ethanosaeta viruses

might be head-tailed morphology and possibly belonigmily Sphoviridae. Due to low VBR
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found in reactors, lysogenic or pseudolysogen&difcles might be the favorable strategy for

Methanosaeta viruses to target slow-growing hosts in the metigemic environment.

In addition to enrichment reactors, putatiethanosaeta viruses were also detected in two
full-scale anaerobic digesters at West Point andiSBlant WWTPs. The detection of
Methanosaeta viruses using the CRISPR approach was supportdithding viral proteins
including capsid, terminase, methyltransferase,randmbinase on spacer-matched contigs and
by identifying a conserved TTG motif and a CC mbtdthanosaeta in CRISPR system 1 and 2,

respectively.

In this study, culture methods ftethanosaeta were improved and the present of putative
Methanosaeta viruses in reactors and digesters was shown. @lerstand the correlation
betweenMethanosaeta viruses and the stability of digestion proceske#her research is

required. PCR primers or probes targeting spacécirad viral contig (putativ®lethanosaeta
viruses) could be designed and used to monitoinfgpetal population dynamics before, during
and after digester failure. Responsd/iethanosaeta to viral attack through out the upset can be
monitored by studying the change of CRISPR spautesis leader regions using PCR-sequencing
approaches. Method developments for monitoring diyaamics and CRISPR spacer
acquisitions can be tested in viral challenge arpants such as infection tests. In addition, for
Methanosaeta viruses, identifying inducing agents which triggeal particle propagation might

be a useful factor to improve stability of digegtencesses.
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Appendix A An Analysis of Viral Metagenomesin Acetate-fed Anaerobic

Reactors

Results

Taxonomic Profile

After quality trimming and assembly, reactor sammpentained 1,846-2,481 contigs, each, while
anaerobic digester samples contained 36,900-54031gs each, with N50s of 161-319 bp and
mean coverage depths of 3.4-13.1 for all samplakléTA.1). The percentage of contigs with
significant taxonomic matches to the M5NR datat{&sealue< 10°) on MG-RAST was lower

for the reactor samples (10.2-10.5%), than foMW'TP samples (25.7-32.1%). In the taxonomic
classification of contigs matching the M5NR datahasral matches comprised 4.1-5.8% of
samples (0.4-1.9% of all contigs) (Table A.2). Taeonomic classification was dominated by
matches to bacteria (73.8-82.9%). The reactor sssiydd a greater percentage of matches to
archaea (5.2-7.2%) than the anaerobic digesterlear(ip1.5%). Comparison of viromes to 16S
rRNA gene databases indicated minimal prokaryatid@mination (O matches for the reactors, 52
for South WWTP, and 60 for West Point WWTP). Esteseaof alpha diversity in each virome
were computed using the relative abundances oftatatbspecies in the M5NR database. This
estimate indicated 178, 323, 836, and 788 specidwidaily, hourly, West Point, and South
viromes, respectively. The rarefaction curves iatic¢hat additional sampling may be beneficial

in order to better characterize the viral commesiof these systems (Figure A.1).

Viral sequences were further classified into fagsilusing the same search parameters. Both the
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reactors and the digesters were dominated by thex Gaudovirales (Figure A.2), consistent with
TEM image analyseSphoviridae tended to be the most abundant (36-49%), followed b
Myoviridae (12-50%) andPodoviridae (0-12%). A small number of matches to viruses faiher
orders were observed for the South WWTP, similahéanaerobic digester of Tamakal.

(2011). Viral sequences from the reactors werd&réexamined for matches to known
methanogen phages or prophages by comparison A&OhAME database (E-valug 0.001). All
matches were to the TerL gene of phage psiM2aihanother mobacterium autotrophicus. There
were five significant matches for the daily fedates, three of which were the top hit. The hourly

fed reactor had one significant match, which wastine top
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TableA.1 Sequence and contig statistics

Daily Fed Hourly Fed West Point South
Reactor Reactor WWTP WWTP
No. of raw sequences 572,672 2,554,267 2,578,357 2,074,807
Mean raw read length (bp)215 135 149 233
No. of filtered sequences 453,538 2,121,452 2,606,1 2,008,500
Mean filtered length (SD) 62 (35) 84 (43) 91 (48) 110 (54)
No. of contigs 1,846 2,481 54,031 36,900
Mean coverage depth 6.7 13.1 3.4 6.1
Contig N50 316 161 202 319
Total bases in contigs 571,331 458,033 12,945,497 1,185,187
Longest contig 3,425 1,744 3,628 6,943
No of contigs >1000 bp 37 9 141 689
Bases in contigs >1000 bp 61,759 11,414 184,502 1911@3
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TableA.2 Functional and taxonomic assignment percentagesliatrdbution of taxonomic assignments

