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ABSTRACT

Increasein the production of wastewateon the daily basis calls for wastewater treatment
which is inevitable in all parts of the world. There are many common ways for treating
wastewater like chemical process including ion exchangatralisation as well as bmgical
methods like activated sludge anaerobic digestidhis thesis focuses on methanogeas
group of organismgound in the euryarchaeotic phylumnvolved inthe methanogenesis
process ofanaerobic digestion reactonshich isinvolved inthe decomposition of organic
matter in the sludge under the absence of oxygelethanogeresis is the process pfoducing

methane by breaking down organic matter imethanogens.

Specific species of methanogelilee Methanosarcina BarkerMethanothrix soehngeniand
Methanobacterium formicicum, Methanococcosripaludisare selected from two distinct
pathways the acetolacticand hydrogenotrophic pathwaylhe former two methanogenic
archaa belong to acetolactic pathway while the latter two belong to hydrasophic

pathway.

A method called wholgenome analysis is adopted where the analysis of the entire genome
set of the abovementioned species is done by downloading the genome from a public
repositoryknown asNCBland then running it in Prokka (to annotate the genomes) as well as
Roary (takes the annotated assemblies and calculatesie genome) The annotated data is
then integrated into metabolic pathways, these are later on analysed with various
visualisation toolsThis wg the genetic characteristics of all thiur species are closely
studied to understand their capabilitieand potential to produce methandhe methanogens
belonging to the same pathway are compared étarity. But these methanogens may not
function well in reactor environments with extreme conditions like varying temperatures, PH
levels, acetate stress. The ability of the ab®aid species to resist these extreme conditions
are tested in Orion cluster usimgperating systems lik&inuxand R scripts for its genetic

capacity
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1. INTRODUCTION

Around 1>p ta and 7>p ta of domestic and industrial wastewater is produced every
day. This combined with the surface roff as well as infiltration during rain creates a
necessity of water treatment which is met with immense number of treatment plants in and
around the UK(Gray & N.F, 2004}t is necessary to treat sewage water for a number of
reasons including pollution control, environmeahtvelfare, safeguarding public heajtand

so on. The ainof wastewater treatment is to clarify the water frosuspended solidand
organic matterswvhich can be done by simple physical processes like sedimentation in huge
reservoirs or tanks and to treat it into a reusable form so that they can be released back into
anatural medium like rivers or used for some ettpurposes. Wastewater treatment can be
carried out in many ways: both for organic wastes (done by biological processes) and
inorganic wastes (done by chemical proce3s€kechain of processes to treat wastewater
includes removing the debris by means of some physical process like passing it through a grit
followed by sedimentationit is then treatedby methods ranging from activated sludge to
anaerobic digestiomefore passig throughthe disinfector for further purificationGray &

N.F, 2004)

Anaerobic digestiofs gaining light as it is one of the most productive and important stage

in wastewater treatment.The skeleton of the process is simpthe wastewaterpasses
throughthe anaerobic digestor probably an dlow anaerobic sludge blanket reactor (UASB)
where it interacts withananaerobic sludge layer enriched with anaerobic archaea so that the
breakdown of organicwaste happens in the absence of oxygébettinga, 1995) The
enclosed anaerobic chamber (UASB) is built urspercial specifications like standard PH,
temperature, substrate compositigretc to enhance the life and growth of the aerobic
bacteria and methanogens in the reactdrhe discharge frorthe AD reactor is then sent for
tertiary treatment. Meanwhile, the anaerobic digestiagivesa nitrogencarbon rich sludge

that canbe used as manure as well as biomethane which is used as a renewable cleaner

source of energgs its output(Lettinga, 1995)

15 A& 2yS 2F GKS YIFIAYy 1Sé LXlFIeSNR Ay (GKS 'Y
change stategy. It is put forth as a vision to generatelean source of energy from wastes

generated pavinghe path towardsa zerewasteplan.With already above 650 AD reactans
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the country, this process is gainirgwide rangeof popularity and is a subjedf study inthe
research field GOV.UK, 20114D also serves as the best replacement to other renewable
energy sources like wind energy, solar energy which unlike these are a constant and cost
effective sourceAnother major advantage of AD is that it can intakeuge amount of input
waste or wastewater and treat it incessantly thus reducing the amount of waste-bpijld
unlike other waste treatment processes where the input of waste should be at a controlled

rate before the next batch can be refilled for treatmgi@OV.UK, 2011)

Pre-treatment

Biogas CHP

Anaerobic
Digestion

Electricity

Post-
treatment

Biofertiliser

Figure 1a schematic flow diagram showing the input/output discharges of anaerobic digestion

Anaerobic digestion ¢a be subdivided into four biochemical reactions hydrolysis,

acidogenesis, acetogenesis and methanages

U Hydrolysis:
This is thefirst stage in anaerobic digestion where complex organic compounds are broken
down into simpler carbon compoundsdydrolytic bacteria produce certain hydrolase
enzymes that promote the digestion of carbohydrates, lipids, proteinsastessible forms
of sugars and acids like amino acid and fatty &midhe next stage of AQT.he dficacy of this
process depends on the medium conditions like substrate size, PH, temperatarso on.

2



Hydrolytic bacteridike Streptococcus and Enterobacteriunfunction the best under 3660°C
and PH &7 ( Shah, et al., 2014)

U Acidogenesis:

Here the acidifying bacteria converts the end products of hydrolysis veagr-soluble
compounds into organic acids (acetic, formic acid), alcohol compounds like ethanol,
methanol, aldehydesCQ, and hydrogen. Most of the products of acidogenesis candsslu
directly by methanogens for methane production like hydrogen waiteno acid produced

can be utilised aan energy sourcéy anaerobic organisms. This is comparatively a faster
stage of AD. Ammonia synthesised from amino acids if produmcextcess can inhibit the AD

process as the methanogens are extremely sensitive in ngt8teh, et al., 2014)
U Acetogenesis:

This is the stage that determines the capability of the AD reactor as the decomposition of the
substrates and methane production depends on the amount of clean acetate produced. A
certain amountof acetate generatio happens in the previous stegcidogenesis where
acetate is created from lipids and other substrat&se remaining major portion of acetate
development happens in this stage where all the carbon compounds get converted to acetate
which actsas the substate for acetate consuming methanogens. The hydrogen formed
during acetogenesis is used by another group of methanogens for producing methane.

