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ABSTRACT	
	

Development	of	a	Pipeline	for	High	Throughput	Microfluidics	

Screening	of	Functional	Metagenomic	Library	in	Search	for	Novel	

Lipolytic	Enzymes	

Amani	ALmaabadi	
	
	
	
	

The	demand	for	novel	and	robust	microbial	biocatalysts	for	industrial	and	pharmaceutical	

applications	 continue	 to	 grow	 at	 a	 fast	 pace.	 This	 warrants	 a	 continuous	 need	 for	

advanced	 tools	 and	 technologies	 to	 exploit	 the	 vast	 metabolic	 potential	 of	

microorganisms	 in	 different	 environments.	 Unlike	 culture-based	 studies	 that	 can	 only	

reveal	 the	 metabolic	 potential	 of	 cultivable	 microorganisms,	 functional	 metagenomics	

charts	 the	 enzymatic	 potential	 of	 the	 entire	 microbial	 communities	 in	 a	 given	

environment.	 This	 method	 has	 substantially	 contributed	 to	 the	 effective	 discovery	 of	

unique	microbial	genes	for	industrial	and	medical	applications.	Functional	metagenomics	

involves	 the	 extraction	 of	 microbial	 DNA	 directly	 from	 environmental	 samples,	

construction	 of	 an	 expression	 library	 containing	 the	 entire	 microbial	 genome,	 and	

screening	the	libraries	for	the	presence	of	desired	phenotypes.	Therefore,	development	

of	 a	 pipeline	 for	 analyzing	 and	 screening	 metagenomic	 libraries	 is	 essential	 for	 rapid	

detection	of	the	desired	features	from	thousands	of	clones	of	a	single	library.	

Here,	we	developed	a	pipeline	for	high-throughput	screening	of	the	lipolytic	genes	from	

the	Red	Sea.	Further,	a	high-throughput	single	cell	microfluidics	platform	combined	with	

a	laser-based	fluorescent	screening	bioassay	was	deployed	to	discover	new	 lipolytic	
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genes.	Our	analysis	led	to	the	identification	of	24	microbial	genes	for	lipases	and	esterase	

from	a	metagenomic	 library	of	 the	Red	Sea	water.	The	results	 further	showed	that	 the	

constructed	 pipeline	 is	 robust	 in	 conducting	 functional	 metagenomics	 and	 for	 the	

discovery	 of	 new	 genes.	 It	 also	 implies	 that	 the	 Red	 Sea	 is	 a	 rich	 under-	 investigated	

source	of	natural	resources	of	new	genes	and	gene	products.	
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CHAPTER	1.	INTRODUCTION	

	
1.1 Brief	Development	History	of	the	Microfluidics	

	
Microfluidics	history	started	in	the	1960s	with	the	development	of	microtechnology	and	

invention	 of	 the	 first	 transistor	 (Choi	 &	 Mody,	 2009).	 The	 godfather	 of	 microfluidics	

George	Whitesides	defined	the	microfluidics	as	“…the	science	and	technology	of	systems	

that	process	or	manipulated	small	(10–9	to	10–18	liters)	amounts	of	liquids,	utilizing	ten	to	

hundreds	of	micrometers	of	the	channel	capacity	(Whitesides,	2006).	

	
Surveys	 such	 as	 those	 conducted	 by	 James	 Jurin	 (1684–1749),	 Jean	 Le	́onard	

Marie	 Poiseuille,	 and	 Gotthilf	 Heinrich	 Ludwig	 Hagen	 (1791–1884)	 have	 attempted	 to	

explain	 the	 behavior	 of	 the	 fluids	 in	 small	 diameter	 glass	 vessels.	 Their	 investigations	

were	 focused	 on	 capillarity	 characteristics	 of	 liquids	 and	 formulating	 an	 equation	 for	

describing	 the	 pressure	 drop	 in	 a	 fluid	 influx	 through	 a	 cylindrical	 pipe	 that	 published	

then	as	Hagen–Poiseuille	equation.	In	1993,	a	seminal	article	published	by	Andreas	Manz	

reporting	how	to	 fabricate	a	reduced	capillary	 for	 the	analysis	of	chemical	system	on	a	

chip	(Harrison	et	al.,	1993).	