Daily Fed Hourly Fed West Point South Tamaki et al.
Reactor Reactor WWTP WWTP (2011)
Functional assignment?®
Unknown (%) 98.1 96.8 95.8 94.6 95.1
Known (%) 1.9 3.2 4.2 54 4.9
Taxonomic assignment”
Unknown (%) 89.5 89.8 74.3 67.9 73.7
Known (%) 10.5 10.2 25.7 32.1 26.3
Taxonomic
classification
of known®
Viruses (%) 4.1 5.6 5.4 5.8 5.3
Bacteria (%) 80.4 73.8 78.8 82.9 81.8
Archaea (%) 7.2 5.2 1.5 1 2
Eukaryotes (%) 0 2 0.1 0.4 1.1
Unassigned/Unclassified/ 9.9 9.7
Other (%) 8.2 13.5 14.1

a. Based on BLAT to the SEED Subsystems databasel@5.
b. Based on BLAT to the M5NR database (E < le-5).
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Functional Profile

A comparison of the assembled viromes to the SEHERystems database on MG-RAST (E-value
< 10°) provided functional annotation for 1.9-5.4% ohtigs (Table A.1). The COG database was
searched through MG-RAST as well (E-vatu#0°). COG functions related to DNA methylation
were among the most abundant, with DNA modificativethylase (COG0863) accounting for
6.5-14.7% of reactor COGs and 25.0-25.7% of anaedbgester COGs. Transposase and
inactivated derivatives (COGO0675) were the moshdhat in the reactor viromes, comprising
17.6-22.0% of assigned COGs. Aside from phagee@l&OGs, other abundant COGs were
related to transcriptional regulation (COG1475) esplication, recombination and repair, such as

single-stranded DNA-binding proteins (COG0629) hnticases (COG0305; COGO0553).

176



Functional Comparisons

A comparison of COG classifications (E-valad0°) among the reactors and anaerobic digesters
indicates that they have similar distributionswidtions (Figure A.3, Figure A.4), with the hourly
fed reactor sample appearing to be slightly divetr@®m the other samples. The hourly fed
sample appears to have more genes related to tidelemd carbohydrate transport and
metabolism and fewer related to replication, recioiaiton, and repair. In comparing the

collective COG classifications of the reactors digesters from this study with 42 other viromes,
there are several significant differences (Figurfg) AThe reactors and digesters had significantly
lower abundance of genes related to signal tratshjcytoskeleton, post-translational
modification, lipid transport and metabolism, inangc ion transport and metabolism, secondary
metabolite synthesis, amino acid transport and loeéitan, and energy production and conversion

(P-value< 0.002).
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CRISPR Spacer Matches to Viromes

CRISPRs in archaea and bacteria serve as indisatioviral infection history. ABLASTN
comparison (E-valug 0.001) of the anaerobic reactor viromes to theSFRdb, containing 2669
identified CRISPRs in 1700 archaea and bacteria,a@aducted in order to identify unknown
viruses by matches to spacers from prokaryoticiepesther known or likely to be in the reactors.
The significance criteria selected appeared taulfecently selective to omit most matches to
species unlikely to be in the system while stitaneing most matches to species likely to be in the
system. The hourly-fed reactor had 14 significaatahes to spacers. Of these, three were to
Methanosaeta concilii, three were to syntrophic bacteria, and two we Mdthanococcal es found

in marine geothermal sediment. The daily-fed reacém 27 significant matches to spacers. Of
these, twenty were d. concilii, two of which had 100% identity across the ergpacer; one was

to syntrophic bacteria; and two were to other stusigecies (Table A.3). To ensure that these
matches were not derived from contaminating segserhbe viromes were compared to the direct
repeats using the same parameters. The hourlyatkdaily-fed viromes had one and two matches,

respectively, none of which were plausible.