Around 25% of acetate is produced in this st@@hah, et al., 2014)
U Methanogenesis:

The stage where methanogenic archg@@duce methane carbon dioxideand other by
products. Methane generation can either be done by using acetate, hydraydsy using
some other compoundependingon the type of methangens. This is the most crucial at the
same timesensitive step in ADA theoretical equation was developed for the production of
the end products methane, GOammonia,and hydrogen sulphide in methanogenesis as

given below

b 3x
CrnHaOp NSy + (n - ; 242X

Yy
5 1 +'E)ff3()

a b 3 . [ 3x L . . .
N (”_-I += —_—_)u):— (nT i3 % —E)Uh+—\-\fh—}#“35




This equationsused in the design of AD reactors but does give the right valuén practical
examples.Thus, the breakdown of waste in anaerobic digestion is done with the help of
multiple miago-organisms of which methanogens are the lead participgamMieegoda, et al.,
2018) This report is a focesl study, analysis and comparative genomic survey of these

methanogenic organisms which will be discussed in the later sections.
1.1 METHANOGENS AND METHANOGENESIS

Methanogenshaveenzyme activatorproducing methanghat isdistinguishedrom bacteria

due to the absence of peptidoglycan in their cell walese methanogenic archaese crucial

in the class of microrganismsdue to their unique ability to convert carbon compounds in
organic waste to methane, which is used a replacement for foss8 aglt is cleaner and a
renewable source of energy. The organic compounds used for energy generation (methane
production) include acetate, lipids, hydrogen, £formate, methanoko on Methanogens

are distinctive in terms of their metabolipathways and capability to decompose
biodegradable waste while producing energy as well as ammrighamanure out of i{ Shah,

et al., 2014)They are strictly anaerobic microbes that can function mabsence of oxygen

and can be found in extreme conditions makingrthéistinctive from other microbes.

These methanogenic archaeabelong to the eukaryotic phylum with five classes
Methanobacteriales, Methanococcales, Methanomicrobiales, Methanopyrales, d an
Methanosarcinalesganging from mesophiles to thermophileShey vary in shape from
filamentous, rodlike to coccoid or spherical depending on their genlise size of these
micro2 NEH I YA aYa NI y AbictomeétissPTiey ocduo natiirally imaby habitats
like freshwater, marine water, marshlands, other cold and hot environments adifiag

organismsr in symbiotic relatioawith other microbes that help in sustaining their longevity.

The metabolic process of methane production is calfedthanogenesis( Nishio &
Nakashimada, 2013Depending on the pathway adopted by the methanogens and the
substrate utilised for methane production they classified can be into three major groups:
the acetoclastic methanogens, hydrogenotrophic methanogenand methylotrophic

methanogens which is explained in detail below:



Particulate Organic Matter

Carbohvdrates Proteins Lipids

Hydrolysis ﬂ

Amino Acids, Sugars, Alcohols, Fatty Acids

Acidogenesis | ﬂ
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ﬂ Acetogenesis ﬂ

Homoacetogenic
oxidation

Hydrogen
Acetate CO;

Reductive
B Homoacetogenesis ﬂ

Methanogenesis
CH,; + CO;

Figurell. a. Flowchart all the biochemical pathways ADincludingmethanogenesis

1.1.1 Acetoclastic Pathway

Acetate is the most important predecessor in methane formation in acetoclastic pathways.
This type of methanogenesis is responsible for about two thirds of the total energy
production (methane generatin) ( Shah, et al., 2014)The methanogens belonging to
acetoclastic pathway genus acts upon simple carbonic acid that is acetic acid to synthesize
acetate which is later catalysed to form methane and carbon dioxideNishio &

Nakashimada, 2013Jhismainbiological pathway can be chemically represented as:

CHCOOH—* 4 €HIO

There areonly two main genera of acetoclastic methanogen$lethanosarcinaand
Methanothrix belongng to the genusMethanosarcinales M. barkeri, M. mazei, M.

acetivorans, M. baltica, M. frisia, M. horonobensis, M. lacustris, M. semesiae, M. siciliae, M.



soligelidi, M. vacuolatazand M. thermophilare all Methanosarcina species which are of the
order mesophilic to theenophilic. Mesophiles M. soehngenii, M. concili, and M.
harundinaceaas well as thermophildsl. thermoacetophilaand M. thermophila make up

the Methanothrixgenus.Both of them are at their peak performance under a PH around 5

(slightly acidic) and a teperature around 3510°C.

The genus Methanosarcina are of utmost importance as they are called generalist amongst
all the methanogenas they have the ability to grow on not only aceté&tarbon sourcgbut

also methylated amines, hydrogens, methanols while the gémethanothrixis a specialist

one as they can onlgrow acetate. The latter one is quite environment sensitive that is, it is
sensitive to the salt concentration, temperature variation, excessive acetate, and ammonia
so on. MeanwhileMethanosarniagroup adapts to almost all conditions and grows
unaffected( Stams, et al., 2019)
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Figure 1.11 Acetoclastic pathway of Methanosarcina and Methanothrix

The figure 1.11 shows acetate translation pathways of the two genera with blue arrows for
Methanosarcinawhile red arrows forMethanothrix where following abbreviations MFR
stands for methanofuran, H4MPT for tetrahydromattopterin, H8CoM for coenzyme M,
HSCoB for coenzyme B, F420H2 for reduced form of eleatewrying coenzyme F420, Fd for
ferredoxin, and CoA for coenzymeBEXxcept for he first step of acetyl CoA conversion all the

rest of the metabolic pathway is the same for both the methanogenic groups.



1.1.2Hydrogenotrophic Pathway:

It is most the shared and common pathway for energy production in methanogens. They grow
on the hydrogen(electron acceptorsand CQto synthesize methane, they also use formate

as the electrordonor to break down formic acid instead of hydrogébemirel & Scherer,
2008) Thowgh they are responsible for methane production than acetoclastic group there are
less literaturestudyon them as they are not easy to culture in artificial conditipiishio &
Nakashimada, 2013)ypically, it is believed that acetate is decomposed by acetoclastic
methanogens, ad the CQ produced is synthesized with the help of hydrogen to produce
methane. The hydrogenotrophic pathway can bgymbolized as follows ( Nishio &
Nakashimada, 2013)

AH+ HC@+H———» CH + 3HO

But in conditions where the acetoclastieethanogendails to translate acetate to the desired
end product(due to the presence ofexcessive concentratioof acetate or other stress
conditiong hydrogenotrophic archaea comes in action. Syntrophic acetate oxidising bacteria
convert someof the acetate to hydrogen andarbon dioxide which is then coupled by
hydrogenotrophic ones for further proce¢sShah, et al., 2014)his syntrophic relationship
between the hydrogen producing acetogenic bacteria and that of hydrogen consuming
hydrogenotrophicnethanogens where the hydrogen produced by one group is used as the
hydrogen donor by the other group is called inteydrogen transfef Nishio & Nakashimada,
2013) The class of archaea identified and classified in this group incldeteanobacterium,
Methanobrevibaotr, = Methanosprillum,  Methanococcus Methanogenium  and
MethanoculleusThe genera belonging to hydrogenotrophic methanogens are more towards
thermophilic side, they also function well in alkalinedsily up to 9 and even more in certain
caseq Nishio & Nakashimada, 2013)

The figureshows the sbstep breakdown of the substrate carbon dioxide obtained from
formic acid. Here, theaduced ferredoxin serves as an electron donor while CO2 is reduced
and activated to create formyhethanofuran. In the second step, the formyl group is
transferred to tetrahydromethanopterin (H4MTP), resulting in forfrAMMTP. Using reduced
F420 (F420H2) as an electron donor, the formyl group is dehydrated and reduced to
methyleneH4MTP, followed by metmH4MTP. The methyl group is transferred to coenzyme
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M after that (HSCoM). Finally, methyCoM is reduced to methane utilising coenzyme B (HS

CoB) as an electron donpEnzmann, et al., 2018)
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Figure 1.12 Steps showing the biochemicaathway for methanogenesiof Methanococcus(a

hydrogenutilising methanogen] Lieber, et al., 2014)
1.1.3 Methylotrophic Pathway:

