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DISCOVERY OF NEW CELLULOSE-HYDROLYZING ENZYMES USING
METAGENOMIC APPROACH

SUMMARY

Fossil fuel is a finite energy source and use of fossil fuels releases harmful chemicals
to environment. To fulfill energy requirement, alternative energy sources that can
replace fossil fuel must be developed. A high potential environmental friendly
alternative is bio-fuel produced from cellulosic biomass. Despite of high number of
biofuel researches, production of sustainable and economical biofuel remains a
challenge due to recalcitrance of cellulosic materials. The major obstacle for
industrial-scale production of biofuel is the inefficient degradation of plant material
due to absence of enzymes that catalyze efficient hydrolysis at optimum conditions.

Fully degradation of cellulose requires synergetic action of a complex of enzymes
for optimized saccharification. Cellulases, which catalyze cellulolysis, are classified
into three groups according to their structure and mechanism of action:
endoglucanases, exoglucanases, and p-glucosidases. Unfortunately, commercial
biocatalysis is insufficient due to the lack of enzymes with optimal performance for
specific applications. A powerful approach, which draws attention lately, for
discovery of new enzymes with optimum performance is screening of natural
diversity. Microorganisms, which adapted to a wide range of environmental
conditions, serve as a good source. Metagenomic approach, which comprises the
direct extraction of genomic DNA from environmental samples, can prevent loss of
diversity resulting from cultivation, and allows recovery of genomes of all
microorganisms present in a given niche.

In this study, the aim was identification of novel cellulolytic genes using
metagenomic approach. Environmental samples used in the study comprised water
samples from Dalaman Spring, Dalaman Lake, Emet Hot Spring, and Kuzuluk Hot
Springs, straw samples that were incubated in water for enrichment of cellulolytic
microorganisms, grasshoppers obtained from TUBITAK MAM campus and
commercial farm, and grass compost taken from TUBITAK MAM campus. The
metagenomic DNA extraction and DNA clean-up (if required) were performed using
commercial kits. The isolated DNAs were used for construction of metagenomic
library with next-generation sequencing technology. Bioinformatic tools were used
for assembly of reads, phylogenetic studies, and gene annotations.

Total of 63 candidate cellulase genes were selected from annotated for further
analysis. Candidate genes, which were amplified from metagenomic DNA, were
cloned into E. coli BL21 (DE3) for production of recombinant protein. 22 of 63
candidate proteins was expressed successfully and screened for biochemical activity
against cellulose. Two different substrate, CMC and pNPG, were used for screening
of endoglucanases, exoglucanases, and B-glucosidases. Activity assay revealed one
active enzyme against CMC, while no active protein that hydrolyzes pNPG was
found.
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METAGENOMIK YONTEM KULLANILARAK SELULOZ PARCALAYAN
YENI ENZIMLERIN KESFEDILMESI

OZET

Fosil yakitlar tiikkenebilir kaynaklar olmakla birlikte tiiketimleri g¢evreye zararli
kimyasallarin salimma neden olmaktadir. Fosil yakitlarin ¢evreye olan zararlarini
azaltmak ve enerjinin siirdiirebilirligini saglamak i¢in alternatif enerji kaynaklarinin
gelistirilmesi gerekmektedir. Seliilozik biyokiitlelerin pargalanmasi ile elde edilen
biyoyakit enerji gereksiniminin karsilanmasi igin yiiksek potansiyelli bir alternatif
olarak goriilmektedir. Fakat bu alanda yiiriitiilen yogun aragtirmalara ragmen
stirdiiriilebilir ve ekonomik agidan uygulanabilir biyoyakit {iretimi saglanamamustir.
Bunun sebebi, seliilozik yapmin pargalanamaya direngli yapisidir. Giiniimiizde
biyoyakitin endiistriyel 6l¢iide iiretiminin yapilmasinin 6niindeki en biiyiik engel
optimum diizeyde calisan yiiksek kaliteli enzimlerin eksikligidir.

Biyoyakit iiretiminin yani sira seliilazlar bircok alanda kendilerine yer bulmaktadir.
Seliilazlarin siklikla kullanildig: alanlar gida endiistrisi, hayvan yemi tiretimi, tekstil
ve camasir sektorli, kimya sektorii, kagit ve kagit hamuru enddistrisi, atiklarin
parcalanmasi, tip ve farmasotik endiistrisi, protoplast elde edilmesidir.

Seliilozun tamamen parcalanmasi birden fazla enzimin es zamanli ¢alismasin
gerektirmektedir. Seliilozu parcalamakla gorevli enzimler, seliilazlar, yapilarina ve
aksiyon mekanizmalarina bagl olarak ii¢ grupta smiflandirilmislardir: endoglukanaz,
ekzoglukanaz ve p-glukozidaz. Endoglukanazlar polisakkarit zincirinin ig
bolgelerinde rastgele hidroliz yaparak degisik uzunlukta oligosakkaritler olustururlar.
Ekzoglukanazlar olusturulan farkli uzunluktaki oligosakkaritlerin indirgenen ve
indirgenmeyen ucundan sellobioz unitlerini hidroliz ederler. B-glukozidazlar ise
meydana gelen sellobiozun ve sellodekstrinin glikoza pargalanmasindan sorumlu
enzimlerdir.

Gilinlimiizde amacina uygun optimum sartlarda calisan enzimlerin yetersizliginden
dolayi seliilazlarin ticari kullanimi siirlidir. Yeni enzimlerin kesfi i¢in dikkat ¢ceken
yontemlerden biri dogal cesitliligin uygun amag¢ dogrultusunda taranmasidir. Her
tirlii gevresel kosulda yasamaya adapte olmus mikroorganizmalar yeni enzimlerin
kesfi icin Onemli kaynak teskil etmektedir. Metagenomik yaklagim, c¢evresel
orneklerden direkt DNA izolasyonunu igeren, bu sebeple kiiltivasyondan
kaynaklanan genetik bilgi kayiplarini en aza indirgeyen bir yontemdir. Bu yontem
ortamda bulunan tiim mikroorganizmanin genetik materyalinin kazanimini
saglamaktadir.

Yapilan calismada metagenomik yontem kullanilarak selilloz parcayan yeni
enzimlerin kesfi amaglanmistir. Metagenomlarin eldesi i¢in cesitli ortamlardan
ornekler elde edilerek metagenomik DNA izolasyonlart yapilmistir: Bu ornekler
Dalaman Kaynak Suyu, Dalaman Golii, Emet Kaplicalari, Kuzuluk Kaplicalari, Emet
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Kaplicalar1 ve Dalaman Goli'nde bekletilen samanlar, ciftlikte yetistirilen ve
TUBITAK MAM kampiisiinden toplanan ¢ekirgeler ve TUBITAK MAM
kampiisinden alman ¢iirimeye baglamig c¢imendir. Metagenomik DNA’larin
orneklerden izolasyonu ve gerekli oldugu durumlarda elde edilen DNA’larin
kontaminantlardan arindirilmasi i¢in ZR Fecal DNA MiniPrep™, Meta-G-Nome™
DNA Isolation Kit ve Genomic DNA Clean & Concentrator kitleri kullanilmistir.
DNA miktar1 ve kalitesi agaroz jel elektroforez sitemi ve spektometrik yontemler
kullanilarak tayin edilmistir.

Izolasyonu yapilan DNA’lar metagenomik kiitiiphanelerin olusturulmasinda
kullanilmistir. Kiitiiphane olusturulurken TruSeq Nano DNA Library Prep Kit
(Mumina, USA) iiretici firmanin tarifine uygun sekilde kullanilmistir. HiSeq2500
(Mumina, ABD) dizileme sistemi ile tiim metagenom sekans dizilemesi
gerceklestirilmigtir. HiSeg2500 (Illumina, ABD) dizileme sistemi ile okunan
parcalarin birlestirilmesinde, filogenetik c¢aligmalarda ve gen anotasyonunda
biyoenformatik araglardan yararlanilmistir. Okunan pargalar birlestirilirken Velvet
Assembler (v1.2.07) programi kullanilmistir ve analizle sonucu yaklasik 68
gigabazlik data olusturulmustur. PhyloSift programi kullanilarak &rneklerdeki
mikrobiyal ¢esitlilik  belirlenmistir. MetaGeneMark programi  kullanilarak
metagenomda bulunan agik okuma pencereleri belirlenmistir. Belirlenen agik okuma
pencereleri selillaz genlerinin belirlenmesinde kullanilmistir.  Seliilaz  genleri
arastirilirken genlerde bulunan seliiloz baglanma bélgeleri ve glikozit hidrolaz
dikkate alimmmustir. Analizler sonucu metegenomlarda 1238 seliilaz geni oldugu
gorilmiustir.

Seliilaz olarak anotasyonu yapilan genlerden 63 tanesi enzim kesfi i¢in secilmistir.
Her aday gene uygun 6zel primer ¢ifti tasarlanmistir ve uygun reaksiyon kosullarinda
metagenomik DNA'’lar sablon olarak kullanilarak genler gogaltilmistir. Segilen 63
genden 54 tanesi basariyla g¢ogaltilmistir. Amplifikasyonu yapilan genler EZ-
Fusion™ Cloning Kit’i iireticinin protokoliine uygun bir sekilde kullanilarak daha
once restriksiyon enzimi ile lineer hale getirilen pET-22b(+) vektoriine
klonlanmigtir. Aday geni iceren pET-22b(+) vektorlerinin, proteinlerin ekspresyonu
icin, E. coli BL21 (DE3) susuna transformasyonu yapilmistir. Transformasyon 1s1
soku yontemi kullanilarak kimyasal olarak kompetent hale getirilmis hiicreler ile
yapilmistir. Hiicrelerin hedef geni icerdigini gostermek i¢in koloni PZR yapilmistir.
Yapilan dogrulama sonucunda 54 genin basar1 ile E. coli BL21 hiicrelerine
klonlandig1 gozlemlenmistir. Rekombinant protein iiretimi besi ortammma 1 mM
IPTG eklenerek indiiklenmistir. Ayni koloniye ait IPTG ile indiiklenen hiicreler ve
indiiklenmeyen hiicrelerin protein profilleri SDS-PAGE ile goriintiilemistir. Aday
genlerin SDS-PAGE ile analizleri sonucu 22 proteinin basari ile iretildigi
gozlemlenmistir.

Aday genlerinden basariyla ekspres edilen 22 tanesi biyokatalitik aktivite igin test
edilmistir. Hiicrelerin uygun tampon ile sonikasyonundan sonra ham enzim elde
edilmistir. Endoglukanaz ve ekzoglukanaz aktivitesi icin CMC substrat olarak
kullanilirken, B-glukozidaz i¢in pNPG kullanilmistir. Aktivite tayini CMC’ye kars1
aktivite gosteren bir enzimin varligi gosterirken, pNPG’ye aktivite gosteren enzim
gozlemlenmemistir. CMC’ye kars1 aktivite gosteren gen, 969 bp uzunlugunda olup,
protein boyutu 34,40 kDa olarak hesaplanmistir. BLAST analizi, bulunan genin daha
once bilinen Rhodanobacter fulvus’a ait endoglukanaz geni (NCBI Reference
Sequence: WP_007079969.1) ile %100 benzer oldugunu gdstermistir.
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Genin spesifik aktivitesinin belirlenmesi i¢in HisPur™ Cobalt Purification Kit
(Thermo Fisher Scientific) kullanilarak protein saflastirmasi yapilmistir ve islem i¢in
iireticinin tarifi kullanilmistir. Saflagtirilan proteinin miktar tayini Bradford yontemi
kullanilarak yapilmistir. Saflastiran protein enzim aktivite testi i¢in kullanilmis ve
spesifik aktivite spektrometrik Olglimlerden yararlanilarak belirlenmistir. Bulunan
endoglukanaz enziminin spesifik aktivitesi bir miligram protein basma 0,44 inite
olarak hesaplanmuistir.
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1. INTRODUCTION

1.1 Cellulase, Application Areas and Industrial Importance

1.1.1 Cellulose and lignocellulosic biomass

Cellulose, the most abundant biopolymer produced in the biosphere, is synthesized

by photosynthesis and 10''-10' tons of biopolymer is produced annually (Macrae et
al., 1993). Cellulose is a homopolysaccharide composed of anhydro-p-1,4-glucose
units held together by a B-1,4-glycosidic bond (Lima et al., 2005). The basic
chemical formula of cellulose, discovered by Anselme Payen in 1842, is (CgH10Os)n
and “n” states for number of monomers (Hon, 1994). Figure 1.1 shows structure of
cellulose. The main source of cellulose is the presence of the polymer in the cell wall
structure of higher plants due to its firmly linked long linear chains. Beside of plants,
other various organisms including green algae, fungi, cyanobacteria and bacteria

produce cellulose for different purposes (Kimura & Itoh, 2001; Nobles et al., 2001).

r= -1
I OH I
j IR '
OH I CH |
0] 7 T NI e i
H
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" c|> : : | OH
H
- - -=n-2

Figure 1.1: Structure of cellulose (Wiistenberg, 2014).