TableA.3 Significant matches to spacers in CRISPRdb by BLNSHE-value< 0.001)

Hourly Fed

Species H Number of Hit:
Methanosaeta concilii GF-6 3
Syntrophic specit 3
Methanother mococcus okinawensis IH1 1
Methanocal dococcus vul canius M7 1

Othel 6

Daily Fed

Species H Number of Hit:
Methanosaeta concilii GF-6 2C

Syntrophic specit
Other sludge speci
Othel

AN P
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Discussion

The alpha diversity estimates were greater foatteerobic digesters than for the reactors. This
difference in diversity reflects the differencesimergy and nutrient availability between these
systems. The anaerobic digesters have substanéiedyeand nutrient sources, enabling the
coexistence of a wide range of microbes. The rescted on acetate medium, were designed to
select for a subset of the anaerobic digester camtynd he lower viral diversity in the reactors
reflects the restricted number of host species aljpiea diversity estimates may be artificially high
based on comparison of the results from the MG-RAS&8ulation to those generated by
PHACCS (Anglyet al., 2005), a tool specifically designed for viraltaggenome diversity analysis,
for the WWTP viromes of Tamakt al. (2011). However, the relative estimated diveraityong

the samples should be similar using either metiibd.rarefaction curves of the assembled reads
(Figure A.1) indicate that more sequence data nedyemeficial to more fully characterize the
viral communities in these systems, particulariytfee reactors. Similarly, the coverage depth
across all samples was relatively low, ranging f&hto 13.1. Increasing the coverage depth by
gathering more data could improve the quality amdjth of the assemblies by providing stronger
evidence for the correct bases where differencease reads arise, reducing the probability of

forming chimaeras, and providing more sequencds wilitich to extend contigs.

The majority of sequences from the anaerobic degestnd laboratory reactors had no significant
similarity to M5NR database sequences. This reswalbnsistent with other virome studies, which
typically demonstrate ~70% or more of sequencesgavw significant matches to database

sequences, and may reflect uncharacterized vivalsity and demonstrates the paucity of current
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knowledge of viruses in the environment. This unkndraction may predominantly be of viral
origin (Edwards and Rohwer, 2005). Virus-specifioatation pipelines have been shown to yield
more functional annotations for viromes comparetl®-RAST, which bases its functional
classification on bacterial and archaeal sequefi@eenziet al., 2011). This result supports the
idea that a portion of the unknown fractions likegntain viral sequences.

The smaller proportion of sequences in thetogasiromes, compared to the anaerobic
digester viromes, that had significant taxonomid¢anes to database sequences reflects that the
reactors have been enriched for a relatively urard community. The two anaerobic digesters
sampled and that of Tamadtial. (2011) had similar percentages of taxonomic assent (A 2);
and were comparable to many other virome studiexk{iMet al., 2012). This similarity suggests
that the anaerobic digester systems harbor viraheonities that are relatively similar to many
other environments. The isolation of the numencatin-dominant component of the broader
community may present a useful means of assessing fully the uniqueness of viruses in
different environments. These species are minimallyesented in current viral metagenomes,
which may mask their actual diversity and relabeindances. Further investigation of systems
similar to the reactors would be of interest ineaseng the uniqueness of this relatively unknown

community.

The taxonomic classification of all viromes was dioated by matches to bacteria. Similarly, all
viromes had significant matches to archaea, wighrélactor samples having relatively large
percentages of archaeal matches. Sequences edssfviral made up only a small percentage of
each sample (Table A.2). These results are consisith prior studies (Tamalet al., 2011,

Andersonet al., 2011; Berg Milleret al., 2012). Analysis of the 16S rRNA gene contentdatéd
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no detectable contamination in the reactor samgiesminimal contamination in the anaerobic
digester samples. Thus, some of the sequences anderobic digester samples may reflect actual
prokaryotic sequences. Though no contaminationdegscted in either reactor sample, the
imperfect nature of the viral purification procesay have resulted in undetected prokaryotic
DNA in these viromes. However, the abundance othest to prokaryotes may also reflect the
bias of many current databases due to having mamg non-viral than viral sequences,
unidentified prophages in these databases, anddmbal gene transfer between viruses and their
hosts (Lorenzet al., 2011; Krupovicet al., 2010; Dinsdalet al., 2008). As the contamination of
the reactor samples appears to be minimal, thewelialarge percentage of matches to archaea
may reflect some combination of unidentified proggsand horizontal gene transfer, suggesting

that these systems may have enriched for archamsegr

Sequences identified as viral were classified pmadantly into families of the order

Caudovirales. Sphoviridae was the most frequently matched family in theyd&et reactor and
both WWTP samples, whilglyoviridae was the most frequently matched family for the hour

fed reactor. These classifications are supportetE images. If the classification is
representative of the unclassified majority of ¥iremes, then these systems are dominated by
Caudovirales. Family-level abundances in the reactors shoulthteepreted with caution given

the small number of sequences classified as wardhe daily fed and hourly fed reactors (8 and 14,
respectively). The profiles of both WWTP samplegesgy similar to the anaerobic digester virome
of Tamakiet al. (2011). The classification of viruses into famdliwith hosts that are not present in
WWTP systems could reflect biases in current dateddue to differences in the extents to which

virus groups have been studied, or could reflettsés that have entered and persisted in the
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WWTPs. The identification dflimiviridae suggests database bias as a more likely caudeesss t

viruses should have been filtered out during samppdeessing.