Methylotrophic pathway has very little study done on them but is gaining popularity in the
years.In this pathway the microbes grow amall, methylatedccompounds like methanol,
methylated amines t@roduce methand Kurth, et al., 2020)his type of methanogenesis is
also responsible for a major share of energy production and grow syntrophically with the rest
of the methanogens and disproportionate most of the organic waste present coupling with
other methanogens athey take up the methylated compounds and grow on them, leaving
the hydrogen, carbon dioxide and acetate taher methanogenic pathway3he pathway can

be chemically represented as:



C1.COMPOUND (R-CHz) + FORMALDEHYDE (O=CHz) —*

CO,/ BIOMASS [13]

transformation( Mosin & Ignatov, 2014)

-

( \/ FazoH2
H*< Fpo L
<

FAZO
b
VI com-s-s-CoB

H* G HArDEL .\

A\ CoB-SH
MP
r il

P Na*
( N Fd g+ 2H*
+/NnA+ ~Ech-Hyase ™
H*/Na* ¢
{_orRnf | Fd,,+H,

MTI

ADP ATP
LA

MeOH
H,MPT-CH,
Co(lll)-CH, jﬂtm_
> CoM-CH,
7 Mcrl
CoB-SH

CoM-5-S-CoB CH,

co, \\

FwdA-F/
Fdea ©| Fmda-F

MFR-CHO
[ Ftr
H,MPT-CHO
[ Mch
H,MPT=CH*
FazoH; &= [ Mtd
H,MPT=CH,

FazoH, += [ Mer

Methanosarcinales, Methanobacterialesnd Methanomassiliicoccaleare the main three
ordersof methylotrophic methanogen®epending on the presence afytochromes(found

in the electron transfer chain in mitochondrjapethanotrophic methanogens are classified
into two groups. Methylotrophs withat cytochromes must rely on H&hile the oneswith
cytochromes Methanosarcinalesnembers) may oxidise methyl groups to CO2 using a
membranebound electron transport chaif Mosin & Ignatov, 2014)'hese methanogens
show high production of biomass by methanol conversion, ltathe ability to yield high

protein product and essential amino acids. Owing to almost63% of methanol

e

ATPase |

"4

H*/Na*

Figurel.l.3Pictorial representation of the chemical pathways in methylotrophic methanogens

These methanogengossess substrate targeted methyltransferase enzymes for the
consumption of methanol and methylated aminas shown in the figure 1.3.. This enzyme
is constituted by three parts: a methyltransferase substrate specific group that converts
methylated compounds into simpler proteins and a subsequent methyl transferase that

channels methyl group into methanogenic pathwa@s the total methyl groups converde



approximately three quarterare transferred to methane and the meiningone quarter is

oxidised to Ce( Kurth, et al., 2020)

1.2STRESS CONDITIONS ANCREBPONSES OF METHANOGENS

The type of methanogens found in a reactor systemany environment depends on the
external environmental conditions as well as the capability of the methanogenghstand
these conditions. Methanogens some exhibit sensitivity towards surroundings sdme are
extremophiles found in exceptionally hostdenditions. Themany stress factor that cdai be
faced by the methanogens could even create engineermgicaints on reactor, thus making
it important to study stresgienes it@ potential and functionality in methanogerSome of

the factors that causes stresses in methanogens include:
i OXYGEN STRESS:

For anaerobic digestion, oxygen is widely recognised to be the most harmful component.
Although thepresence of oxygen signals the end of methanogens in the medium, certain
methanogenic organisms may survive a tiny amount of oxygen stress by using a specific

enzyme( Borisov, et al., Jun 2021)
U ACETATEND AMMONIASTRESS:

The acetate concentration in the substratetermines the pathway dominant in a
methanogenic medium to a great extertrise in the accumulated acetate concentration up

to 3000 mg COD Ldan be considered ahe threshold for a shift in the methanogenesis
pathway. Due to the presence of an excessiquantity of acetate content, acetoclastic
methanogens fail to breakdown acetate after reaching a saturation limit, creating acetate
stress Acetate oxidising comes into play and oxidises acetate to useable form for
hydrogenotrophic methanogensHowever, by adapting, certain methanogens in the
acetoclastic route show a greater tolerance to increasing acetate st&sslarly, is the
situation for ammonia stress certain hydrogenotrophic methanogen devehility to break

down ammoniaven thoughthe concentration is moré€ Shah, et al., 2014)
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U TEMPERATURE AND PH

As far as temperature is concerned acetoclastic methanogens are usually mesophiles (ones
that grow in moderate temperature), 280°C being the optimum temperaturevhile
hydrogenotrophic ones are towards the thermophilic (exhibit high functionality at high
temperature) side. So, the temperature of the reactor medium is an important factor that
determine the pathway dominant in the reactorhe growth of various metnogens is also
affected by PH stress, which is dictated by whether the medium is alkaline or &mdjute

the fact that most anaerobic microbes prefer a pH of-8.3, there are species that thrive at

the extremeq Shah, et al., 2014)
i FORMATE AND HYDROGEN STRESS

Mostly found in hydrogenotrophic methanogeméere the excessive amount of formate or
hydrogen electron inhibits the ability of hydrogenotrophic methanogens to produce energy.
But there are stress genes present in certain methanogens that withstand thesswxe

amount of these substratéCosta 1, et al., 2013)

U SALT STRESS
Salt concentration is also a physiological parameter, most of the methanogens under salty or
halophilic conditions have to find a way survive the osmotic pressure variation and from
drying. The cell withstads without drying out by two methods mainly: one pyoducing
glutamate in the presence of lower salt concentratimmd by producing Nacetyli f @ Ay S 2 N.
alanine along with glutamate at high concentratiorhe second way to withstand the salt
concentrationis by the influx on potassium and chloride ions into the cytoplasm of the cell so

that the osmolarity of both the medium are maintainé&nzmann, et al., 2018)
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1.3 BACKGROUND STUDN WHOLE GENOME ANALYSIS

Over the past few decadesthe techniques to manipulate thenicro-organismsin these
microbialcommunities have evolved intihe latest techniquesThe microbial communities
comprise both prokaryotic and eukaryotisicro-organismin a single celled or mulkcelled
format including archaea, bacteridiingi, and the rest The earliest technique involved
manually culturing the required species, identifying their Dd®&§uencingand classifying
them into phylogenetic trees based on diffetemetabolic and other pathways followed by
them. But this traditional method was time consumidge to the slow growth rate of the
microbes. Moreover, these microbial colonies may not sustain in artificial or hostile
environments, even if they manage toette may be the presence of foreign bodies cultured

along with themHence more precise techniques were developed in thé @ntury.