Degradation of cellulose by cellulose-hydrolyzing enzymes is important for flow of

carbon from organic carbon sinks to atmospheric CO, in treatment of agricultural

products and wastes (Berner, 2003). Even though fossil fuel shortage is not a serious
problem for near future, cellulosic biomass, complex of cellulose, hemicellulose and
lignin (Figure 1.2), is good candidate for production of renewable energy such as
biofuel (Mosier et al., 2005). Conversion of biomass to fermentable sugar would
bring two advantages; effects of cellulosic waste on environment would be decrease

due to reuse of waste and waste material would be converted to a renewable energy



source that can cease our dependence of fossil fuels (Mosier et al., 2005). However,
the recalcitrant nature of cellulosic waste due to its crystalline structure is a major
limitation for conversion processes. Conversion of cellulosic biomass to fermentable
sugars requires three steps: size reduction, fractionation and enzymatic hydrolysis
(Wyman, 1994). The enzymatic hydrolysis of cellulose requires synergistic activity
of three cellulase enzymes: endoglucanase, exoglucanase or cellobiohydrolase, and
B-glucosidase (Bashir et al., 2013).

Others
3-13%

Cellulose

Lignin
15-25%

Figure 1.2: Composition of cellulosic biomass. The ratio may differ depending on
the plant or tissue type.

1.1.2 Cellulose-hydrolyzing enzymes: endoglucanase, B-glucosidase and
exoglucanase
Cellulases, which are responsible for hydrolysis of cellulose, are produced by various
organisms including Fungi, Bacteria, Protozoa, plants and animals (Koo, 2001).
Cellulases can be classified into three types of enzymes: endoglucanases (EC
3.2.1.4), which hydrolyze internal glycosidic bonds in soluble regions of the
cellulose; exoglucanases (EC 3.2.1.91), which hydrolyze reducing and non-reducing
ends of cellulose chains and release short-chain oligosaccharides; and -glucosidases
(EC 3.2.1.21), which convert oligosaccharides products to glucose (Golan, 2011).
For full degradation of cellulose involves complex interaction and synergetic action

of these three enzymes ( Figure 1.3).
1.1.2.1 Endoglucanases

Endoglucanase (endo-p-1,4-glucan-4-glucanohydrolases) is the cellulolytic enzyme
involved in the first step of cellulose degradation. This enzyme hydrolyzes the inner
regions of the cellulose fiber randomly and reduces the degree of polymerization
(Golan, 2011). Many bacteria, fungi and plant that produce this enzyme possess

different catalytic modules. To exemplify, while fungal endoglucanases possess



single catalytic module and carbohydrate-binding module (CBM), bacterial ones
contain multiple catalytic modules and CBMs (Zhou et al., 2008).
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Figure 1.3: Enzymatic hydrolysis of cellulose (Juturu & Wu, 2014).
1.1.2.2 Exoglucanases

Exoglucanases removes cellobiose units from both the reducing and the non-
reducing ends of the cellulose (Lynd et al., 2002). Exoglucanase are divided into
subgroups: cellobiohydrolase (CBH) and glucanohydrolase (GH) (Golan, 2011). The
cellobiohydrolase (B-1,4-D-glucan-cellobiohydrolase) hydrolyzes only the terminal
non-reducing end of cellulose oligosaccharides — with some exception of attach on
reducing end (Golan, 2011). This enzyme causes physical disruption of cellulose
fiber and exposes polymer for further cellulolytic attacks. The CBHs are inhibited by
cellobiose, the end product of hydrolysis (Zhou et al., 2008). Glucanohydrolase (-
1,4-D-glucan-glucanohydrolase) is important enzyme since it can directly release
glucose polymer (Golan, 2011). Similar to endoglucanases, fungal exoglucanases
possess single catalytic module and carbohydrate-binding module (not necessarily),

bacterial ones contain multiple catalytic modules and CBMs (Zhou et al., 2008).



1.1.2.3 B-glucosidases

B-glucosidase (B-glucoside glucohydrolase), one of the major group of the glycoside
hydrolases (Henrissat & Davies, 1997), catalyze hydrolysis of cellobiose and other
cellodextrins into glucose (Golan, 2011). Various organisms including bacteria,
fungi, plants, nonvertebrates, and vertebrates produce the enzyme (Matteotti et al.,
2011). B-glucosidase is grouped into classes based on substrate specificity: Class I,
which includes enzymes with glycosyl beta-glycosidase and aryl beta-glycosidase
activity; Class I, that contains enzyme with only glycosyl beta-glucosidase activity;
and Class Ill, that possess enzymes with only aryl/alkyl beta-glucosidase activity
(Koffi et al., 2012). B-glucosidase is speed-limiting step of the cellulose degradation,
inhibiting the accumulation of cellobiose (Golan, 2011). Similar to
cellobiohydrolase, B-glucosidase is inhibited by its own hydrolysis product (Chauve
etal., 2010).

Cellulase system involves at least three forms of synergism between these three
cellulases: endo-exo synergy, providing reducing and non-reducing end for the
action of cellobiohydrolase; exo-exo synergy, acting on reducing and non-reducing
ends of cellulose chains; and exoglucanases and PB-glucosidases synergy, which

removes cellobiose as end products (Lynd et al., 2002).
1.1.3 Sources of cellulases

A variety of organisms including bacteria, fungi, as well as insects are capable of
degrade cellulosic materials as an energy source (Maheshwari et al., 2009).
However, only a few of these microorganisms are able to secrete a complex of
cellulase enzyme that completely hydrolyzes crystalline cellulose (Golan, 2011).
Only those organisms that produce required amount of endoglucanase, exoglucanase
and B-glucosidase are able to degrade native lignocellulosic biomass. Most of the
microorganisms are known to produce either endoglucanase or [-glucosidase
(Kumar et al., 2008). B-glucosidase, which hydrolyze cellobiose to glucose, is mostly
lacking or produced in small amounts in the cellulase complex and limits the speed

of hydrolysis reaction (Bisaria & Ghose, 1981).

Some bacterial cellulases are present as supramolecular machines attached to their
outer surface known as cellulosomes (Shoham et al., 1999). Cellulosome structure is

given in Figure 1.4. Cellulosome do not necessarily contain CBM, but scaffoldin,



protein attached to cellulases, contains a CBM and binds enzyme complex to
cellulose (Wilson, 2011). The cellulosome enables optimal synergism between the
three cellulase enzymes and facilitates efficient uptake of hydrolysis product to cell
by minimizing the distance (Schwarz, 2001). Bacterial strains producing cellulases
includes Rhodospirillum rubrum, Cellulomonas fimi, Clostridium stercorarium,
Bacillus  polymyxa, Pyrococcus  furiosus, Acidothermus  cellulolyticus,

Saccharophagus degradans and Cytophaga hutchinsonii (Golan, 2011).
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Figure 1.4: Components of cellulosome structure (Shoham et al., 1999).

Several fungi produce significant amounts of extracellular cellulases (Golan, 2011).
Similar to bacterial one, fungal cellulases facilitates cellulosic hydrolysis
synergistically with endoglucanases, exoglucanases and B-glucosidases (Zhou &
Ingram, 2000). The cellulase producing fungi strains include Agaricus sp.,
Ganoderma sp., Fusarium oxysporium, Piptoporus betulinus, Penicillium
echinulatum, P. purpurogenum, Aspergillus niger, A. fumigatus, as well as
thermophilic fungi such as Sporotrichum thermophile, and Scytalidium
thermophillum, (Kaur et al., 2004; Martins et al., 2008; Valaskova & Baldrian,
2006). Fungal cellulases are not very effective on hydrolysis of crystalline cellulosic
substrates (Kaur et al., 2004).

1.1.4 Application of cellulase

Cellulases, which represent 20% of the world‘s sale of industrial enzyme, have
potential application in various industries including chemicals, fuel, food, brewing
and wine, animal feed, textile and laundry, and pulp and paper sector (Bhat, 2000).

Currently, cellulases are the third largest industrial enzyme worldwide, and expected



to increase if fermentation product of sugars becomes a major transportation fuel
(Wilson, 2011). Almost all industrial cellulases are produced from Trichoderma
reesei, an aerobic cellulolytic fungi, due to its ability to produce cellulase enzyme
with relatively high enzymatic activity (Miettinen-Oinonen & Suominen, 2002).

Cellulases have a wide range of applications in food industry. Cellulases are used for
different purposes including extraction of juices and oil from seeds and fruits, juice
clarification, extraction of proteins from soybeans and coconuts, extraction of starch
from corn and sweet potato, improving digestibility of food products (Béguin &
Aubert, 1994; Coughlan et al., 1985). Also, by removing cell wall, cellulases liberate
proteins, enzymes, polysaccharide and flavors. Thus, they increase nutritive quality
of food products (Bhat & Bhat, 1997).

In brewery and wine industries, cellulases involve in beer filtration since they
hydrolyze B-1,3 glucan and B-1,4 glucan present in barley. Brewery industries have
been used recombinant yeast that possesses p-1,3-glucanases and (3-1,4-glucanases
for production (Bhat, 2000). Usage of p-glucanases with pectinases and
hemicellulases contributes clarification and filtration; improvement of color

extraction; and improvement of wine quality and stability (Golan, 2011).

Cellulases are capable of modifying cellulosic fibers in a desired manner, and are
able to improve the quality of fabrics. Textile and laundry industry exploits
cellulases for removal of excess dye from fabrics and jeans (biostoning), removal of
cotton microfibrils resulting from washing, fabric softening and brightening (Cortez
etal., 2001).

The animal feed industry with 600 million tones production and worth of 50 billion
US dollars is important sector (Bhat & Bhat, 1997). The uses cellulases in feed
industry incudes: elimination of anti-nutritional factors in feeds, improvement the
nutritional value of feed, improvement the digestibility of ruminants (Coughlan et
al., 1985).

Pulp and paper industry uses cellulases for different purposes. Biomechanical
pulping, which requires cellulases, is the enzymatic treatment of lignocellulosic
materials before the mechanical pulping step and it reduces energy consumption
during processing (Buchert et al., 1998). Also, cellulases involve in fiber

modification and deinking of paper products (Buchert et al., 1998).



Environmental problems due to increased carbon dioxide emission and serious
concerns about fossil fuel shortage directed scientist to development of alternative
renewable energy sources (Lee et al., 2008). Ethanol is a biodegradable, low toxicity
alcohol and does not produces serious environmental problems when it is hydrolyzed
to carbon dioxide and water (Bhat & Bhat, 1997). Bioethanol produced from
hydrolysis lignocellulosic biomass of has potential to replace fossil fuels (Kumar et
al., 2008).

In addition to industrial application, cellulases are used for the preparation of plant
and fungal protoplasts, hybrid strains in production and other genetic engineering
applications (Bhat & Bhat, 1997).

Cellulases have a wide range of applications, but more research is required to
discover new cellulases with better commercial potential. Metagenomic discovery of
environment with high cellulolytic activity is one of the most promising methods for
determination of novel cellulases. So far, various environments including fresh
waters, oceans, guts of insects and ruminants as well as human intestines were used

for generation of metagenomic datasets (Sukharnikov et al., 2011).