	
Years	 later,	 microfluidics	 publications	 have	 drastically	 increased	 to	 expand	 the	

knowledge	 about	 fabrication,	 nanofabrication,	 and	 liquids	 behavior	 in	 a	 channel	

(fiure1.1)	(Duffy,	McDonald,	Schueller,	&	Whitesides,	1998;	Xia	&	Whitesides,	1998).	

	
Microfluidics	has	emerged	as	powerful	platforms	 for	managing	 the	attributes	of	

the	liquids	such	as	behavior,	flow	rate,	speed,	and	volume	in	channels	of	sub-millimeter	
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dimensions.	 A	 key	 aspect	 of	microfluidics	 is	 removing	 the	 entire	 system	 from	multiple	

macro-scale	 pieces	 of	 equipment	 into	 small-incorporated	 chips	 or	 Lab	 on	 a	 Chip	 (LoC)	

that	 markedly	 enhance	 the	 ability	 to	 manipulate	 the	 process	 conditions	 and	 the	

observation	of	detection	procedures	 at	 good	 resolutions	 that	difficult	 to	produce	 from	

macroscale	 facilities	 (Whitesides,	 2006).	 This	 integrative	 technology	 has	 diversified	 the	

main	 concepts	 in	 different	 fields	 from	 physics,	 chemistry,	 bioscience,	 and	 engineering	

(DeMello,	2006;	Elvira,	Solvas,	Wootton,	&	deMello,	2013;	Theberge	et	al.,	2010).	

	
	

	
1.1.1 Droplets	based	Microfluidics	

	
	

Droplets	based	Microfluidic	is	fast	becoming	an	essential	subclass	of	microfluidic	(Atencia	

&	Beebe,	2005;	Stone,	Stroock,	&	Ajdari,	2004).	It	is	defined	as	portioning	of	fluids	into	

tiny	droplets	and	manipulated	them	as	a	consequence	of	microchannel	sequestration	

(Mark,	Haeberle,	Roth,	Von	Stetten,	&	Zengerle,	2010).	Two	types	of	immiscible	fluids	are	

used	in	droplets	microfluidics	to	generate	millions	of	droplets	of	one	liquid,	Disperse	

phase	(DP),	into	a	carrier	fluid	or	Continuous	phase	(CP)	(Mark	et	al.,	2010).	These	two	

fluids	are	passed	through	a	Microfluidic	Droplet	Generator	(MFDG)	and	meet	at	a	point	

called	the	‘’micro	channel	junction’’,	and	then,	droplets	are	generated	due	to	balance	

between	the	shearing	forces	and	the	interfacial	tension	(Utada	et	al.,	2007).	The	MFDG	is	

a	group	of	microchannels	that	usually	utilized	to	make	an	emulsion	where	the	two	fluids	

are	immiscible.	The	cross-junction	generators	and	the	T-junction	are	examples	of	the	

MDGs.	
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Mono-disperse	droplets	with	nanoliter	volume,	at	rates	of	up	to	tens	of	

thousands	per	second,	can	be	easily	generated	from	this	technology	because	the	

droplets	are	moved	at	the	same	speed	inside	microfluidic	channels	(Neethirajan	et	al.,	

2011).	Furthermore,	CP	encloses	droplets,	which	increase	stability	and	reduced	interface	

with	walls	of	the	channels.	More	advantages	of	droplet-based	microfluidic	are	the	ability	

to	control	the	shape	and	size	of	the	droplets,	low	cost	of	the	reagents,	and	secure	

handling	of	tiny	used	liquids.	
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1.1.2 Fabrication	of	the	Droplet-based	Microfluidic	Devices	
	