1.3.1 Sangar Sequencing

This led to the development ofirst-generationsequencing called the sangar sequendimg

1977, the first ever method to sequence an entire gerdierch, n.d.) Sangar sequencing

can be done either manually or automatbyg reproducing the DNA strands using PCR method

but by making use afideoxy nucleotide@dNTP} along with the regular deoxynucleotides

where the ddNTPs are coloured bases which act as labels as well as terminators to the sangar
sequencing.All the four base pairs in ddNTPs are dyed with different colours for easy
identification. The ddNTPs lack’ Oy  (+®HSendottfes unable to form thghosphodiester

bondo S 6 S S YLIKIRKAESLIKpF i S 2 T 2 y-GH of thednexSchel Fhie EesultsyinR 0 Q
multiple copies of the desired DNA strand in different lengths of base gdiesnew copies

are separated sm each other in the terms of their sizes by passing through a gel

electrophoresis. An electric current is passed from one end of the gel matrix, the negatively

chargedcopies ofDNAwill move towards the positivg charged electrodethus the smaller
strands moving further towards the positive electrode in the gel followed by bigger ones.
These strands are then reading laser reader like chromatogramdetermine the sequence

of the input DNAMerch, n.d.)
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Figure 13.1 Allthe steps of sangar sequencing are shown in sequential order

Despite this breakthrough in genome sequencing, it hawlagor limitation that at times the
detected waveformsare lowwhich shows uncertainty of the right result. Moreover, sangar
sequencing isot able to find the DNA combinations of species a greater number of genomes

or manymicrobial species.

1.3.2 ShotGun Sequencing

This defect paved the way for discovery of sgah sequencingnethod by ion torrent and
454 also collectively called as NGS (New Generation SequensSingigun metagenomic
sequencing provides not only helpgive annotation of each gene sequence in organismuts
also gives insights regarding the metabolic pathways, gene functionalities, hiaicro
interaction between communities, genetic predicticand so onAnother advantage of this
is that it can provide all the genomic informatiohan organism without having to isolate the
community of organisms and culture (Novogene, n.d.)This is important becausi is

difficult to culture all organisms in an artificial environment.

In this method of shegun sequencinghie entire strand of DNA is broken down into small
fragments by using chemical or physical procesi&esultrasonification, adapters are then
attached to either end of these fragmentwith a unique identification barcode for
differentiating the micreorganism from each samplélfhese small fragments theget
attachedto the surface of ISP enriched beasthe beads are providedith compkementary
adapters ideally it is considered that one DNA fragment attaches to one beHus is

accomplished by placing both the beads and fragments of DNA in oil emulsion so that they
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are localised as one beadNApair in each globuleWhen the DNA strands connect to the

DNA on the beadghe doublestrand bond breaks resulting in a singktkanded DNA. The

DNA fragments are then replicated several times on each bead using the polymerase chain
reaction technique (PCRihus, creating millions of copiehe beads are then trapped in the

well-like structures of the sequencémostly 454Wwhere nucleotides are added to these wells

Ay GKS FT2NX 2F 2yS ol &S, IiyeRJISF Ayl fIf eladddy&sS A asp
attached to eacltompkmentary base in the DNgtrand light is given out which is recorded

by a camera which helps to decipher how many bases of each type are there in atstrand

giving the DNA sequenggourgenome, n.d.)

Shotgun sequencing by PGMW/454

\ / 0/
o A / :

Figl.32. Single stranded DNA strands trapped in emulgjlabules

The major limitation for this method adding to its high cost is that as shown in the figBige
all emulsion bubbles cannot trap one beB#NA pair perfectly some traps more than one bead

or DNA fragments while some globules remain empty.
1.3.3 lon Torrent Sequencing:

lon torrent sequencing is similaas 454 but unlike the light signals generated 454
sequencing lon torrent makes use of the change in the PH in the solution due to the release
of hydrogen iona byproduct) produced when a nucleotide is introduced into a DNA strand
by a polymerasavhich can be measured by usingoeoprietary ion senso This chemical
information is then translated into digital information as 0 and 1. Major advantage of this
method is the cost effectiveness in completing the sequen(@MBEEBI, n.d.)
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1.3.4 lllumina Sequencing

lllumina sequencing entered the picture in late 200Gakasamendment to lon torrent as well
as 454 as both could not properly detect homopolymer regidtumina sequencing makes
use of a method called bridge amplificatidn bridge PCR, the adapter connected to the Flow
OStfQa adz2NFI OS i &iNgs amplifitationThe flowscélLbad tiroStypes af
oligos fixed to it, the P5 and P7 on&ghich get attached to the complementary adapters
(either adapter 1 or adapter 2) on the fragmem@nce this happens, by polymerisation a
reverse strand is creatkand thenthe original strand in the doublstranded DNA is washed
away. The long single strand the bends over to hybridise with adjacent eoraptary oligos
leading to next polymerisation resulting &adouble strandeddridge. The double strands are
then denatural into two single long strands which then hybridises with tdifferent

complementary oligos forming two bridge strands and the cyeteirsas seen in the fig).3.4

After numerous rounds of amplification and denaturation, each DNA fragment will be
condengd into a bundle at its own location, with each bundle containing multiple copies of
a single DNA template. The resulting library should next be placed in a sequencer to be
sequenced. DNA fragments can be put together using a specific area on the seguencin
machine. The sequencer can identify all additional DNA sequence information at the same
time since each fragment has its own connecting spgeeh sequence is read twice giving a

clear picture of the genomé@ioquest, n.d.)

The information sequenced using these sequegcmethods are then stored in a public
directory called NCBI (National centre for biotechnology Information) where the database of
almost all micreorganisms is stored in the library in the form of GenBank files. This
information can also be assessedhe form of FASTA or FASTQ files depending on the nature
of work. NCBI library contains information ranging from microbiology, molecular biology,
biochemistry, genetics so on. The detail of genomes, proteins, different areas of study can be
found inthis library so that there is no need to culture an organism in an artificial environment

under additional requirements.
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Figl.34. detailed figure showing the steps in illuraisequencing (Bridge amplification)

1.4 WHOLE GENOME ANALYSIS

The wholegenomesequencings a critical tool in sequencing the entire genome of eukaryotic

FYR LINRP1IFNEB2GAO

2NHIFyAaYa G2 aiddzRe

0KS

requirement as well as helps in mapping the different genomes in a speocgegkoother so

as to find the differences and similarities between thérhis method cannot beverlooked

as it provides a more diversified outlook which is extremely important in the field of research

(Novogene, n.d.)

Genome refers to the total genetic material in an organism that provides all the data

aLJsS

regarding the prominent genes and pathways in an organism. The different set of genomes in

an organism is got as a result of experimenting and extracting samples céirte species

from the different natural medium. Another whole set of genomes can also be generated by

culturing the species of interest under an artificial environment to study specific

characteristics or mutations in them.
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The whole genome analysis has thglity to analyse all the given strains of genomes in a
given species throughout its entire length. This adds multiple advantages to this method like
superior quality data for scientific and professional research. In addition to this, since it
annotatesthe entire genetic material of the multiple genomes belonging to the same species
it helps in identifying the mutations, adaptations as well as stress responses of the different
genomes of that particular genus. This method cut down the expense of geremnerscing

to a large extend. It was also able to produce a large amount of data in a shorter time span in

amore efficientmanner.