1.2 Metagenomics and Application Areas

Metagenomics, study of uncultured microorganisms obtained from a certain
environment, involves extraction of DNA directly from environment samples
(Handelsman et al., 1998). It is estimated that approximately 1% of microbial
population is culturable under laboratory conditions (Sharma et al., 2005).
Metagenomics offers culture-independent method for investigation of enormous
diversity of taxonomically and phylogenetically relevant genes, catabolic genes, and
operons (Batraa et al., 2013). All metagenomic approaches mainly involves isolation
and examination of DNA extracts that directly isolated from environment. Following
DNA extraction, depending on the path to follow metagenomics is divided into two
groups: function-based metagenomics, which bases on examination of clones with
desired phenotype after preparation of DNA libraries (Batraa et al., 2013); and
sequence-based metagenomics, involving the search for genes coding for conserved
sequences or motifs (Ferrer et al., 2005). The latter one generates enormous data and
enables discovery of millions of novel genes that can be used to enlighten metabolic

pathways from uncultured bacteria (Ferrer et al., 2005). High-capacity sequencing



and development of advanced computational analysis resulted in dramatic
improvements in gene discovery without performing functional screening (Thomas

etal., 2012).
1.2.1 Approaches to metagenomic studies

Both metagenomic approaches requires extraction of DNA directly from naturally
occurring microbial populations (Batraa et al., 2013). Quality of isolated DNA
should be appropriate for construction of metagenomic library. During DNA
extraction, DNA shearing should be minimized and co-extraction of contaminants
should be prevented (Cowan et al., 2005). Schematic representation of metagenomic

approaches is given in Figure 1.5.
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Sequence-based metagenomics involves DNA extraction from microbial
communities, whole-genome sequencing, and assembly of the reads. Following
assembly, sequences are analyzed using bioinformatic tools to determine the
composition and possible functions of the microbial populations (Ufarte et al., 2015).
Schematic representation metagenomics using next-generation sequencing is given
in Figure 1.6. Beside of high-throughput sequencing, use of a gene of interest as an
anchor to identify clones of interest is possible. After construction of metagenomic
library PCR can be used for amplification of the anchor. The clones harboring the

anchor are sequenced and used for further analysis (Sabree et al., 2009).

Sy
e - % - &

! =3.000.000 bp DNA extraction Whole metagenome

pr.genome sequencing

= A —

1000 bp+

150 bp reads ;
contigs

Databases

Figure 1.6: Schematic representation of metagenomic approach using next-
generation sequencing (Albertsen, 2013).

1.3 Bioprospecting of the Metagenome

Metagenomics has enabled development of biotechnology based on the exploitation
of uncultivated microbial species by making exploration and analysis of ecology
around us possible (Bashir et al., 2014). Metagenomics finds various applications in
industry including identification of new biocatalysts, discovery of new antibiotics,
medicine. Also, biosurfactant producing bacteria were exploited for bioremediation

of industrial, agricultural, and domestic wastes.
1.3.1 Discovery of bioactives, biosynthetic pathways and antibiotics

Bioactive compounds are nutritional constituents that occur in small quantities in
foods (Kris-Etherton et al., 2002). Function-based metagenomics can be used to
discover genes that carrying out reactions of interest for the production of bioactives
or production of intermediate compounds (Coughlan et al., 2015). Instead of

chemical synthesis, the use of microorganisms capable of producing targeted product



offers more environmental friendly alternative for industries. Microbial biosynthetic
genes that were identified by functional metagenomic strategies include: biotin
(Entcheva et al., 2001), pederin (Piel, 2002), salt tolerance genes (Culligan et al.,
2013), and acid resistance genes (Guazzaroni et al., 2013).

Microorganisms produce antibiotic molecules to eliminate competitors in their
habitat (Coughlan et al., 2015). Currently, antibiotic therapies are capable of curing
most bacterial infections. However, development of antimicrobial resistance is
emerging problem for antimicrobial therapy (Alanis, 2005). The improvement in
metagenomics allowed screening of microbial populations for novel antimicrobial
activity (Jayasuriya et al., 2007). Until now, metagenomic was exploited for mining
of novel antimicrobials and studies resulted in discovery of new antibiotics, anti

infectives, and antibiotic resistance genes (Coughlan et al., 2015).
1.3.2 Bioremediation

Evaluation of the wvariation between a contaminated environment and its
uncontaminated condition is one of the main subjects of bioremediation (Bella et al.,
2012). Metagenomics can give information about microbial and enzymatic diversity
of contaminated area and allow the discovery of potentially active genes and
organisms (Ufarte et al., 2015). At the same time, metagenomic studies can elucidate
how microbial communities respond to changes in environmental conditions such as
nutrients, carbon sources, pH, temperature, oxygen, and water content (Bella et al.,
2012).

1.3.3 Discovery of novel enzymes

Global industrial enzyme sales were calculated to be $2.3 billion, which were
represented by detergents, $789 million; food applications, $634 million;
agriculture/feed, $376 million; textile and laundry, $237 million; and others
including pulp and paper, leather and bulk chemical, $222 million (Lorenz & Eck,
2005). Moreover, demand for novel enzymes increases each passing day. Production
of chemical catalysts that perfectly mimics biological enzymes is not possible and
also it burdens serious problems for environment (Lorenz et al., 2002). Currently,
metagenomics is accepted to be one of the most potent technologies to acquire the

candidate molecules for biocatalytic processes. Some of the main enzymes that were
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discovered by metagenomic approach include: cellulases, lipases, Xxylanases,

amylases, proteases, nitrilases, dehydrogenases (Bashir et al., 2014).
1.3.4 Metagenomic approaches to the discovery of cellulases

Due to their high potential applications in biotechnology, cellulases have drawn
enormous attention in research and commercial area. Use of environments, in which
lignocellulose is being effectively decomposed, for discovery of novel cellulases is
the most promising technology (Sukharnikov et al., 2011). Datasets generated from
different studies and environments revealed great potential for discovery of novel
cellulolytic enzymes. Metagenomics have been used to identification of cellulases
from various environmental including soil, gut of higher termite, compost, rabbit
cecum, sludge reactors (Duan & Feng, 2010). The rumen with its residing
microbiota serves as a natural bioreactor for degradation of cellulosic biomass
(Weimer et al., 2009). Thus, high number of metagenomic studies focused on
isolation of cellulases from gut symbionts (Duan & Feng, 2010; M. Ferrer et al.,
2005; Hess et al., 2011; Shedova et al., 2009). The termite hindgut contains higher
number of cellulase domain representatives when compared to microbiome of cow

rumen.

Similar to any other function-based metagenomics, insufficient expression of foreign
cellulase genes is the major obstacle of enzyme discovery. To overcome these
limitations, appropriate hosts for library construction and expression should be
selected (Duan & Feng, 2010). Sequence-based approach is gain attention with
improvements in sequencing technology. The presence of high-throughput DNA
sequencing ceased necessity of preparation of clone libraries for identification of
cellulase in metagenome (Rooks et al., 2012). The fragmented metagenomic DNA
can be directly used for sequencing and obtained reads are used for assembly.
Cellulase encoding genes can be identified from generated library using appropriate

databases.

1.4 The Aim of the Study

In this study, sequence-based metagenomic approach was exploited for discovery of
novel cellulose-hydrolyzing enzymes. For this purpose, thirteen samples were

obtained from various environments that includes: water samples from Dalaman
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Spring, Dalaman Lake, Emet hot spring, and Kuzuluk hot springs; straw samples that
were incubated in Dalaman lake and Emet Hot Spring for enrichment of cellulolytic
microorganisms; and grasshoppers obtained from TUBITAK MAM campus and
commercial farm; grass compost from TUBITAK MAM. The DNA isolations were
performed for each sample and extracted DNAs were used for generation of
metagenomic libraries. Generated libraries were used for seek of cellulase enzymes
using bioinformatic tools. Candidate genes were selected and cloned into expression
host for enzymatic assays. At the same time, generated libraries were used for

evaluation of microbial diversity in samples.
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2. MATERIALS AND METHODS

2.1 Culture Media, Buffers, Solutions, Chemicals and Enzymes

2.1.1 Bacterial strains, chemicals and Kits

In this study, bacterial strain E. coli BL21 (DE3) was used as cloning and expression
host. Cells were grown in Luria Broth liquid medium (LB) on a shaker (220 rpm) or
on agar plates (LA) at 37°C. Plasmid used for cloning and expression was pET-
22b(+) (Figure A.1). Bacterial glycerol stocks were prepared for long-term storage at
-80°C. For preparation of stocks, 500 pL overnight grown cultures were added to
500 uL 30% glycerol in a 2 mL screw top cryo tubes and mixed gently. Glycerol
stock tubes were froze with liquid nitrogen and stored at -80°C. Kits and chemicals

that were used in this study are given in Table 2.1.

Table 2.1: Kits and chemicals.

Kit Producer
EZ-Fusion™ Cloning Kit Enzynomics
Genomic DNA Clean & Concentrator Zymo research
HisPur™ Cobalt Purification Kit Thermo Fisher Scientific
Meta-G-Nome™ DNA Isolation Kit Epicentre
Pierce™ Coomassie Plus (Bradford) Thermo Fisher Scientific
Assay Kit

QIlAprep Spin Miniprep Kit Qiagen
QIAquick Gel Extraction Kit Qiagen
QIAquick PCR Purification Kit Qiagen

ZR Fecal DNA MiniPrep™ Zymo research
Chemicals Producer
2-Mercaptoethanol Sigma-Aldrich
3,5-dinitrosalicylic acid Sigma-Aldrich
4-Nitrophenol Sigma-Aldrich
Acrylamide/Bis-acrylamide, 30% Sigma-Aldrich
solution

Agar Sigma-Aldrich
Agarose Sigma-Aldrich
Ampicilline Sigma-Aldrich
Bromophenol blue Sigma-Aldrich
Calcium chloride Merck

13



Table 2.1 (continued): Kits and chemicals.

Chemicals Producer
Carboxymethylcellulose sodium salt Sigma-Aldrich
Citric acid Sigma-Aldrich
Coomassie blue R-250 Applichem
Dibasic sodium phosphate Sigma-Aldrich
EDTA Sigma-Aldrich
Ethanol absolute Merck
Ethidium bromide Sigma-Aldrich

Gel Loading Dye, Purple (6X)
Glacial Acetic acid

Glucose

Glycerol

Glycine

Imidazole

IPTG (isopropyl-p-d-
thiogalactopyranoside)
Luria Broth

Magnesium chloride

Methanol

Monobasic sodium phosphate
O'GeneRuler DNA Ladder Mix
p-nitrophenyl-beta-D-glucoside
Potassium chloride

SeeBlue® Plus2 Pre-stained Protein
Standard

New England Biolabs Inc.
Riedel-de Haen
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Merck
Sigma-Aldrich
Carlo Erba
Sigma-Aldrich

Thermo Fisher Scientific Inc.

Sigma-Aldrich
Sigma-Aldrich
Thermo Fisher Scientific

Sodium carbonate Sigma-Aldrich
Sodium chloride Sigma-Aldrich
Sodium citrate dihydrate Sigma-Aldrich
Sodium dodecyl sulfate Sigma-Aldrich
Sodium hydroxide Sigma-Aldrich
Sodium potassium tartrate Merck

Tris MP Biomedicals
Tris-Base Promega
Tris-HCI MP Biomedicals
Trisodium citrate dihydrate Merck
Triton-X-100 Calbiochem
Tryptone Sigma-Aldrich
Yeast extract Sigma-Aldrich
Enzymes Producer

Ndel New England Biolabs

Q5® High-Fidelity DNA Polymerase
Taq DNA polymerase
Xhol

New England Biolabs
New England Biolabs
New England Biolabs
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2.1.2 Buffers and solutions

Buffers and solutions that were used in this study including their content are given in

Table 2.2.

Table 2.2: Buffers and solutions.

Buffers and Solutions

Content

Amount/Concentration

Ethidium bromide Solution

Grasshopper microbiota
collection buffer

SOC medium

Sonication buffer

Sodium phosphate buffer

TAE

SDS-PAGE BUFFERS
Coomassie blue R-250 staining

Destaining solution

Running buffer (5X)

Sample buffer

Ethidium bromide (10 mg/ml)
TAE buffer

EDTA

Glycerol

Tris base

Triton-X-100

Tryptone

Yeast extract

NaCl

KCI

MgCl,

Glucose

Glycerol

Tris-HCI

NaCl

Monobasic sodium phosphate
Dibasic sodium phosphate
Acetic acid

EDTA

Tris base

Coomassie blue R-250
dH,O

Glacial acetic acid
Methanol

dH,0

Glacial acetic acid
Methanol

dH,O

Glycine

SDS

Tris base

Tris HCI (0.5 M)
SDS (10 %)
Glycerol

dH,O

Bromophenol blue (0.5 %, w/v)

-mercaptoethanol

100 pl
Uptoll
5mM

5%

2mM

0.2%

2% (w/v)
0.5% (wiv)

10 mM

2.5 mM

10 mM

20 mM

10%

50 mM

0.58 %

50 mM, 19 mL
50 mM, 81 mL
20 mM

2 mM

40 mM

0.25¢
100 mL
25 mL
125 mL
800 mL
100 mL
100 mL
Uptoll
729
59
15¢g
1ml
0.4 mL
1.6 mL
3mi
0.4 mL
0.4 mL
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Table 2.2 (continued): Buffers and solutions.