Further investigation of the reactor samples spadiy for phages of methanogens by comparison
to the ACLAME database yielded several matches.orye matched gene was the large
terminase subunit (TerL) of phage psiM2wéthanother mobacterium autotrophicus, or the

largely similar prophage psiM100 bfethanother mobacter wolfeii, thermophilic anaerobic
digester hydrogenotrophic methanogens (Liu and Wdmt, 2008). The temperature of the
reactors (31-34°C) is outside of the optimum rafiog®lethanothermobacter spp., suggesting that
these species are unlikely to be found in the cgacThe TerL is relatively conserved in the order
Caudovirales and is used as a marker gene for phylogenetisititzion (Rouxet al., 2011). As
such, matches to this TerL gene suggest the pres#rat least one virus population similar to
psiM2 and psiM100. Tailed archaeal proviruses apfgegroup based on gene content in a manner
similar to the hosts’ taxonomic grouping, indicgtiossible coevolution (Krupovat al., 2010).
Thus, the presence of these similar viruses sugtjfestcorresponding presence of a host similar to
Methanothermobacter spp. These matches indicate the possible presénvaeiges of a

methanogen in the reactor systems.

Alevel two COG comparison of the viromes in thisdy to each other and to the anaerobic
digester of Tamalet al. (2011) indicated that the distribution of funci# abundance is similar
across these viromes, though the hourly fed reagoears to be somewhat divergent (Figure A.3,
Figure A.4). This divergence may be an artifadhef relatively small number of sequences

assigned to COGs. Metagenomes, both microbial aakl from different environments have been

185



shown to have metabolic profiles that reflect teecpived relative importance of various
functions in each environment. These profiles Haean proposed to be independent of differences
in taxonomic profile at different locations withéngiven environment (Dinsdadeal., 2008). The
similar functional profiles observed across theesobic digesters and daily fed reactor suggests
that these systems exert similar demands on taecommunities. This agreement may indicate
that the daily fed reactor has successfully maneticonditions that demand functionality that is
similar to what was required in the original andécaligester system, suggesting that the reactor
community may be a realistic representation ofitiiteal community that was isolated. The
apparent divergence of the hourly fed reactogal rcould indicate that this system has become
relatively artificial in comparison to its sourca&ronment. The larger proportion of COGs related
to carbohydrate and nucleotide transport and mésab@and smaller proportion related to
replication, recombination, and repair in this teasuggests that it may present different
functional requirements on the microbial commuritiras been hypothesized that decreased
abundance of metabolic genes and increased abundaneplication, recombination, and repair
genes may be reflective of the viral survival gggtin environments with abundant nutrient and
carbon supplies (Tamaki al., 2011). This hypothesis is supported in this gtoglthe statistical
comparison of the metabolic profiles of the reaetad anaerobic digester viromes to a collection
of 42 other viromes, which showed significantly Ewvabundances of several categories of
metabolic genes (Figure A.5) in the reactor anestey viromes. Further support was generated in
a study of cow rumen viromes (Berg Millgral., 2012), which showed similar patterns of
significantly lowered metabolic gene abundancesg. Adurly fed reactor receives aliquots of
acetate medium that result in relatively small @miation increases. This less concentrated food

supply may exert stronger selective pressure eelatenicrobial metabolism, leading to a
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corresponding decrease in replication, recombinatice repair genes, compared to the other

systems.

The most abundant COG functions were generallyl@airacross samples, and showed an
abundance of DNA methylase genes. The five mosiddnt COGs were identical and in the same
order between the South and West Point viromegaimdided closely with those of the Tamaki

al. (2011) anaerobic digester, further supporting there is a high degree of functional similarity
among anaerobic digesters. As with the level twd3q®ofiles, the daily fed reactor shared a
similar profile of most abundant COGs, while theuthp fed reactor appeared to be relatively
divergent, only sharing the observed high proparatbDNA methylases. The abundance of
methylase genes agrees with prior studies of ab&edoyestion environments (Tamakial .,

2011, Berg Milleret al., 2012). The high proportion of these genes waadan all examined
compartments of the WWTP of Tamakkial. (2011). Methylation of phage DNA may act as a
defense mechanism against restriction digestigorbkaryotic endonucleases (Kruger and Bickle,
1983). Alternatively, these DNA methylation genesid be acting upon the host DNA, acting to
manipulate gene expression to enhance their fitné&sages in an enhanced biological
phosphorus removal system have been found to coagene encoding H-NS, a repressor protein.
It was proposed that the phages were using thigiprto repress host defense mechanisms, such
as CRISPRs (Skennertehal., 2011). The DNA methylase genes may be actirsgamilar

manner.