The complete gene sequence of a specific specimen is mairhgpoeded and preserved in
a public database. The approachwdfole genome analysis is used in this study in a variety of
ways, and interrogations are conducted to gain a deeper understanding of methanogens. This

technique is gaining popularity in recent years as a result of its various advantages.
1.5 OBJECTIVE

Thisproject focuses on the whole genome analysis performed on the prominent species of
acetoclastic and hydrogenotrophic methanogens belonging to the group of anaerobic archaea
which are crucial in wastewater treatment. They are studied in detail with propegignised

tools in a useffriendly operating system for the presence and absence of relevant metabolic
pathways along with the response of their respective accessory genes to external stresses.
Methanogens and their pathways are gaining popularity nowadss/they are hot topics of
study not only in wastewater treatment but also in renewable cleaner energy production as
they have the potential to give out biomethane. The objectives of the project are broken

down as follows:

1 To successfully conduct the wkalenome analysis ofimportant species in
acetoclastic and hydrogenotrophic pathways using Orion cluster

1 To examine the capability within the chosen methanogen genomidse (
Methanosarcina barkeyifor the isolates to withstand stress like ammonia and
sulphate stress resistance as well as their resistance to varying temperaturd3{and

1 To find theimportant methanogenic as well as active stress response gemeisat
the growth rate of the methanogen can be manipulated to improve wastewater

treatment and harvest renewable energ
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2.METHODOLODYHE WHOIL-EENOME ANALY SIS WARIOW

This workflow is done in th®rion cluster (http://userweb.enqg.gla.ac.uk/umer.ijaz/#orign

which is a bioinformatics clustehat has beendevelopedand managedy DrUmer ljaz
where different software and workflows can lowne genomesevenwith high number of

data setsThis cluster has a number of servers of which howe.gla.ac.uk and becker.gla.ac.uk
have been utilisedh this project. These servers can be accessed rembyeMobaXtem, it

is basically a recommended application whatdis as avirtual interface that can access a
remote serverike howein this caseand work in it by logging into it usingSH clientor

SEl Y LI Studénipedjkcts@becker.eng.gla.acéuifhe operating system useéd work

through MobaXtermin thisprojectis theLinux.

Using the usefriendly environment mentioned abovyéhe workflow for wholegenome

analysis is carried oun the following basistepsas shown below

[ E Selectinghe targetspecies ]
!

[ E Downloadinggenome of target species ]
U

[ > Prokka: Annotating the genomes ]
&

’ > Roary: Obtaining and analysing the pan genome ]

\ v

r = Metabolic: presence/absence of pan genomic enzymes ]

h lL

[ 2> Visual analysis: Roary plot, Phandango, R studio ]

Figure 2Workflow for wholegenome analysis
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2.1 Selectingthe Target Species

The first step and foremost step in whole genome analy&is todecice the specieson
whichthe study should be conducted oNly focus of study being on the methanogens, was
narrowed down to the important methanogenic species take parting in both acetoclastic as
well as hydrogenotrophic pathwayswhich are the dominant pathways in anaerobic
digestion. Based on some of the peculiarities and features of certain acetoclastic and

hydrogenotrophic species, the species were finalised. The species selected are as follows:
2.1.1 Acetoclastic Methanogenic Species

Amongst the acetate decarboxylating methanogens two species were selected for study and
comparison in this project to find out the which one amongst these will be better suitable
for wastewater treatment in a reactar for other organic waste decomposing purposes. For

this study the following species were targeted for the following reasons:
U Methanosarcinabarkeri:

These methanogens belonging to the gelisthanosarcinaare one of the second
largest in genomédength in archaea. They are found in different environment like
freshwater medium, marine medium and also in rumens of chvese methanogens
are mesophiles seen in an optimum temperature of488C and @H of 67 (Demirel

& Scherer, 2008 Methanosarcina barkeis an extremely relevant species thgse
methanogensare called the generalist amongst the methanogens. Thatigin
acetate oxidisingnethanogen iisknown for its ability to act on other substrates like
formate, hydrogen, ammonia, and sulphii&hah, et al., 2014They are also seen

in places which require theertain genes to exhibit properties of halophilic or
thermophilic depending on the environment these methanogens thrive in. The
enzymes/genes responsible for these special characteristics are studied by

performing wholegenome analysis on them.

U Methanothrix soehngenii

Another prominent genus in the group isMethanothrix formerly known as
Methanosaetasolated usuallyjrom the sewers in mesophilic conditionghesingle
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cells belonging to tke speciesMethanothrix soehngeniare rodshaped grouped
together in long filamentavrappedin a sheatHike structure.These acetoclastic
methanogens unlikdlethanosarcina barkemvhich is a generalist only can grow on
acetate mediumThey cannot act on any other substrates like hydrogen, formate,
methanol, so onThey have higher affinity towards acetate compounds and gets
inhibited when the acetate saturation in the substrate re@ses from a particular
level. The ideal temperature for growth and methane production is 37°C, with a pH
range of 7.47.8.they stop function in the presence of oxygen though they remain
viable( Huser, et al., 1982)

2.1.2 HydrogenotrophicMethanogenic Species

Certainformate decomposing methanogens were also selectegtizaly and comparison.
The features of these methanogens based on thecurrence of certairmetabolic
pathwaysare closely observed to derive their importance as well as stress tolerances in a

reactor. The species of this category selected were:
U Methanococcusnaripaludis

Methanococcus maripaludizas been recently gaining attention for @dility to fix
nitrogen compounds. This micarganism is coccshaped foundin a harsh
environment likesea marshes which is a clear indicative that these are halophiles
Their group varies from mesophilic tohd@rmophilic where Methanococcus
maripaludisis a mesophilic methanogen with an optimum temperature of488C

and apH 79, well there are exceptions where the strains of maripaludis Isénasvn
extreme characters of thermophilic and alkalinity resistant arch&egaoyal, et al.,
2016) This methanogen uses hydrogen ion as electron acceptor to break down the
CQ used as substrate.hEse are synthesised from formate which is obtained from
acetic acid produced by aceiflo enzyme. But thesgpecies are said to produce
methane by reducing G@ven in the absence of acetaté.adapo & Whitman, 1990)

This species of methanogeischecked here for formate stss as well.
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U Methanobacteriumformicicum

Methanobacterium formicicuns a filamentous methanogen which sfermate or
hydrogen and Cgas the substrate to produce methane. The strains were found to
have good tolerance to abiotic stresses of the surroundings like osmolarity, high
temperature stress toleranc¢ Maus, et al., 2014) They are found to grow in
standard conditions like 356°C and 6.8 maximum pH. Besides this the formate
dehydrogenase active in both the selected speéithanococcus maripaludesnd
Methanobacteriunformicicumare different and checked in this projedfloreover,

the enzymes responsible for carbon fixatiwwuld inhibit under formate limitation as

well as sometimes in case of hydrogen starvation, which means stress responses

could be poor in this case which is also later analyfgeédsta 1, et al., 2013)

2.2 Downloading The Genome of Target Species

Once the specieserefinalised,their genomes have to be downloaded from NQBt{onal
centre for biotechnology Informatignwhich is a public directory which contains all the
genetic information of a genome in the form of GenBank fii@snBank fil§Gbk format)
contains allthe publcly available DNA sequence informatidrom gene to base pairs
belonging to a particulasrganism(NCBI, 2021 he information stored can be retrieved any

format depending on their usagesinga ftp client (tp:/ftp.ncbi.nim.nih.gov/genbank) like:

1 fna - used to specify the nucleic acid
1 faa - Fasta amino acid, contains sequences for amino acid
{ fasta - generic fasta file with stored info skequence fragments after mapping

Other extensions include fna, faa, fa, frn.