ENZYME ASSAY BUFFERS

Buffers and Solutions Content Amount/Concentration
Substrate solutions CMC 1%
pNPG 10 mM
DNS solution DNS 359
NaOH (2 M) 200 ml
Sodium potassium tartrate 300 g
dH,0 Uptollt
Sodium citrate buffer Citric acid 50.70, 50 mM
Trisodium citrate dihydrate 49.30, 50 mM

2.1.3 Equipment

Laboratory equipment that was used in this study was listed in Table 2.3.

Table 2.3: Laboratory equipment.

Laboratory equipment

Producer

Autoclave
Balance
Centrifuges

Deep freezers and refrigerators

Gel systems

Heat block
Incubators

Laminar flow cabinet
Magnetic stirrer
Micropipettes
Microwave oven

pH meter

Power supplier

Spectrophotometers

Thermocyclers

Gel documentation
Ultrapure water system

CLG, ALP Co., Ltd.

CPA Analytical Balance, Satorius
5417 R, Eppendorf

Megafuge 2.0R, Heraeus

NEXK, BEKO

ULT Freezer, Haier

Minicell® Primo EC320, EC
Mini-PROTEAN® 3 Cell, Bio-Rad
Dri-Block®, Techne

FN500, Nuve

Incubator shaker, New Brunswick Scientific Co.,
Inc.
Class Il Biological Safety Cabinet, ESCO

RTCbasic, IKA

Eppendorf Research
MD585, Arcelik

744 pH meter, Metrohm
Model 200/2.0, Bio-Rad
PowerPac™ HC, Bio-Rad
ND-1000, Nanodrop®
SmartSpec™ 3000, Bio-Rad
Microplate reader, Bio-Rad
Mastercycler gradient, Eppendorf
TC-512, Techne

Uvi

Purelab, ELGA
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Table 2.3 (continued): Laboratory equipment.

Laboratory equipment Producer

Ultrasonic disintegrator Soniprep 150, MSE
UV-cabinet UVT-B-AR, Biosan
Vortex Benchmixer, Benchmark
Water baths BTW-U, Biosan

2.2 Collection of Samples

2.2.1 Local grasshopper and farm grasshopper

Total numbers of 203 local grasshoppers were collected from The Scientific and
Technological Research Council of Turkey Marmara Research Center (TUBITAK
MAM) campus into sterile glass jars using gloves to prevent contamination of

grasshoppers.

Total numbers of 432 desert grasshoppers (Schistocerca gregaria) were purchased
from Mira Canli Hayvan Bocek Tur. Ins. Tarim Tic. Ltd. Sti. (Antalya, Turkey).

2.2.2 Spring waters and straw-adherent microbiota

Six water samples were collected for metagenomic DNA isolation. Two samples
were collected from Kutahya Emet hot spring waters (Kutahya, Turkey, 39.203289,
29.152234; 39.202825, 29.15872) which have temperature of 50°C and 42°C,
respectively. 20 liter of water samples were taken into sterile jars and stored at 4°C.
Third sample was obtained from Kuzuluk hot spring waters (Sakarya, Turkey,
40.629181, 30.65718) which has temperature of 56 °C. 21 L of water samples were
taken into sterile jars and stored at 4°C. Dalaman spring which is also called sulfur
spring, located in Dalaman, Mugla, Turkey at 36.726163,28.8147, forms a pool
nearby which is called Dalaman Lake and they both release noticeable hydrogen
sulfide gas odor (Figure 2.1). Dalaman Spring possess stable temperature, 28-29°C,
all around the year. 9.8 liter of lake water and 12.6 liter of spring water were taken

into sterile jars and stored at 4 °C.
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Figure 2.1: Dalaman and straw samples. A) Dalaman Spring (bottom left) and
Dalaman Lake (upper right). B) Straw samples incubated in water
samples.

To increase abundance of cellulolytic microorganisms in samples, autoclave-
sterilized straws were put into metal cages and incubated in Dalaman Lake and 42°C
Kutahya Emet hot spring waters for 2 months (Figure 2.1). After incubation, samples
were immediately fixed with liquid nitrogen and stored at -80°C.

2.2.3 Grass compost pile

Grass compost sample was acquired from pile of cut grass at TUBITAK MAM
campus (Figure 2.2). Grass compost was transferred into sterile 50 ml tubes using
sterile forceps. Samples were immediately transferred to -20°C and stored there until

DNA extraction.

Figure 2.2: Grass pile compost from TUBITAK MAM campus.
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2.3 Metagenomic DNA Preparation and Purification

2.3.1 Local grasshopper and farm grasshopper gut microbiota

Prior to any procedure, grasshoppers were swabbed with 70% ethanol and washed
with distilled water to remove any surface contaminants. To obtain sufficient high-
quality DNA for sequencing, 635 grasshoppers were used for DNA extraction from
gut symbionts. The digestive tracts of the grasshoppers were pulled out gently with
head after cutting of rare-end of abdomen. Grasshopper guts were separated from
head with sterile scissor. Approximately 1 ml of grasshopper microbiota collection
buffer was injected through midgut and flow-through was collected in sterile
microcentrifuge tubes. Cells were collected by centrifugation at 13000 rpm for 5
minutes and supernatant was discarded. Guts of all grasshoppers and feces of local
grasshoppers were also collected into sterile microcentrifuge tubes. All samples were

stored at -20°C until further processing.

The metagenomic DNAs were isolated using the ZR Fecal DNA MiniPrep™ (Zymo
research, USA) according to the manufacturer’s protocol for all grasshopper
samples. The isolated metagenomic DNAs were quantified by Nano Drop ND-1000
spectrophotometer and characterized by electrophoresis. Also, for determination of
quality of the DNA and quantity of host contamination PCR amplification of

conserved 16S rDNA and conserved 18S rDNA were performed.
2.3.2 Spring waters and straw-adherent microbiota

Before DNA extraction, water samples were filter with filter paper to remove
particles, which may clog collection filter. Afterwards, waters were filtered through a
0.45um pore size filter membranes that are provided by Meta-G-Nome™ DNA
Isolation Kit (Epicentre, USA). DNA was extracted from biomass-containing filters
according to the manufacturer’s protocol. Extracted DNAs were purified using
Genomic DNA Clean & Concentrator (Zymo research, USA) as determined by its

producers.

Genomic DNA of straw-adherent microbiota was isolated using ZR Fecal DNA
MiniPrep™ (Zymo research, USA). 200 mg of straw is used for each isolation

process.
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2.3.3 Grass compost pile

ZR Fecal DNA MiniPrep™ (Zymo research, USA) was used for DNA extraction
from grass compost. Approximately 250 mg of grass is used for each isolation
process.

2.4  Sequencing of Metagenomic DNA and Bioinformatic Analysis

Sequencing of the metagenomic DNASs derived from samples were performed using
HiSeq2500 sequencing system (lllumina, USA) by Advanced Genomics and
Bioinformatics Research Group (IGBAM TUBITAK, Turkey). Metagenomic library
was constructed with approximately 200 ng of DNA per sample by using TruSeq
Nano DNA Library Prep Kit (Illumina, USA) according to the manufacturer’s
protocol. Briefly, input DNA was fragmented to 400 bp fragments with 3' or 5'
overhangs with Covaris shearing. Overhangs resulting from fragmentation were
converted into blunt ends. After end repair, the desired library size is selected with
appropriate size beads. Blunt fragments were adenylated at 3’ ends to inhibit ligation
to each other. Also, adenylation provide complementary overhang for ligation to
adapter containing “T” at 3” end. After addition of adapters to the ends of the DNA
fragments, DNA fragments were enriched using bridge PCR to generate the DNA
library. The sequence of DNA fragments were determined by using method called

sequencing by synthesis.

The de novo assembly of obtained sequence reads was performed with Velvet
Assembler (v1.2.07) (Zerbino & Birney, 2008). Velvet Assembler builds long
continuous sequences, which are called contigs, and scaffolds, which are gapped
assemblies of contigs, using short-read data obtained from Illumina HiSeq2500. The
phylogenetic analysis of microorganisms was carried out with PhyloSift (Darling et
al., 2014). PhyloSift searchs sequences for identity to known reference gene families
and generates taxonomic summaries. After assembly of reads, the ORFs encoding
cellulolytic enzymes that were present in each contig were predicted by
MetaGeneMark (Zhu et al., 2010). The annotation was performed by searching the
amino acid sequence for glycoside hydrolase (GH) families or for a carbohydrate-

binding module that were defined by the CAZy database.
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2.5 Cloning of Annotated Genes

2.5.1 PCR amplification of cellulase genes

Isolated metagenomic DNAs were used as template for PCR amplification of
candidate genes that were annotated as endoglucanase, exoglucanase and f-
glucosidase. PCR reactions were performed using Q5® High-Fidelity DNA
Polymerase (NEB, USA) and reaction mixture included 10 pl 5X QS5 reaction buffer,
2 ul 5 mM dNTPs, 1 ul 25uM primers, 0.5 ul DNA template and dH,O for a total

reaction mixture of 50 pl.

Primers that were used in this study were designed for 63 genes in a way that they
contained 18 base-pair homologous to one of the two ends of linearized pET-22b(+).
Primers used in this study are shown in Table B.1. Numbers stated for gene IDs and
F/R stated for forward and reverse, respectively. Underlining indicates restriction
sites for Ndel (CATATG) and Xhol (CTCGAG), and italic type indicates
homologous sequence with linear pET-22b(+). Primers 27F-1525R and 515F-1209R
are commercial primers that used for amplification of 16S and 18S regions of rDNA.
Primers were designed using Primer3Plus (Untergasser et al., 2012) and purchased
from Sentegen (Turkey) and Thermo Fisher (USA).

The PCR temperature conditions were 98°C 30 s followed by 30 cycles 98°C 10 s,
50-72°C (depending on Ty, of primers) 20 s, 72°C 30-60 s (depending on size of
target sequence), and 72°C 2 min for final extension. PCR products were analyzed
with 1% agarose gel electrophoresis in 1x TAE at 100V for 35 min and product size
was verified. DNA cleanup was performed using QlAquick PCR Purification Kit
(Qiagen, USA) and QIlAquick Gel Extraction Kit (Qiagen, USA) according to
manufacturer's instruction and DNA product was eluted with 30 pl dH,O. DNA
concentration was quantified using NanoDrop ND-1000 Spectrophotometer.