Different	methods	have	proposed	for	the	fabrication	of	the	microfluidic	apparatus.	The	

type	of	fabrication	method	is	selected	based	on	the	cost;	the	time	needed,	preferred	

material	substrate,	and	accessibility	of	specialized	fabrication	apparatus	(Z.	M.	Liu,	Yang,	

Du,	&	Pang,	2017).	Soft	Lithography	is	one	of	the	most	common	processes	used	for	

microfluidic	devices.	Whitesides	et	al.,	were	among	the	first	researchers	who	introduced	

this	technique	by	using	elastomeric	and	hydrophobic	material	such	as	

polydimethylsiloxane	(PDMS)	to	cover	replica	molding	or	casting	to	fabricate	microfluidic	

systems	(Duffy	et	al.,	1998).	

	 Hot	embossing	is	another	alternative	that	is	widely	used	for	fabrication	of	the	

microfluidic	devices.	Polymethyl	methacrylate	(PMMA),	polycarbonate	(PC),	cyclic	olefin	

copolymer	(COC),	polystyrene	(PS),	and	polyvinyl	chloride	(PVC)	typically	used	as	

materials.	Flat	sheets	of	these	thermoplastic	materials	are	designed	utilizing	pressure	

and	high	temperature	against	a	master	(Becker	&	Heim,	2000).	The	components	of	

masters	consist	of	either	silicon	or	metal.	A	hydraulic	press	is	a	machine	where	the	

masters	and	the	thermoplastic	are	placed	inside	it	using	heat	and	pressure.	After	that,	

another	thermoplastic	is	employed	to	surround	the	designed	sheet	(Becker	&	Heim,	

2000).	Hot	embossing	technique	provides	the	advantages	of	low	cost	and	fast	processing	

for	mass	production	(Chien,	2006).	Because	of	the	features	mentioned	above,	soft	

lithography	and	hot	embossing	fabrication	techniques	have	been	attracting	a	lot	of	

interest	compared	to	the	conventional	substances	used	in	microfluidics,	due	to	its	
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compatibility	with	biological	and	chemical	materials,	user	friendly,	and	

chemically	robust	(S.	T.	Brittain,	Kenis,	Schueller,	Jackman,	&	Whitesides,	1998).	
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1.1.3 Survey	of	Droplets	based	Microfluidic	Technology	in	Biological	Studies	
	

In	the	history	of	Molecular	Biology	development,	droplets	based	microfluidic	has	

attracted	a	lot	of	interest,	particularly	in	genomics	in	the	1980s.	By	mimicking	biological	

environments,	droplets	based	microfluidic	has	played	critical	roles	in	molecular	genomic	

analysis	and	single	cells	studies	(Cho,	Kang,	Choo,	deMello,	&	Chang,	2012;	Guo,	Rotem,	

Heyman,	&	Weitz,	2012).	

Enzymes	and	bio	respecting	assays	have	experienced	massive	developments	in	

light	of	the	increased	interest	in	high-throughput	screening	methods	for	finding	useful	

proteins	and	biomolecules	for	medical	and	industrial	applications	(Goddard	&	Reymond,	

2004).	Functional	metagenomic	libraries	can	theoretically	contain	all	the	microbial	

genome	within	the	sampled	marine	environments.	However,	identifying	the	desired	

phenotype	from	these	libraries	is	a	daunting	task	and	requires	access	to	advanced	high	

throughput	screening	methodologies	that	are	highly	sensitive,	specific,	and	efficient.	