1 off - a tab limited file containing all the genetic sequences.

1 fastq ¢ file that store sequence fragments before mapping

Table 1. Examples of different types of files in Genbank
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Here thegenomeswvere downloaded in the form of fna files by usingyetftp command line
which can be found in appendix. Thus, genomes of all the four species are downloaded in

separate screens in Linux.

U Methanosarcinaarkeri - has 7 genomes
U Methanothrix soehngenii - has 2 genomes

U Methanococcus maripaludis | - has 24 genomes

U Methanobacterium formicicum - has 6 genomes

These genomes in fna format are used for further analysis in this project.

2.3 Prokka: Annotatinghe Genomes

Next step in thavorkflow wasannotating the genome sequence using a dine command

tool calledPokkain a very small amount of time. In simple words, it identifies and labels all
the relevant features in a genome sequen¢eSeemann , 15 July 2014lo obtain a
comprehensive andeliable annotation of genomiarchaeal/bacterialsequences, Prokka
integrates a number aéxternal prediction tools to obtain high accuracy output Feedigal,
RNammey Aragorn and so arit will take advantage of as many processor cores as possible,
and a typial bacterial genome may be annotated in approximately 10 minutes as. It
suitable for integrating pipelines into genomic applications and iterative sequence ar{alysis

Seemann , 15 July 2014)

Here Prokkahad beenalreadypre-installed in the nodes of Orion clustethich was made

to run using mobaXtermsinga single command lineThe downloaded genomes all the
methanogenic specieddethanosarcina barkeri, MethanothrsoehngenijiMethanococcus
maripaludis, Methanobacterium formicicjrvere run in Prokka separately. Thene-line
command used to run prokka in Linux terminal is a for loop where all the downloaded
genomes of one species (for example the 7 genoméadathanosarcina bdeeri) from the
previous step are inputted in fna file form&tor annotating the genomes, a tvgbep process

is adopted by prokka wherehé coordinates of candidate genes are determined uaitapl
Prodigal. Prokka then compares it to a huge databadanofvn sequences, generally at the

protein sequence level, and transfers annotatmiithe best significant match
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The following result filesere obtained after annotation is done on all the fna input genome

files.
Output File Description Of Files

faa A FASTA format of translated coding genes (protein)
ffn A FASTA format of all genomic features (nucleotide)
fsa Contig sequences for submission (nucleotide)
fna A FASTA format of original input contigs (nucleotide)
.gbk GenBank file containing sequences and annotations
ff GFF v3 file containing sequences and annotations
log Prokka processing output log file
.5qn Sequin editable file for submission
bl Feature table for submission
tsv Data stored in tabular format
Jxt Annotation summary statistics
.err Error log file generated in case of some failure

Table. 2 Table showing tliescription of output files in prokk@Seemann , 15 July 2014)

2.4 Roary: Obtaining and Analysirtge Pan Genome

Roary is a pipeline which takes calculates the pan genome of the given annotated data from
Prokka. The input file accepted by this pipelinénithe GFF formatlt cannot be used for
comparing genes like in metagenome instead it gives data about all the set of genes available
in the genome set of a specidsis the only criteria of roary tool, these GFF files must have
nucleotide sequence provad at the end of the fileThe mostefficient wayto generate GFF

files with nucleotide sequence is by generating it throtgbkka( Page, 2018)
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The workflow used here follows the same pdfine of the output files obtained from Prokka

in the previous step i$FF files with nucleotide sequences. Once the Prokka isitran
generates one output .gff files for every input genome. fna files. That is, for all the 7 genomes
in Methanosarcina barkeri7 GFF files will be generated after Prokka. These GFF files
generaed were then moved to a folder created called Roargfter activating the Conda
environment the Roary command lingiven in appendix)wasran in the folder to generate

another set of output filesvhich are of prime importance in the furtherorkflow.

The output files generated in this pipelins shownin appendix2.a of all the files
gene_presence_absence.csv fled fastreenewick file are the two importanbutput files.

The gene_presence_absence.csv file gives an excel sheet wifirdbence and absence
spreadsheet where the names, function and occurrences are shown. While the newick tree
file is a phylogeny file showing the relationship between the genomes of the species based

on shared ancestors and point of divergence

The two outpu files discussed above atesed for further visual analysis software tools
like roary plots anédPhandangoRoary does not produce a newick tree file output file directly;
instead, the user uses a fastree command to create it from the gmnee alignmert.aln file

(another roary output file Page, 2018)

2.5 Metabolic: Presence/Absencef Pan Genong Enzymes

Metabolic is an abbreviation of METabolic And BiogeOchemistry analLyseSrivbes This

tool helps in gives the entire metabolic and biochemical functions of the given genome
isolates that has been already downloaded from the NCBI direcipart from the metabolic
profiles metabolic is alsalesignedto output the biochemical cyclingiagrams(Madison,
2021) It annotates thegenes and integrates all the metabolic information provided by the

inputted genome data imneasy readable format.

There are two ways in which the metabolic results are expressed. One MERABOLIG

and METABOLIC format. Both of them generates almost the same output the only
difference is that METABOLEGCaccepts metagenomic read data as input files too. The type
of implementation used in this workflos METABOLHIG (Madison, 2021)
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In order to do metabolic the .fna genomic &lehouldbe converted to .fasta fileand moved
to a new directory called Metabolic (created by the usehe Boftware is worked out in
metabolic environment, so to proceed further the user disables the pangenome path and sets

metabolic as its current pat Then metabolic tool is run using simple command lines.

The software processes several output files like METABOLIC result xIsx,
METOBOLIC_FIGURES so on as shown in appendix 2 b. These result files have all the
annotations with presence and absence of metabolic pathways along with nutrient cycling
diagrams. The Metabolic spreadsheeisused further to identiy the presence of important

geneshaving the potential tgartake in methanogenesis and stresssponses

2.6 Visual analysis: Roary plot, Phandango, R studio
Visualisation analysis done by using a number of tools to get a better understanding of the

pangenome data. The following visualisation tools are utilised to get results:
2.6.1Roary Plos:

Three illustrative plots are obtained by running roary plot

1 A phylogenic tree matrix It gives a tree classifying the set of genomes from the same
species based on ancestral lineage. It shoes the point and generation of divergence
based on which the genome isolates most similar and distinct ones can be found out
easily. The matrix shovesea of clustered gendhat is areas where genes are present
and gene devoid areas in the genome isolates. The matrix form also helps compare

each genome within the specié$age, 2018)

1 A pie chart:The pie chart depicts the total number of genes in the genosts, 21s
well as their general gene composition, which comprises core genes, soft genes, could
genes, and shell genes, and the total number of genome stiawwkich they may be

found.

1 A frequency chartThis is a bar chart showing the frequency of geresent in each

genome
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The procedure to get roary plot is simpleoary plot.py python file is downloaded from

https://raw.githubusercontent.com/sangerpathogens/Roary/master/contrib/roary plots/ro

ary plots.pyusing a wget comman(Page, 2018)Then a newick treeilé is created from a
core_gene_alignment.aln result file in roary, this newick file along with the
gene_presence_absemce.csvV file is run in a single lime command to get the three visualisation

plots from roary_plot.py.