2.5.2 Construction of recombinant plasmid
2.5.2.1 Preparation of cloning vector

The pET-22b(+) plasmid was digested with the specific restriction enzymes Ndel and
Xhol in order to be compatible with the insert DNA that was prepared according to
EZ-Fusion Cloning Kit's instructions. Restriction reaction was carried out using 1 pl

restriction enzyme for 1 ug DNA and mixture contained 5 pl CutSmart (NEB) buffer
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for 50 ul reaction. Digestion was performed at 37 °C overnight. The DNA cleanup
was performed with QIAquick PCR Purification Kit and linear pET-22b(+) plasmid
was eluted in 30 uL dH,O. Plasmid DNA concentrations were quantified by using

Nanodrop.
2.5.2.2 Cloning of candidate genes into vector

The cloning of candidate cellulolytic genes into pET-22b(+) plasmid was performed
by using EZ-Fusion™ Cloning Kit (Enzynomics, Korea). PCR-generated sequences
and linearized pET-22b(+), efficiently recognize 18 bp overlapping sequence at their
ends.. Reaction mixture contained 1:3 vector:insert molar ratio linear pET-22b(+)
plasmid and candidate gene, 1 pL 5X EZ-Fusion™ Cloning PreMIX, and dH,O for a
total reaction mixture of 5 ul. Reaction mixture was incubated at 37°C for 15

minutes and then stored at 4°C until transformation.
2.5.3 Transformation of recombinant plasmid to E. coli BL21 (DE3)
2.5.3.1 Competent cell preparation

Competent E. coli BL21 (DE3) cells were prepared by using CaCl, method
(Hanahan, 1983) with minor modifications. 500 pl of overnight-grown E. coli BL21
(DE3J) culture was inoculated in 50 ml LB medium, and incubated at 37° C, 220 rpm
until its absorbance at 600 nm reaches range between 0.5 and 0.7. The cells were
transferred to sterile 50 ml tube and centrifuged at 4000 rpm for 10 min at 4° C.
Supernatant was discarded and pellet was resuspended in ice-cold 25 ml 100 mM
CaCl; solution. After 30 min incubation on ice, centrifugation step is repeated.
Following disposal of supernatant, pellet was resuspended in 200 mM CacCl; solution
containing 10% glycerol. The suspension was transferred to microcentrifuge tubes
as 100 pl aliquots. Aliquots were immediately frozen in liquid nitrogen and stored at

-80°C until transformation process.
2.5.3.2 Heat-shock transformation of recombinant plasmid

Transformation of recombinant plasmid was performed with heat-shock method
(Sambrook et al., 1989) with slight changes. Competent E. coli cells were thawed on
ice. 1.7 ul 1:10 2-mercaptoethanol solution was added, and incubated on ice for 10
minutes. EZ-Fusion reaction mixture (2 pl) containing recombinant plasmid was

added into thawed competent cells, and placed on ice for 30 min. Mixture was heat
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shocked at exactly 42°C for 45 seconds and then immediately placed on ice for 2
min. SOC medium was added and mixture was incubated at 37°C for 60 minutes and
shaken vigorously (250 rpm) for cell regeneration. Cells were harvested by
centrifugation at 8000 rpm and 100 pl of culture was spread on LA plate with
ampicillin (100 mg/ml). Plates were incubated overnight at 37°C for growth of

colonies.
2.5.3.3 Analysis of recombinant pET-22b(+) by colony PCR

For verification of recombinant cells, individual colonies from transformation plate
were streaked to new amp-100 plate and incubated overnight at 37°C for growth.
Then, individual colonies were selected from these plates with sterile toothpick and
dissolved in 40 pl sterile dH,O and boiled at 100°C for 5 min. After centrifugation at
13000 rpm for 1 min, supernatant was used as template DNA for PCR reaction.
Reactions were performed using Tag DNA Polymerase with Standard Taq Buffer
(NEB, USA) and mixture for colony PCR included: 5 pul 10X Reaction Buffer, 2 ul 5
mM dNTPs, 1 pl 25uM gene specific primers, 5 ul DNA template and dH,O for a
total reaction mixture of 50 ul. The PCR temperature condition was 95°C 30 s
followed by 30 cycles 95°C 30 s, 45-68°C (depending on T, of primers) 30 s, 68°C
30s-120s (depending on size of target sequence), and 68°C 5 min for final extension.
PCR products were analyzed with 1% agarose gel electrophoresis in 1x TAE at 100V

for 35 min and product sizes were verified.

2.6 Expression of Candidate Genes

For expression studies, single colony of transformant was picked from freshly grown
plate and inoculated into 1 ml LB medium containing ampicillin (100 pg/ml) and
incubated in shaking incubator at 37°C overnight. Starter culture was added into
fresh LB medium containing ampicillin (100 pg/ml) in ratio of 3:100 and incubated
at 37°C with shaking at 250 rpm to an ODggo Of 0.5-1.0. Prior to induction, culture

was split into two equal subcultures.

Protein expression was performed using Isopropyl B-D-1-thiogalactopyranoside
(IPTG) induction procedure. IPTG was added one of the subcultures for a final
concentration of 1 mM, and the other culture served as an uninduced control. Both of

the cultures were incubated at 37°C with shaking for additional 2 hours. After
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induction, cells were harvested with centrifugation at 13000 rpm 1 minute. Pellets
were washed with 50 mM tris-HCI buffer and centrifugation was repeated.
Supernatant was discarded and pellet that contained cells was stored at -20°C until

further analysis.

Expression analysis was performed using SDS-PAGE electrophoresis. Cell pellet
was dissolved with 100 ul SDS sample buffer and heated at 100°C for 5 min. 5 pl of

the sample was loaded on SDS gel for analysis.

2.7 Enzymatic Assays

2.7.1 Preparation of crude extract

The cell pellets, which were contained culture induced with IPTG, were resuspended
in sonication buffer. The resuspended pellets were subjected to sonication using a
Soniprep 150 (MSE, UK) with 8 short bursts of 15 sec followed by intervals of 15
sec for cooling. Suspensions were kept on ice at all times to prevent denaturation of
proteins. Cell debris was removed by centrifugation at 4°C for 20 min at 15000 rcf.
Supernatants containing crude enzyme were stored at -4° C until activity assay was

performed.
2.7.2 Endoglucanase and exoglucanase assay

Endoglucanase and exoglucanase activities were determined by measuring the
hydrolysis of carboxymethyl cellulose (CMC) by method described by Bailey et al.
(1992) with minor modifications. 1.8 ml of CMC solution (1% CMC in 50 mM
sodium citrate buffer, pH: 4.8) was added into 13 < 100 mm test tube and tempered
to 50° C. 200 pl crude enzyme was added into mixture and incubated at 50° C for 30
minutes. The enzymatic reaction was stopped by addition of 3 ml DNS reagent and
heating in boiling water for 5-10 min. The absorbance was read at 540 nm against

the reagent blank after cooling on ice for 5 min.
2.7.3 B-glucosidase assay

The procedure of Parry et al. (2001) was used to determine B-glucosidase activity
with minor modifications. Reactions were prepared in 96-well plates and reaction
mixture contained 25 ul of crude enzyme, 25 ul of p-nitrophenyl-p-D-
glucopyranoside (pNPG, 10 mM) as substrate in sodium citrate buffer (50 mM, pH
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4.8) and 50 pl of sodium citrate buffer (50 mM, pH 4.8). After incubation of
reaction mixture at 50°C for 30 min in thermal cycler (Mastercycler gradient,
Eppendorf), the reaction was terminated by adding 100 pl of sodium carbonate (1
M). The developed yellow color due to release of p-nitrophenol (pNP) from pNPG

was read at 405 nm using microplate reader.

2.8 Calculation of Specific Activity

2.8.1 Preparation of crude extract

To determine specific activity of biochemically active cellulolytic enzymes, protein
isolation is performed. For protein isolation, 800 ml of LB medium was inoculated
with 3% overnight grown cell culture. Induction of recombinant protein was carried
out by addition of 1 mM IPTG and incubation at 37°C for 2 hours. Following
induction, cells were harvested by centrifugation at 4000g for 15 minutes, 4 °C.
Cells were suspended in 20 ml sodium-phosphate buffer (50 mM, pH 7.4), NaCl
(300 mM) and imidazole (10 mM) and sonicated in this buffer to lyse cells.
Sonication was performed using a Soniprep 150 (MSE, UK) with 8 short bursts of 30
sec followed by intervals of 30 sec for cooling. Suspension was kept on ice at all
times to prevent denaturation of proteins. After removal of cell by centrifugation,

crude enzyme was used for protein purification.
2.8.2 Protein purification

Target protein was isolated using HisPur™ Cobalt Purification Kit (Thermo Fisher)
according to manufacturer’s protocol. Briefly, 2 ml of cobalt resin was added to tube
and centrifuged at 700 g for 2 minutes. Resin was washed with two resin-bed
volumes of equilibration/wash buffer (sodium-phosphate buffer, 50 mM, pH 7.4;
NaCl, 300 mM; and imidazole, 10 mM). Crude enzyme was mixed with resin by
gentle shaking for 30 minutes to bind proteins to resin. Following mixture, tube is
centrifuged at 700 g for 2 minutes. Resin was washed with two resin-bed volumes of
equilibration/wash buffer twice and centrifuged for 2 minutes at 700 g. His-tagged
proteins bound to resin was eluted with addition of one resin-bed volume of elution
buffer (sodium-phosphate buffer, 50 mM, pH 7.4; NaCl, 300 mM; and imidazole,
300 mM). Purified protein was collected with centrifugation at at 700 g for 2

minutes.
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Protein concentration was measured using Pierce™ Coomassie Plus (Bradford)
Assay Kit (Thermo Fisher Scientific). Albumin (BSA) standards with different
concentrations were prepared as suggested by manufacturer. Purified proteins and
BSA standards (10 pL for each) were mixed with 300uL of the Coomassie Plus
Reagent and incubated at room temperature for 10 minutes. Absorbance was
measured at 595nm with microplate reader. Plotting the absorbance of BSA
standards vs. its concentration in pg/mL, standard curve was formed and used for

determination of the protein concentration.
2.8.3 Biochemical activity measurement

For calculation of specific activity glucose standards with concentration of 3 mg/ml,
2.5 mg/ml, 2 mg/ml, 1.5 mg/ml, and 1 mg/ml were prepared. Reaction mixture
containing of 1% CMC (1.8 ml), glucose standard (200 ul) and DNS reagent (3 ml)
were prepared and incubated in boiling water for 10 minutes. The absorbance was
read at 540 nm against the reagent blank after cooling on ice for 5 min. The standard

line was constructed with absorbance on y-axis and glucose concentration in x-axis.

To calculate amount of released glucose due to catalysis of CMC, 200 ul purified
enzyme was added into 1.8 ml of 50°C 1% CMC. Reaction took place at 50°C for 30
minutes. Following reaction, 3 ml DNS solution was added to reaction mixture and
incubated in boiling water for 10 minutes. The optical density was measured at 540
nm against the reagent blank after cooling. The standard line was used for
calculation of released glucose. Activity and specific activity were calculated using
equations 2.1 and 2.2, respectively.

mg of glucose released X dilution factor

Activity = 2.1

vty Duration of incubation in minutes 1)
Units

SPECifiC activity = m (22)
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3. RESULTS AND DISCUSSION

The guts of insects feeding on cellulosic materials provide highly nutrient rich
ecological niche for growth of cellulolytic symbionts. It is known that insects lack
many of the required metabolites to fully utilize the food and requires commensal
bacteria for biomass degradation, nutrient synthesis and other functions (Adlakha et
al., 2011; Tartar et al., 2009). Grasshoppers feed on forbs (37.2%), grasses and
sedges (58%) and others (Joern, 1983). Deconstruction of these biomasses requires
synergistic action of enzymes secreted by the insects and their microbes residing in
the guts (Shi et al., 2013). In this research for discovery of cellulolytic enzyme and
biodiversity analysis, two grasshoppers that are from different niches and have

different diets were selected: farm grasshopper and local grasshopper.

Microorganisms inhabiting in high temperatures mostly produce thermostable
enzymes, which are more resistant to chemical denaturation (Schrdder et al., 2014).
Thermostable enzymes are advantageous for industrial processes requiring elevated
thermal conditions. An elevated temperature reduces the chance of contamination
and increases substrate solubility by lowering viscosity (Krahe et al., 1996). For
instance, water samples from various destinations and temperatures were selected for
discovery of cellulase enzyme. To diversify samples, water samples from Dalaman

and grass sample from compost in TUBITAK MAM were obtained.

3.1 Extraction and Purification of Metagenomic DNA

In metagenomic researches success of further analysis directly depends on efficient
recovery of high-quality microbial DNA from the environmental sample. In this
study, to recover DNA with high yield and low fragmentation ZR Fecal DNA
MiniPrep™ (Zymo research, USA) and Meta-G-Nome™ DNA Isolation Kit
(Epicentre, USA) were used according to manufacturer’s protocols. While the latter
one used for only DNA isolation from water samples, ZR Fecal DNA MiniPrep™
(Zymo research, USA) was used for DNA extraction from grasshopper samples,

grass compost and straws samples. Metagenomic DNA extracted from water samples
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had yellowish color because of co-extracted humic acid and contaminants. Since
contaminants in DNA solution inhibit enzymatic reactions such as restriction,
ligation and amplification (Tebbe & Vahjen, 1993), Genomic DNA Clean &
Concentrator (Zymo research, USA) was used for removal of these inhibitory
substances. Recovered metagenomic DNA, which was qualified using

electrophoretic gel systems (Figure 3.1), was suitable for further steps.

Figure 3.1: Agarose gel electrophoresis of metagenomic DNAs. A) M: DNA marker
(O'GeneRuler DNA Ladder Mix), 1: Dalaman Lake, 2: Dalaman Spring,
3: Dalaman straw, 4: Emet 42°C, 5: Emet 42°C straw, 6: Emet 50°C, 7:
Kuzuluk 56°C; B) M: DNA marker, 1: Farm grasshopper flow-through,
2: Farm grasshopper gut, 3: Local grasshopper feces, 4: Local
grasshopper flow-through, 5: Local grasshopper gut, 6: Grass compost.