The presence of multiple CRISPR sequences in matlyanogens points to a history of infection

by viruses. The majority of spacer matches in tag/ded virome and several in the hourly fed
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virome were to spacers frollethanosaeta concilii (Table A.3). These matches provide evidence
for the presence of one or more viruses targehiggacetoclastic methanogen. The dominance of
Methanosaeta in these reactors further supports this possibilibe large number of matches for
the daily fed virome to spacers frdvh concilii may reflect that these viral sequences dominate th
system along with their potential host. This podisylas supported by the fact that several of the
contigs that matched tiM. concilii were among the longest and most deeply coveretgsqpuaata

not shown). Analysis of the species richness ardm®ess in these samples would be beneficial in
further assessing this possibility. However, theoagted viruses could have other hosts as well.
For instance, the virus phiF1 has been shown getaeveraMethanobacterium species (Nolling

and Groffen, 1993). If an alternative host is ii$ ystem, then it would likely be similar kb

concilii (Krupovicet al., 2010). Alternatively, the spacers may have lissrsferred to another
species (Brodét al., 2011), though this event rarely occurs acroseige Analysis of the bacterial
16S rRNA genes isolated from these reactors yielednatches to identified species, none of
which are present in the CRISPRdDb (data not showit)e smaller number of matches to CRISPR
sequences in the hourly fed reactor could indittaéthis viral community targets a larger
proportion of these previously undescribed hodte ffresence of a relatively small proportion of
sequences matchimd. concilii spacers, in spite of being dominated by this metpan like the

daily fed reactor, could reflect that this systess greater species evenness, or could be an artifac
of community dynamics, reflecting a relatively Ipeint in the abundance of these viral sequences.
Alternatively, it could reflect a higher rate ofrgamic coevolution with host species due to intense

selective pressure from CRISPRs (Weinbesyet., 2012).

The presence of sequences matching spacers franogiyit bacteria suggests that the reactors
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have maintained this component of the original estaie digester community. The presence of
syntrophic bacteria is supported by 16S rRNA gerayais (data not shown). The presence of
syntrophic bacteria suggests the possible pres#rtoglrogenotrophic methanogens or
homoacetogens as well. The presence of hydroggaiotranethanogens may explain the matches
to the TerL gene of psiM2 as well as the matchespsxers oMethanother mococcus and

Methanocal dococcus the hourly fed reactor. However, as these spachedit marine geothermal
sediment; these matches may be false positiveso$erved diversity of the viral community and
the apparent diversity of hosts indicate that mlétfunctional groups from the original anaerobic

digester system have established stable populatidhe reactors.

This study demonstrated that phages are an abuod@aqonent of the acetate-fed anaerobic
community. Evidence was generated for the presehpbhages of acetoclastic methanogens in
anaerobic digesters. The reason for the apparspaudty in functional and taxonomic profile of
the hourly fed reactor is uncertain. Further itigzgion of anaerobic digesters is needed in order
to better explain these differences. The relatigehall proportion of reactor virome sequences
that matched characterized genes demonstrategdaefor further study of phages that target less
common species like the archaea. The ability o dinidentified viruses to hosts is an important
aspect of describing viral communities that is ently limited in scope. Isolating selected
portions of natural microbial communities facilgatthe connection of viruses to their respective
hosts. As the microbial and viral communities ofrenenvironments are explored, patterns in
functional profiles and the abundance of specifinegygroups, such as DNA methylases, will
become more apparent. The samples analyzed isttldg represent non-replicated communities

and a viral community that for the digesters wasad sample and for the reactors was averaged
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over the course of several days, providing no @b of the possible variability or dynamics of
these communities. More work is needed in ordemierstand these aspects of the relationship
between viruses and both the methanogenic commandyhe overall anaerobic digester. There
is still much that remains to be described aboeivituses in anaerobic digester systems.
Understanding the function of these viruses mag teduture improvements in the stability of

anaerobic digesters.
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