2.6.2 Phandango:

It is an interative software available in the web browsehere the client can drag and drop

his data to play with the results and get the desirable output. Here also the output is produced
in the form of visual representatiorPhandango allows the user to zoom in intengmic
regions and clusters closely for analysing the visual data. Moreover, by uploading more than
one set of genome isolates it helps to create a comparison study within them in the same
environment. Phandango expects simple text formatted input filke LSV, GFF fil¢s
Hadfield, et al., 2018)

This project made use of this interactive software for visualisation of the roary results. The
gene_presence_absence.csv file and the newick tree file from roary output of each species
separately are dragged and dropped into the wsaterface website ofPhandango This
software in turn gives an accurate phylogeny along with the pan genomic profiles of the
genome strains uploaded in a specie€seating an easy comparison. A line graph is also
produced beneath the phylogenynatrix pbt indicating the total number of isolatda the

given speciesarrying a certain gene.
2.6.3 Visual plots byR Studio:

R studio is an integrated platform developed to analyse date using R programming language

It gives a visual representation the form a ceordinate graph showing the Jaccard distance
(distance that shows the similarities and dissimilarities of the consequent genioegow

closeor differentthey are to each otherand clustering of isolges. This is done by making a
genegenome presence absence CSV format file from the METABOLIC_RESULT .xlsx file and
replacing the present and absent with 1 and o respectivélg done inusing a Rstudio by

installing packages like vegan, ggplots2, agikel later choosing the directory where the

CSV file of species are present and running it in the R script. Since this report is study of four
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species, two belonging to the acetoclastic pathways and the remaining belonging to
hydrogenotrophic pathway he Jaccard distance of the specMesthanosarcina barkeri and
Methanothrix soehngenare compared usingne CSV file and the other tethanococcus
maripaludis and Methanobacterium formicicueme compared and analysed using one CSV

file in R studio.

All these visualisation aims to provide a clear understanding of the strains of all species as
well to compare the differences of the species that have commcestral backgrounty
getting a clear understanding of genes that are unique and core or shared within the species

that share a common pathwayf energy production
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Figure 26.3showing thesummaryof expected findings through this analysis

Similarly, it is expected for species 3 and 4 as well, here speddsthanosarcina barkeri,
species 2 Methanothrix soehngeniispecies 3 Methanococcus maripaludisspecies 4

Methanobacterium formicicum.

The script for this worflow is shown in appendix 1.
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3. RESULAND DISCUSSION

Thevisualisation results obtained from all the software tools are analysed lgltselerive

close observation of all the species. The metabolis &ite then filtered manually to find out

the potential genes capable of doing the core functions as well agp#tuliar genes to find

the unique characteristicsf all the methanogenic species like their stress responses, hence
finding which species have an upper hand over the other isolates and thus manipulating the

microbe growth in AD reactors accordingly.

3.1INVESTIGATION ONETHANOSARCINA BARKERRAINS
3.1.1 Result from Roary plots:
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Figure 3.1.1 Visual plots from Roary plotd/obarkeri
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1 The pangenomeie chartas shown(figure 3.1.1 Agives the total geamic compositionof
M.barkeri This species has a total of 7 genome isolatsscording to the pie chart
pangenomeof total 12226genes presentthere are about 484 core genes and zero soft
genes, the core genes is present in around all tesBrains. Similarlythere are 6088 shell
genes present in 15% to 95% of the species while cloud genes constitute 5654 genes of the

total genes and are just found in-05% of the strainsgiven in appendix 4, table 1

1 The graph(figure 3.1.1.B shows the Frequency of gemen each genomic strain of
Methanosarcindarkeri that the softwareplot as it runs through the length of each genome
strain. It reads the number of gengsresent in the respective genome isolates thus giving
the number of gene frequency in each genomeMethanosarcina barketthe frequency
graph shows a zigzag trend witharimum gene reads of over 5000 ift genome to the

lowest value around 200 in genome 5 and increasing again for the next two genomes.

1 The next result plot is a phylogenic tree psttowing the similarities and dissimilarities of
the 7 genome isolates.gBome strains of the same species becostightlydifferent from
each other due the presence of certain genes in some genomes while the absence of those
other strains, the reasofor this is divergence and evolution from ancestral strain which will

be further explained in the Phandango plot as they illustrate the same.

3.1.2 Phandango Plot:
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Figure 3.1.2plot from Phandangd Hadfield, et al., 2018enomes are numbered for clarity

29



Phandango the ploffigure 3.1.2 shows thehierarchicalevolution and how similar or
dissimilar each strairsfrom each otherThe phylogeny tree shows that genome isolate 3 and
4 of M.barkeri resembles each otheas they have a shared point of divergence in the tree and
have the samef presence and absence of gene base pmithie gene matrixhroughout the
length of both thestrains.Similarlygenomesl,6 and 7 are similar but different from genomes
3,4 as well genome Zenome 2 shows slightly different characters. There is a line graph
provided at the bottom showing the collective frequency of gene clusters available thoatig

the genome (all 7) length3.he reasorfor variation isthat some functional genes may be
present in some set of genome isolates while the same genes could bfinctional in few
other genomes creating the variations. Certain accessory gene aligilabthe species also

depends on the environment these genome strains are extracted from.

3.2INVESTIGATION ONETHANOTHRIX SOEHNGENRAINS
3.2.1 Roary Plot Results:
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Figure 3.2.1 Visual plots from Roary plots bf.soehngenii
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1 The pie chart representing the gene composition of Methanothrix soehngeshown in
figure 3.2.1, the same composition is represented in tabular format in appentikld 2
According to the pie chart there is a total of 3237 functional genes B0 core gene
statisticsshared by the two genomes. The remaining 1207 géraee a probability of being
present in one or both the strain of the species.

1 The pangenome frequency plot in this case shows that first genome thoughafues
number of geneghe gene frequencyhroughthe strain length is lesser compared to second
genome inM.sodhngenii thus giving a frequency graph in the given shape as shown in figure
3.2.1 B.

1 As seen in figure 3.2.1. Both the genome strains are quite different from each other due
the presenceand absence of functional biochemical enzymes which may be available in one
genome but not in the othelikke some accessory genes involved in salt stress. Some enzymes
are available in both like the ones responsible for acetate oxidation while therdew

absent in both like certain genes used for formate reduction.

3.2.2 Phandango Plot:
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Figure 3.2.2 IBt from Phandangpnumbeing given to genomes fof Hadfield, et al., 2018)

The comparison of all the attributes of both the genonaesl even the clustering of genes
isevident in the Phandango platigure 3.2.2. Both genome 1 and genome 2 shows
difference in the set of genes present in both. Initially, Both the genome isadhtesged

similar genetic composition and later shows variation. This is also shown by the graph in
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the Phandango plot where initially the line graph shows a maximum walpkying core
genes are present in that region shared by both species while furtheugtr the length
the line graph decreases to half of its initial value implying that genomic material is now

not common or shared by both.