DNA quantification was performed using spectrophotometer (Table 3.1). The ratios
of 260/280 and 260/230 were used to assess the purity of DNA. Ratios of 1.8 for
260/280 and 1.8-2.2 for 260/230 are generally accepted as pure for DNA (Scientific,
2008). Concomitantly, successful amplification of 16S and 18S regions of rDNA
indicated compatibility of acquired DNAs for sequencing. The ratios lower than
these values are indicator of co-purified contaminants such as protein, phenol or

other contaminants.

DNA concentrations that were observed with gel electrophoresis were lower than
concentrations measured with spectrophotometer. Contaminants, such as humic acid,
strongly interfere with spectrophotometric DNA quantification (Steffan et al., 1988)
and may be the result of big difference between two DNA concentration. Required
amount of metagenomic DNA was given to Advanced Genomics and Bioinformatics
Research Group (IGBAM, Turkey) for DNA sequencing.
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Table 3.1: Concentration and purity of extracted DNA.

Sample Name Concentration (ng/pl) 260/280 260/230
Dalaman Lake 37.7 1.22 1.51
Dalaman Spring 38.2 0.97 1.04
Dalaman Straw 58 1.57 1.43
Emet 42°C 20.8 1.23 2.07
Emet 42°C Straw 28.8 1.59 1.18
Emet 50°C 37 1.13 1.02
Kuzuluk 56°C 171.8 1.37 1.19
Farm grasshopper flow-through 82.35 1.66 1.44
Farm grasshopper gut 375.2 1.8 2.18
Local grasshopper feces 26.2 1.71 1.9
Local grasshopper flow-through 17.4 1.15 0.85
Local grasshopper gut 112.3 1.18 0.61
Grass compost 37.1 1.12 0.84

3.2 Whole Metagenome Sequencing and Analysis

3.2.1 Metagenome assembly

In this study, thirteen metagenomic DNA from various environmental samples were
sequenced using HiSeq2500 sequencing system (lllumina, USA) by Advanced
Genomics and Bioinformatics Research Group (IGBAM TUBITAK, Turkey) to
discover new enzymes with cellulolytic activity. Approximately 68 gigabases of
sequencing data were generated and all raw Illumina data were assembled with
Velvet Assembler (v1.2.07) (Zerbino & Birney, 2008). The metagenome sequencing
results were given in Table 3.2. Gene assemblies are composed of contigs which are
overlapping sequence reads generated by reassembly of the small DNA fragments of
sheared genomic DNA. N50 is a measure of average length of a set of contigs and
evaluates quality of assembly. To calculate N50, every contig was ordered from
longest to shortest and length of each contig summed starting from the longest one.
When sum was equal to half of the total length of all contigs, the length of the
shortest contig gives N50 value. The higher the N50 is, the more meaningful the
assembly is (Yandell & Ence, 2012). Following de novo assembly, 786012 open
frames (ORF) were predicted using MetaGeneMark (Zhu et al., 2010). All predicted

ORFs were screened for candidate cellulolytic enzymes.
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Table 3.2: lllumina HiSeq sequencing and de novo assembly results.

Sample Name Number of reads ~ Mean read length  Number of contig Mean contig N50 contig length Percentage of Number of
length assembled bases identified genes

Dalaman Lake 48941158 100 128561 1174.59 3582 55 55366
Dalaman Spring 107553068 100 1027068 604.55 791 76 201744
Dalaman Straw 57951142 100 94970 649.39 1016 14 53960
Emet 42°C 81491124 100 410540 1133.64 5780 87 149543
Emet 42°C Straw 35624942 100 76155 1589.96 6035 36 85136
Emet 50°C 24837346 100 97901 1001.91 10726 84 23570
Kuzuluk 56°C 48356788 100 131875 1550.25 15720 96 46507
tFrﬁnggg asshopper flow- 54885974 100 576958 853.22 480 45 10576
Farm grasshopper gut 30000000 100 308373 460.26 116 44 4610
Local grasshopper feces 49041106 100 170246 528.65 673 72 11732
t';]‘;gi;%rassr“’pper flow- 58690036 100 425478 644.05 595 52 39349
Local grasshopper gut 36680954 100 476078 557.38 232 54 14303
Grass compost 39230526 100 247254 619.14 1115 44 89616
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3.2.2 ldentification of cellulolytic genes

All predicted genes were subjected to screening for possible enzymes with activity
against cellulosic materials. ORFs were screened for presence of catalytic domains
characteristic for glycoside hydrolase (GH) families and/or for a carbohydrate-
binding module that were defined by the CAZy database (Cantarel et al., 2009).
Gene annotation results were given in Table 3.3. GH families related with cellulases
are GH1, GH3, GH5, GH6, GH7, GH8, GH9, GH12, GH30, GH45 and GH48 (Hess
et al., 2011) and sequences were searched for these domains.

Table 3.3: Gene prediction results and abundance profile of glycoside hydrolases.

Sample name Gene count  GH family Cellulase GH families
gene count  gene count
Dalaman Lake 55368 182 28 GH3, GH5, GH7, GH8, GH9,
GH12
Dalaman Spring 201745 389 59 GH1, GH3, GH5, GH9, GH12
Dalaman Straw 53957 343 65 GH1, GH3, GH5, GH9, GH12
Emet 42°C 149542 586 90 GH1, GH3, GH5, GH9
Emet 42°C Straw 85136 701 189 GH1, GH3, GH5, GH9
Emet 50°C 23583 100 32 GH1, GH3, GH5, GH12
Kuzuluk 56°C 46506 265 42 GH1, GH3, GH5, GH9
Farm grasshopper 40605 544 225 GH1, GH3, GH5, GH12
flow-through
Farm grasshopper gut 4994 2 0
Local grasshopper 117331 735 255 GH1, GH3, GH5, GH9
feces
Local grasshopper 39348 211 77 GH1, GH3, GH5, GH12
flow-through
Local grasshopper gut 14303 9 0
Grass compost 89620 541 176 GH1, GH3, GH5, GH9

The GH families found in samples were GH1, GH3, GH5, GH7, GH8, GH9 and
GH12. GH families 6, 30 and 48 were not present in our sample. Gene counts were
relatively lower for gut samples than flow-through samples due to eukaryotic
contamination that resulted in complication in sample processing and sequencing.
GH family 7 domain, which was present only in Dalaman Lake, normally found in
fungi, the sequence might belong to fungi residing in lake or horizontal gene transfer

from fungi to bacteria might be the reason (Hess et al., 2011).
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3.2.3 Microbial diversity

Following de novo assembly, PhyloSift (Darling et al., 2014) was used to determine
microbial diversity. The community in all samples was dominated by bacteria
(82.6%-99.0%), and followed by eukaryota (1.1%-16.9) and archaea (1.1%-

3.7%).Figure 3.2 shows distribution of domains for each sample.

100,00 =
o~
g
595,00
E
%90,00
S
)
%85,00
2 . .
= 80,00 B Unassigned cellular organism
o
a Archeae
75,00
22323995555z =huknon
ST EgE2ezag z 2 ,
~%mim22h5tbg§ m Bacteria
EsEELEZTE2T 52
EgEH<sH 82z 28 %F g
g & = = imm—mﬁgh
~Eg4& 2 5 5 %235 5°
0 o 0 B oo
o = o =
2 £E=® =2 8
Z R 8 % 2
= 0 &
& &
£ =
E 2
= 3

Figure 3.2: Distribution of domains in samples.

The comparison between communities of water samples and straw samples revealed
increased abundance of archeae for both Dalaman and Emet 42°C samples. Addition
of straw, as an organic matter, might serve as a methanogenic substrate and enhanced
population of methanogens (Bengelsdorf et al., 2015; Conrad & Klose, 2006).
Frequency of eukaryote was significantly higher in gut samples compared to flow-
through samples for both farm and local grasshopper. This result revealed success of
used method in elimination of eukaryotic contamination that might complicate

sequencing and bioinformatic analysis.

Phyla analysis revealed overall dominance of bacterial phyla Proteobacteria,
Firmicutes, Bacteroidetes, Actinobacteria and Aquificae. Community composition
showed divergence between samples and dominant phylum was different for almost
all samples. Figure 3.3 and Figure 3.4 shows distribution of phyla in water samples.
Proteobacteria, which are important microbial groups in hot springs (Lau et al.,

2009), were found to be dominant phyla in water samples excluding Kuzuluk 56°C

32



sample. In Dalaman samples, on average 27% of Proteobacteria were represented by
sulfur-reducing bacteria including Campylobacter, Sulfurimonas, Sulfurovum,
Desulfobacteraceae and Chlorobaculum as expected. Aquificales (60.80%) was the
most dominant phylotype in Kuzuluk 56°C sample consistent with other studies on
hot spring waters (Macur et al., 2004; Reysenbach et al., 2005; Vick et al., 2010).
Comparison of composition of microbes adherent to straw to microbial population
from water samples revealed increased abundance of Bacteroidetes. Bacteroidetes
utilize high molecular mass organic matters in aquatic habitats and straw addition
might lead enrichment of these organisms (O'Sullivan et al., 2006). Straw, serving as
biofilm carrier for microorganisms, might create more stable environment and
therefore enhance bacterial diversity compared to water samples.
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Figure 3.3: Distribution of most abundant phyla in Dalaman samples.

Firmicutes and Proteobacteria dominated microbial community in farm grasshopper
and local grasshopper samples, respectively (Figure 3.5). The microbial divergence
between two grasshoppers might be due to differences in feeding, or other
environmental conditions. It is known that presence of Firmicutes enhance ability to
use carbohydrates including cellulose and hemicellulose (Kopke et al., 2010). Thus,
high frequency of Firmicutes was expected. However, high frequency of
Proteobacteria, especially y- proteobacteria (87%-97% of Proteobacteria), was
unexpected because y-proteobacteria do not play role in biomass degradation. y-
proteobacteria might involve in degradation of grasses since they are essential for

some insects to utilize low nutrient food sources (Shi et al., 2013; Snyder et al.,
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2010). The presence of Tenericutes was interesting since they are mostly pathogenic

to their host, however, other features of Tenericutes including protecting against

parasites were revealed (Garnier et al., 2001; Haselkorn et al., 2013).
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Figure 3.4: Distribution of most abundant phyla in Emet and Kuzuluk samples.

For the grass compost, the phylum Actinobacteria was the dominant group (55.05%),
followed by Proteobacteria (25.32%), Bacteroidetes (16.17%), Firmicutes (1.51%)
and unassigned bacteria (1.95%). Actinobacteria play an essential role in composting
and degradation of recalcitrant compounds such as lignocellulose (Goodfellow &

Williams, 1983; Steger et al., 2007).
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Figure 3.5: Distribution of most abundant phyla in grasshopper samples.
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Overall, composition of microorganisms was determined and results indicated that
selected environmental samples were good candidates for discovery of biomass

degrading enzymes.

3.3 Cloning of Selected Cellulase Genes

Cloning of selected 63 genes involved amplification of genes from metagenomic
DNA followed by inserting these genes into pET-22b(+) vector. Constructed
plasmids were transformed into E. coli BL21 (DE3) and expressions carried out via
IPTG induction and expression results were visualized by SDS-PAGE. Table C.1
shows success of each step for each gene. 54 of 63 genes were successfully amplified
with PCR. Following transformation of 54 genes containing plasmids into E. coli
BL21 (DE3), 49 transformants harbored insert gene in plasmid constructs and 22 of

these tranformants were able to over-express these genes.
3.3.1 PCR amplification of selected genes

63 candidate genes, which were annotated as [-(1,4) endoglucanases, f3-
glucosidases, and exo-cellulase, were selected for cloning. The sequence homology—
based enzyme discovery has tendency to identify candidate enzyme that are similar
to known enzymes and limits discovery of novel enzymes. Also, it was shown that
enzymes with high sequence identity are not more likely to be active than low
sequence identity enzymes (Hess et al., 2011). For these reasons, candidate genes
were selected with different sequence similarity to known enzymes (ranging between
56% and 100%) in order to discover enzymes possessing divergent physicochemical
properties. Selected genes were given in Table 3.4, the average gene length was 1246
bp and gene length ranged between 564 bp and 2298 bp. Protein molecular weight
prediction was carried out using “The Sequence Manipulation Suite: Protein
Molecular Weight” (Stothard, 2000) and average protein size was determined to be
45.76 kilodaltons.

For amplification of selected genes, metagenomic DNAs were used as templates and
reactions were performed using Q5® High-Fidelity DNA Polymerase (NEB, USA).
Gene specific primers compatible with EZ-Fusion™ Cloning Kit, which contains 18
bp homolog region to pET-22b(+) plasmid, were designed and reaction was prepared
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depending on the amplified gene. PCR products were visualized with gel

electrophoresis.

Table 3.4: Profile of candidate genes that were selected for cloning.

Gene ID Enzyme with highest hit Length (bp) Predicted protein size (kDa)
DALAMAN SPRING

176339 Endoglucanase 984 36.33
2484 1,4-beta-D-glucan glucohydrolase 846 30.45
3947 Glycoside hydrolase family 3 1122 40.45
21962 Endoglucanase 1014 37.63
31506 Endoglucanase 564 19.80
38300 Endoglucanase 1215 46.05
50455 Endoglucanase 1188 44.93
EMET 42°C

46938 Endoglucanase 1419 54.24
53527 Beta-glucosidase 1347 51.82
92869 Beta-glucosidase 1347 52.38
97287 Glycoside hydrolase family 5 696 25.54
100149  Glycoside hydrolase family 5 1029 37.97
111095  Cellulase 714 24.68
EMET 42°C STRAW

199 Endoglucanase 675 26.11
30829 Glycoside hydrolase family 5 1230 48.17
31013 Endoglucanase 1431 52.86
46252 Beta-glucosidase 1059 38.78
51689 Beta-glucosidase 1293 47.27
72422 Endoglucanase 1362 49.71
KUZULUK 56°C

11941 Beta-glucosidase 1296 48.59
18880 Beta-glucosidase 1326 51.29
FARM GRASSHOPPER FLOW-THROUGH

2599 Beta-glucosidase 2226 79.65
2864 Beta-glucosidase 945 36.36
5020 6-phospho-beta-glucosidase 936 36.10
5252 6-phospho-beta-glucosidase 1140 40.24
7430 6-phospho-beta-glucosidase 1431 53.65
7761 6-phospho-beta-glucosidase 1146 42.96
7918 Aryl-phospho-beta-D-glucosidase 1437 55.22
8125 6-phospho-beta-glucosidase 1431 53.65
9683 6-phospho-beta-glucosidase 942 36.44
12130 6-phospho-beta-glucosidase 1053 40.21
12733 Beta-glucosidase 1260 46.73
12836 B-D-glucoside glucohydrolase 2298 83.47
14933 Beta-glucosidase 1998 76.40
16307 6-phospho-beta-glucosidase 1440 55.46
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Table 3.4: Profile of candidate genes that were selected for cloning.

Gene ID  Enzyme with highest hit Length (bp) Predicted protein size (kDa)
20495 6-phospho-beta-glucosidase 1473 56.34
26764 Beta-glucosidase 1437 54.58
27669 6-phospho-beta-glucosidase 1422 53.69
28464 Beta-glucosidase 1392 53.69
28541 6-phospho-beta-glucosidase 1437 52.83
29016 Glycoside hydrolase family 1 1365 51.31
29062 Beta-glucosidase 1500 56.71
29118 Beta-glucosidase 1437 55.13
29580 6-phospho-beta-glucosidase 1050 40.10
32123 6-phospho-beta-glucosidase 1305 48.96
36243 Aryl-phospho-beta-D-glucosidase 1443 54.21
36838 6-phospho-beta-glucosidase 1410 53.31
37597 Aryl-phospho-beta-D-glucosidase 1410 53.37
38877 6-phospho-beta-glucosidase 1041 39.81
38878 6-phospho-beta-glucosidase 1365 51.24
41502 6-phospho-beta-glucosidase 1401 53.30
42073 6-phospho-beta-glucosidase 1407 52.15
46845 6-phospho-beta-glucosidase 1380 52.43
203416  6-phospho-beta-glucosidase 1368 52.82
LOCAL GRASSHOPPER FECES

4190 6-phospho-beta-glucosidase 900 34.66
6745 6-phospho-beta-glucosidase 1080 41.59
18167 Cellulase 993 36.16
81997 6-phospho-beta-glucosidase 1410 54.08
102447 6-phospho-beta-glucosidase 1335 49.59
GRASS COMPOST

960 Cellulase 1083 39.90
66586 Endoglucanase 963 35.27
70910 Endoglucanase 969 34.40
72671 Aryl-phospho-beta-D-glucosidase 954 34.54

Figure 3.6 shows 22 of these genes, which were successfully expressed, as
representative results. While 54 genes were successfully amplified with PCR, 9
genes were not replicated. Shearing or breaking down of metagenomic DNA during

extraction at selected gene region might prevent binding of primers to DNA.
3.3.2 Analysis of recombinant pET-22b(+) by colony PCR

To determine the presence or absence of insert DNA in plasmid constructs,
transformants were analyzed with colony PCR. Selected single colonies were lysed
with high temperature and lysates were used as template DNA for PCR. PCR

conditions and components of reaction mixture were determined depending on the
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target gene and designed primers. In total 49 transformant contained the DNA
fragment of interest and Figure 3.7 shows 22 of these genes. Transformation of
vectors without insert DNA due to incomplete cleavage of pET-22b (+) with
restriction enzymes Xhol and Ndel or inefficient ligation might result in
transformants lacking desired gene. In addition, PCR conditions such as annealing
temperature might be problematic for amplification of target gene ("Troubleshooting

Guide for Cloning," n.d.).

M 1 M2 M 3 4 M 5 6 M7 8 9 MI1011

15 16 17 20 M

Figure 3.6: Agarose gel electrophoresis of PCR products for selected genes. M:
DNA marker (O'GeneRuler DNA Ladder Mix), 1: 2484, 2: 6745, 3:
7430, 4: 9683, 5: 16307, 6: 29580, 7: 28464, 8: 29062, 9: 36838, 10:
46252, 11: 81997, 12: 70910, 13: 92869, 14: 20495, 15: 36243, 16:
8125, 17: 12836, 18: 7761, 19: 28541, 20: 27669, 21:2599, 22: 66586.

3.3.3 Expression of introduced genes

Expression of introduced genes was induced by addition of 1 mM IPTG to the cells
at the exponential phase (ODgy Of 0.5- 1.0). For each sample, cultures with and
without IPTG (uninduced control) were incubated for 2 hours at 37°C. Following
incubation, 1 ml of the cells aliquot were harvested by centrifugation. Cells were
suspended in SDS-PAGE sample loading dye and visualized with SDS-PAGE.
Figure 3.8 shows SDS-PAGE results for 22 genes and “i” stands for IPTG-induced.
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22 of 49 positive transformant were able to express introduced genes. Toxicity of
introduced protein or secondary structure of mRNA that prevent interaction with
synthesis machinery might be the reason for unsuccessful expression. Also, problems
with host strain due to codon usage might prevent production of target protein
(Samuelson, 2011).

M 1 M 23 4 M56 M7 M 8910 M11

M 13 14M MI1516 M 1718 M19 M20 M 21 M 22

Figure 3.7: Agarose gel electrophoresis of colony PCR for selected genes. M: DNA
marker (O'GeneRuler DNA Ladder Mix), 1: 2484, 2: 2599, 3: 7430, 4:
9683, 5:6745, 6: 81997, 7: 7761, 8: 12836, 9: 20495, 10: 28541, 11:
16307, 12: 29580, 13: 27669, 14: 27669, 15: 36838 16: 28464, 17:
29062, 18: 36243, 19: 46252, 20: 66586, 21: 70910, 22: 928609.

3.4 Biochemical Activity of the Candidate Cellulases

To evaluate the biochemical activity of 22 candidate proteins, which were annotated
as  PB-glucosidase, endoglucanase and 1,4-beta-D-glucan  glucohydrolase
(exoglucanase), methods described by Parry et al. (2001) and Bailey et al. (1992)
were used. Following induction of introduced genes with IPTG, transformants were
collected with centrifugation. Pellets were suspended in sonication buffer and
sonication was performed to lyse cells. After removal of cell debris, crude enzymes

were used for screening active cellulolytic enzymes.
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M 8 8 9 9i 10 10i

11 11i M 12 12i 13 13i M 15 15i 16 16i

M 14 14i

17 17i 18 18i M 19 19i M 20 20i M 21 21i 22 22i

Figure 3.8: SDS-PAGE analysis of expression of introduced genes. 1: 81997, 2:
6745, 3:46252, 4: 66586, 5: 36243, 6: 28541, 7: 27669, 8: 2599, 9:
7430, 10: 9683, 11: 7761, 12: 12836, 13: 20495, 14: 16307, 15: 28464,
16: 29062, 17: 26764, 18: 92869, 19: 36838, 20: 70910, 21: 2484, 22:
29580.

Analysis of candidate two endoglucanase and one 1,4-beta-D-glucan glucohydrolase
(exoglucanase) with dinitrosalicylic colorimetric method revealed presence of one
active endoglucanase enzyme (Figure 3.9). The only active cellulolytic enzyme,
70910, was 969 bp long and its molecular weight was estimated 34.40 kDa. The
BLAST search revealed 100% sequence identity with non-redundant protein
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endoglucanase of Rhodanobacter fulvus (NCBI Reference  Sequence:
WP_007079969.1). The source of biochemically active enzyme, 70910, was grass
compost.

Figure 3.9: Result of DNS colorimetric method for 70910. 1: Negative control
(without enzyme), 2: crude enzyme 70910.

To determine specific activity of enzyme 70910, protein purification was performed
using HisPur™ Cobalt Purification Kit (Thermo Fisher). Calculated protein
concentration was 0.52 mg/ml. After purification, SDS-PAGE revealed presence of
more than one protein band in elution solution. The activity was determined to be
0.23 U/ml/min and specific activity was calculated to be 0.44 units per mg of protein.
However, this calculation might not reflect the true values since calculated protein
amount includes proteins other than target protein. Further experiments should be

done for isolation of more purified enzyme for activity calculation.

To test activity of 19 B-glucosidases, pNPG was used as substrate and yellow color
released after hydrolysis was measured spectrometrically. Analysis revealed no

active B-glucosidase enzyme.

Overall, ratio of active protein was lower than expected. False-positive prediction of
carbohydrate active genes, misfolding of recombinant protein or inappropriate
reaction conditions might be responsible for high number of inactive proteins (Hess
etal., 2011).
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4. CONCLUSIONS

The aim of the study was discovery of novel cellulase genes. For this purpose, gut
microbiome of grasshoppers, hot spring waters, and grass compost were exploited.
One biochemically active cellulose-hydrolyzing enzyme was discovered from grass
compost sample. Number of active enzymes was lower than expected. The problems
due to misfolding, insufficient expression of recombinant protein or wrong
annotation of genes might be resulted in inactive enzymes. Use of other expression
mechanisms that involves different host or different vector can resolve these
problems. Also, improvement of sequencing process for better library generation
might result in more reliable data for seek of cellulase candidate. In discovery of
microbial diversity, presence of unassigned organisms revealed out limited
information in phylogenetic and it has shown there is more to discover. Further
studies are required including characterization of found cellulolytic enzyme and
exploitation of this enzyme for bioreactor. Also, enormous data generated from
samples can be used for discovery of other enzymes such as lipases, proteinases,and
etc.
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Appendix A
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Figure A.1: Map of pET-22b(+) vector.
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Appendix B

Table B.1: Primers that were used in the study.