3.3 COMPARATIVE STUDY OF THE ACETOCLASTIC METHANOGEN

- M.barkeri and M.soehngenii

Basic study is done dhe group of methanogens in the previous sectidnsorder to do a
comparative study of both a closer look is taken into these species. For this purpose, certain
functional genes are selected from the Metabolic result.xIsx (the file gives ath¢iabolic
pathways and gene present as well as absent in all the genome strains) file based on their
potential to perform the core as well as special functions. The genes selected and their

availability in each genomic strain of the species is listed helow

GeneName Methanosarcina  Methanothrix

barkeri soegenii
Total genome available 7 2
methylcoenzyme M reductase alpha subunit 7 1
acetytCoA decarboxylase 7 2
Glucoamylase 7 0
Isoamylase 2 0
Chitinase/amylase 4 2
methanemonooxygenase regulatory protein B 4 0
Ni-Fe Hydrogenase, Hiptakeunidirectional 7 0
Ni-Fe Hydrogenase, H2/0lving 7 0
dissimilatory sulphite reductase alpha subunit 4 2
nitrogenase iroAron protein, alpha subunit 4 2
nitrous oxidaseaccessory protein 7 0
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formate dehydrogenase major subunit 7 2
formate Cacetyltransferase 0 0
acetate => acetaldehyde 0 0
acetaldehyde => ethanol 5 0
branchedchain amino acid aminotransferagacetate) 6 1
acetyl coenzyme A synthetase (ADP forming), alpha doma 7 1
acetytCoA synthaséammonia)

cytochrome bd ubiquinol oxidase subunit | 7 0
histidinephosphatéaromatic aminotransferase 6 1
serinepyruvate aminotransferase 2 0

Table 3presence and absence of genes in the species
A comprehensive literature review of allelselectedgenesand their functionsare studied

and compared betweeboth Methanosarcina barkeandMethanothrix soehngenii

M barkerias wellM soehngenishows he presence ofmethylcoenzyme reductase which is

a basic core gene present in methanogens that promotes methane redu@iang, et al.,
2019) The enzyms AcetylCoAare the precursor enzyme for acetate activatibg carbon
fixation[5], being acetoclastic methanogens this enzyme is their basic characteristic, and the
analysis shows the functional presence of this gene in both the spéaesate oxidising
methanogensuises differenkinds ofenzyme for breaking down complex carbmympounds

like glucoamylase, isoamylase and chitinase to later get acetate substvigdsanosarcina
barkerimakes use of all the three while glucoamylase is dominant (seen in all these genome
strains), on the other hand chitinase is the only enzyme functianaMethanothrix
soehngenii Apart from breaking down acetat® barkeri also shows the potential of
oxidising methane to methanol another substrate that is utilised/t@ghanosarcina barkeri

as well the firststep of Methylotrophic methanogengSmith, et al.,, 2011M soehngenii
shows the complete absence of this functional gefilee enzyme formate dehydrogenase
shown in the table is a formate oxidising substrate helping in the breakdown of complex
carbon compounds. Formate is thenajor substrate utilised by hydrogenotrophic

methanogens and requires hydrogen ion for to complete the reaction. Hydrogen oxidisation
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is promoted by NFe hydrogenase enzymeblethanosarcina barkeris seento have the
potential of oxidising formate withhe help of hydrogen ions as all the enzymes needed for
this proceed s active in this specied.he unidirectional form of Nfe enzymehas oxygen
tolerance which otlerwise becomes inactive, surprisingly this function is seen in the results
of M barkeri(Shafaat, et al., 2013)Methanogens require both sulphate and nitrogen for
growth, theenzyme used for oxidation of both the substrates are present in all the genomes

of both the speciesThese are the basic or core characteristics of the species.

There are certain genes thdisplay certain special attributes that help in stress responses.
One amongst that is the brancheathain aminocacidtransferase enzymethis enzyme apart
being amino acid breakdown enzyme also has shown the potential to help Methanogens like
Methanosarana barkerio assimilate with increasing acetate strésse, et al., 2019Another
inhibitor of acetogenesis is ammonia stress, increase in the ammonia concentration can stop
the growth of acetate utilising methanogens. This has paved way for the adaptation of a new
alternative pathway in case of high concentrationsaofmoniastress this pathway involves

the participation of acs (acetffoA synthase) instead of pta gene to continue carbon
degradation( Yu, et al.,, 2020)A remarkable feature oMethanosarcina barkerbeing an
anaerobeis the presence ofytochrome bd ubiquinol oxidasehose primary function is the
reduction of oxygen in molecular form found in the medium t®KBorisov, et al., Jun 2021)
This feature sets asiddethanosarcina barkemaside from all the other anaerobekie to its
unique ability to not lose its capability even under the presence of oxy§eather stress
gene found in methanogens is aromatic aminotransferase which shows the potential to be
heat resistant making the spres mildly thermophilic(Weigent DA, 1976 Nov 25Jhis
property is shown by majority of the genomesMethanosarcina barkerand in some of
Methanothrix soehngenias shown in table 3Serine-pyruvate aminotransferaséas two
stress properties to it, they have shown the apito make a species hyper thermophilic. This
enzyme was found in all the microbes obtained from very hot mediBakuraba H, 2004
Aug) This enzyme if found in a very few genomedvbbarkerigiving them this attribute
depending on the environment Methanosarcina has to grdwethanogens survive
hypersaline conditions in very unique way. Until a smaller salt concentration, methanogens
produce glutamate as ions to balance that salt concentration in the outside medium with the

internal environment of the isolates. As the saltthe medium increases to hypsalinity a
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compound called alanines produced along with glutamaté Enzmann, et al., 2018)he
product alanine is produced by the enzymerise-pyruvate aminotransferasehence this
enzyme favours the growth of methanogens in hyper halapbinditions while glutamate is
produced byhistidinephosphateaminotransferase which helps the organism to survive salt
concentrations of a particular level. Here 2 M.barkeri isolated have shown great potential

against hypessalinity and thermophilic aaditions in the table 3.

3.3.1 Visual Comparison ®f.barkeri and M.soehngenii
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Figure 3.3.1 Plot obtained from R studio kibarkeri-red andM soehngeniblue

The plot obtained from R studg&hows the clustering in both the species. This is measure by
using Jaccard index which is the distance from the centre of one genome to the centre of the

next genome. The distance is calculated based on the comparison of the presence and absence
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of selectal genes in eachenome isolates from both the species and mapped in one plot. Here
all the strains oMethanosarcina barkelshown in red are clustered towards one side while

all that ofMethanothrix soehngenare towards the other siden figure 3.3.1 Thisdifference

in Jaccarddistance of the genomeis because of the presence of some genes in one set of
strains but its absence in the remaining sets. Also depending on the medium from which each
individual strains are extracted the genes in the genetic material of the species can show
variation and may also develop new stress tolerance enzymes, thus the reason why strains of

the same speciesxhibitsome value of Jaccard distance between them
3.4 INVESTIGATION @NETHANQOCCUS MARIPALUBTRAINS
3.4.1 Roary Plot Results:

A-Pie chart
B-Frequency plot

C-A tree matrix

Figure 3.2.1 Visual plots from Roary plots bf.maripaludis
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