Primers Sequence (5'-3")
50455F GAAGGAGATATACATATGCGAGAAGAAATCAGCAGGA
50455R GTGGTGGTGGTGCTCGAGGCCATTTTTTGATTTGAAAATAATCCA
2484F GAAGGAGATATACATATGGCCAAGGAACTGCGC
2484R GTGGTGGTGGTGCTCGAGGATGCTCTCGGCGGCGTC
2599F GAAGGAGATATACATATGACCCAACAACTCACGCA
2599R GTGGTGGTGGTGCTCGAGATTGTAACGGTCTCCACCAAGA
7430/5252F  GAAGGAGATATACATATGACTAAGAATGTATTTCCAGA
7430R GTGGTGGTGGTGCTCGAGAAGATTTACACCGTTAGATGCGA
9683F GAAGGAGATATACATATGAAGTACTGGTTGACGTT
9683R GTGGTGGTGGTGCTCGAGCCCCAAATCCTCTCCATTTGAG
5252R GTGGTGGTGGTGCTCGAGACAACGTCTTCCGCACCCNN
5020F GAAGGAGATATACATATGACTTTAAGAAAAGATTTCCTATGG
5020R GTGGTGGTGGTGCTCGAGTATAATAACTAAAGCCCCGA
46845F GAAGGAGATATACATATGGGGCGGAGCGCAACAG
46845R GTGGTGGTGGTGCTCGAGCTTGTTTGTACCATCAAATGA
2864F GAAGGAGATATACATATGTTTTATGGGGCGGAGCAG
2864R GTGGTGGTGGTGCTCGAGTGAATAATAGTAAGAAATCGCT
12130F GAAGGAGATATACATATGCGGACTTATACATTTCCCCA
12130R GTGGTGGTGGTGCTCGAGTCAGAATATCGTAGATGCCTTTTTCG
16307F GAAGGAGATATACATATGAAGAAAAATAAGAAGCAATTTCCT
16307R GTGGTGGTGGTGCTCGAGATCGAGGACTTCTCCGTTAGA
29580F GAAGGAGATATACATATGAAGGTTCAATTTCCAAATGA
29580R GTGGTGGTGGTGCTCGAGATATATCATAAATACCTCTTTCA
32123F GAAGGAGATATACATATGGGACTTAAGTTGAATGATGA
32123R GTGGTGGTGGTGCTCGAGGTCAATTGGTCCCCATGACA
38877F GAAGGAGATATACATATGAAAAGTTATTTTCCAAAAGA
38877R GTGGTGGTGGTGCTCGAGTAGAGTTGATTCAATGCTGTTCGC
38878F GAAGGAGATATACATATGTTGGAAGGAGGAAAAGGATT
38878R GTGGTGGTGGTGCTCGAGCTTGCCGCCTTTCAAAAATGA
41502F GAAGGAGATATACATATGAAACAGACATTTCCAACT
41502R GTGGTGGTGGTGCTCGAGCTCCTCCAACGAAGGGATCG
42073F GAAGGAGATATACATATGAGTCGAGGAGGAATGAA
42073R GTGGTGGTGGTGCTCGAGAAACGTCAAGGTTCCTTTGCC
12733F GAAGGAGATATACATATGAATGAAAAAAAACTGAAGCAACT
12733R GTGGTGGTGGTGCTCGAGAAGTAATGCTGTCCTGCGGT
176339F GAAGGAGATATACATATGGTAGATCAAAACAATAATCA
176339R GTGGTGGTGGTGCTCGAGATTGGAACTTATTAAATCAATAAGTGC
4190F GAAGGAGATATACATATGTTTTATCATCGCTATCCGGA
4190R GTGGTGGTGGTGCTCGAGCACGATAAACAGCGGCTTTTGA
6745F GAAGGAGATATACATATGAAATACCGCTTTCCTGA
6745R GTGGTGGTGGTGCTCGAGCCACGGAATATTGCCGTAGC
18167F GAAGGAGATATACATATGACTAAAACCGTGATCGCC
18167R GTGGTGGTGGTGCTCGAGGGCTGCCGCTGGCGTCGC
81997F GAAGGAGATATACATATGACCACATATGCATTCCCG
81997R GTGGTGGTGGTGCTCGAGCGCGGAACGTTCCTCACA
102447F GAAGGAGATATACATATGATGAAGAGTTTCCCGAA
102447R GTGGTGGTGGTGCTCGAGCTGTTTTAGCGACGCACCG
66586F GAAGGAGATATACATATGGATGTAACCAAAGCCATACG
66586R GTGGTGGTGGTGCTCGAGCAACCCCAATGCCTTAAGCG
72671F GAAGGAGATATACATATGAGTGCAGAATTGCAGTTACC
72671R GTGGTGGTGGTGCTCGAGGTTGCTCATGTAGTAGCTGAAACC
21962F GAAGGAGATATACATATGCTGGGTGTCGACAACAT
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Table B.2 (continued): Primers that were used in the study.

Primers Sequence (5'-3")
21962R GTGGTGGTGGTGCTCGAGCGATGAGCTGGAACTGCTTG
38300F GAAGGAGATATACATATGGAACTCTATGTAGGAAACATGT
38300R GTGGTGGTGGTGCTCGAGCTTGGCTTCTTCGAAGCCTG
31013F GAAGGAGATATACATATGCTAATCAATTTTAAAAAACTCA
31013R GTGGTGGTGGTGCTCGAGATCAGCCGCTGAAACAATACC
46252F GAAGGAGATATACATATGACCACGTACAAATTCCC
46252R GTGGTGGTGGTGCTCGAGTGGATTTTGCCGTCGGCG
51689F GAAGGAGATATACATATGACATTCCCGAGCGACTT
51689R GTGGTGGTGGTGCTCGAGGGCTGTCCTTGGGAATCCTC
72422F GAAGGAGATATACATATGCGGAGGGTCTTGGCC
72422R GTGGTGGTGGTGCTCGAGTCTCGTCGAAGTATGCCTTCTC
46938F GAAGGAGATATACATATGCTTCAAGTTCGTGGTAATCG
46938R GTGGTGGTGGTGCTCGAGATGCAAATGCTTGCAGAGAA
53527F GAAGGAGATATACATATGAACACACTGAACTTTCCAGC
53527R GTGGTGGTGGTGCTCGAGTACAGAATTAATTTGTGCTAAACCGA
92869F GAAGGAGATATACATATGGAGGCATTCATGATTGA
92869R GTGGTGGTGGTGCTCGAGGCCCTCAGCGGGGAAAATAT
11941F GAAGGAGATATACATATGGCCGAGAACGCCGAAAA
11941R GTGGTGGTGGTGCTCGAGGAGCTGGGCCCGCGCGATC
18880F GAAGGAGATATACATATGGTGAAATTCACTTTCCATTTCC
18880R GTGGTGGTGGTGCTCGAGGACCCCGAACATTTCCTGGA
960F GAAGGAGATATACATATGTTGGCGCGTCTTCGCACG
960R GTGGTGGTGGTGCTCGAGGCCGGAGAGGCCGCTGGTC
70910F GAAGGAGATATACATATGACTTGCGAAAAACCCTGC
70910R GTGGTGGTGGTGCTCGAGCCAGCTGCGCACGATCGTC
31506F GAAGGAGATATACATATGGAAGCCTACGGCCAC
31506R GTGGTGGTGGTGCTCGAGGTCGGCGTTCTTACCGCC
30829F GAAGGAGATATACATATGAAAACAAGAAATAACTTTCT
30829R GTGGTGGTGGTGCTCGAGTTTCAGCCCTAGAGCTTTTA
100149F GAAGGAGATATACATATGACTCTCCCCGGAGGATC
100149R GTGGTGGTGGTGCTCGAGAAGGAATTGTTGGGCACAAGG
111095F GAAGGAGATATACATATGCTGGGGCTCTCCGTCGTG
111095R GTGGTGGTGGTGCTCGAGACTGCGCCTGGCGAGGCCAG
97287F GAAGGAGATATACATATGGTGGGAGCCGACGTTACC
97287R GTGGTGGTGGTGCTCGAGTAATGCTTGGCTTGATCGATCTC
199F GAAGGAGATATACATATGATCTGGAGAAAAATTGCTGAGC
199R GTGGTGGTGGTGCTCGAGATAAATAGTTCCAGGAATTTGATTGTC
26764F GAAGGAGATATACATATGTTGGATCATAAACAACTAAAAGA
26764R GTGGTGGTGGTGCTCGAGGGTATTGGTTTTAGGAGGCTGG
7918F GAAGGAGATATACATATGGAACATCAAAAACGAACTTCA
7918R GTGGTGGTGGTGCTCGAGTAGATTTTCGCCGTTTTCTTCGA
14933F GAAGGAGATATACATATGAAAACGCAACGTCAACT
14933R GTGGTGGTGGTGCTCGAGATCAACATACTTAAGAACTGCGACT
29016F GAAGGAGATATACATATGAGTAAATTTCCAGAAGCA
29016R GTGGTGGTGGTGCTCGAGCTCTCCTAACCCATTTTTATCGATGAC
29118F GAAGGAGATATACATATGAAACAATTTCCAAAAAA
29118R GTGGTGGTGGTGCTCGAGCAAATTTTCTCCATTAGACTGGA
203416F GAAGGAGATATACATATGAAATTTCCAACTGATTTTCTATGG
203416R GTGGTGGTGGTGCTCGAGCTCCCCTTCTCTCGTCCCG
36838F GAAGGAGATATACATATGAAACAGACATTTCCAACT
36838R GTGGTGGTGGTGCTCGAGCTCCTCCAACGAAGGGATCG
27669F GAAGGAGATATACATATGCGGTTCCCTGAGGGG
27669R GTGGTGGTGGTGCTCGAGGCCCACATCCTCGCCGTT
28464F GAAGGAGATATACATATGACTAACCTGCATTTTCCT
28464R GTGGTGGTGGTGCTCGAGGTCGACAAAGCCGTTTTGTAGA
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Table B.3 (continued): Primers that were used in the study.

Primers Sequence (5'-3")
29062F GAAGGAGATATACATATGCAACAAAAACAATGTAAAAAGGGG
29062R GTGGTGGTGGTGCTCGAGTTCTGCCAAACTTGCGCCAT
37597F GAAGGAGATATACATATGGCTTTTCCAACTGGTTTCC
37597R GTGGTGGTGGTGCTCGAGTTCTTCCGTCAAACTACGACCA
36243F GAAGGAGATATACATATGAGTGTATTTCCAAAAAATTTCCT
36243R GTGGTGGTGGTGCTCGAGCTTGCCGCCTTTCAAAAATGA
28541F GAAGGAGATATACATATGGGATTTCCAGAAAACTT
28541R GTGGTGGTGGTGCTCGAGAGCCAAATCTTCCCCATTTGAG
20495F GAAGGAGATATACATATGAGTTTACCAGAAGAATTTTTATGG
20495R GTGGTGGTGGTGCTCGAGAGGCTTCGCTTGGATCAAGG
12836F GAAGGAGATATACATATGAAATGGCTATGTTCTGTAGGTG
12836R GTGGTGGTGGTGCTCGAGTTGCAGTTCGAATTCGGCTT
8125F GAAGGAGATATACATATGACTAAGAATGTATTTCCAGA
8125R GTGGTGGTGGTGCTCGAGAAGATTTACACCGTTAGATGCGA
7761F GAAGGAGATATACATATGGGACTAAAGTTGAATGATGA
7761R GTGGTGGTGGTGCTCGAGCAAGTCCACACCATGTGAGG
3947F GAAGGAGATATACATATGAAAAAGAGCCTCCTCGC
3947R GTGGTGGTGGTGCTCGAGTCATGGTGCTGGGGTGATG
27F AGAGTTTGATCCTGGCTCAG
1525R AAGGAGGTGATCCAGCC
515F GTGCCAAGCAGCCGCGGTAA
1209R GGGCATCACAGACCTG
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Appendix C

Table C.1: Success of each step for each candidate gene.

Gene ID Gene amplification Transformation Expression Enzyme activity
verification

199
960
2484
2599
2864
3947
4190
5020
5252
6745
7430
7761
7918
8125
9683
11941
12130
12733
12836
14933
16307
18167
18880
20495
21962
26764
27669
28464
28541
29016
29062
29118
29580
30829
31013
31506
32123
36243
36838
37597
38300
38877
38878
41502
42073
46252

< X X 2 2 =2 2]
< 2 X X
X

< 2L 2 2 2 2 2 2 2 X 2 2 2 2
< < X £ X X X 2 X < =2 2 X
X 2 X

X X X X

2 X 2 2 2 2 2 2
< 2 X 2 2 2 2

2 2 2 =2 2 2
< 2 <2 X X X

X

2 2 2 2 2 X 2 2 2 2 2 2 X 2 2 2 2 2 2 2 2 X 2 X X 2. 2 2 2 2 2 2 2 2 2 2 2 2 X 2 2 2 2 2 2 2]

2.2 2 2 2

<2 X X X
X
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Table C.2: Success of each step for each candidate gene.

Gene ID Gene amplification Transformation Expression Enzyme activity
verification

46845
46938
50455
51689
53527
66586
70910
72422
72671
81997
92869
97287
100149
102447
111095
176339
203416

\
Y x

X

2L 2 X 2 2 2 2 2 2 2 2 2 X 2 2 2 X
< 2 2L 2 2 2 2 2 2 2 =2
X X £ 2 2 X X 2 2
2
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