Ultrahigh	throughput	screening	methodologies	can	significantly	reduce	the	time	and	cost	

needed	for	screening	large	libraries.	Detection	of	the	desired	enzymes	can	be	affected	by	

the	specificity	and	sensitivity	of	the	screening	assays	and	the	amount	of	gene	diversity	in	

the	metagenomics	library	(Dougherty	et	al.,	2012;	Maruthamuthu,	Jimenez,	Stevens,	&	

van	Elsas,	2016).	Several	high	throughput	methodologies	and	functional	assays	for	

screening	metagenomic	libraries	are	currently	available	(Bachovchin,	Brown,	Rosen,	&	

Cravatt,	2009;	Inglese	et	al.,	2007).	One	of	these	methodologies	is	droplet-based	single	

cell	microfluidics.	The	method	was	successfully	used	by	one	of	our	collaborators	in	Japan,	
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Professor	Haruko	Takeyama	and	her	group,	for	functional	screening	of	lipase	enzymes	

obtained	from	a	soil	metagenomic	library	(Hosokawa	et	al.,	2015).	In	2016,	I	visited	Prof.	

Takeyama’s	laboratory	in	Japan	to	learn	the	technique	and	to	screen	our	Red	Sea	

metagenomic	libraries.	Briefly,	fluorescence	tagged	lipase	specific	substrates	mixed	with	

the	bulk	metagenomic	library,	the	mixture	then	introduced	into	a	droplet	generator,	

droplets	generated	each	containing	a	single	cell	plus	the	fluorescence-	tagged	lipase-	

specific	substrate,	and	the	enzymatic	activity	of	each	cell	within	the	droplet	monitored	

under	a	fluorescence	microscope.	The	method	enables	detection	of	thousands	of	cells	in	

a	short	period,	drastically	reducing	time	and	cost	—	one	esterase	gene	identified	as	Est.	

However,	the	drawback	of	their	study	lacked	sorting	technique	for	million	of	the	positive	

and	negative	droplets	that	caused	labor	intensive,	more	time	is	needed;	and	more	oil	

needs	to	add	for	each	observation	for	manual	picking	under	the	microscope.	This	

limitation	has	reduced	the	high	throughput	techniques	and	need	to	apply	such	advanced	

sorting	bits	of	advice	such	as	Fluorescence-activated	cell	sorting	(FACS)	and	laser-based	

fluorescence	technology.	

	
	

A	recent	study	has	shown	lipase	genes	extracted	from	environmental	samples.	
	

Qiao	et	al.	proposed	a	high	throughput	pipeline	based	on	fluorescence-activated	droplet	

sorting	(FADS)	system	from	environments	(Qiao	et	al.,	2018).	In	their	paper,	the	authors	

constructed	a	pipeline	that	is	overlapping	with	the	one	introduced	by	Hosokawa	

(Hosokawa	et	al.,	2015).	The	main	differences	between	the	two	pipelines	were:	droplets	
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generated	without	substrate,	prolonged	incubation	of	the	droplets	up	to	three	days	that	

might	impact	negatively	on	the	cells,	and	lots	of	transfer	of	droplets	between	and	during	

each	step.	That	is	highly	possible	to	cause	loss	of	the	droplets	and	reduces	the	number	

of	a	positive	one.	Also,	lacking	conducing	functional	metagenomic	as	a	powerful	

approach	is	considered	an	obstacle	in	this	study.	

	
Another	 study	 by	 Anton-Leberre	 et	 al.	 (2018)	 introduced	 water-in-oil	 droplet	

generation	with	 FACS	 for	 detection	 growth	 phenotypes	 of	 cells	 from	 a	mini	 functional	

metagenomic	 library	 based	 on	 the	 intracellular	 expression	 of	 green-to-red	 switchable	

fluorescent	proteins.	However,	the	study	lacked	investigation	the	switching	mechanisms	

in	 much	 details,	 rely	 on	 manual	 adding	 of	 the	 fluorescent	 substrate	 for	 each	 droplet	

(Dagkesamanskaya	et	al.,	2018).	

	
Here,	we	developed	an	integrative	approach	based	on	metagenomic	and	droplet	

microfluidics	coupled	to	automated	sorting	technologies	for	functional	screening	of	

metagenomic	library	for	finding	novel	lipolytic	enzymes.	Our	approach	harnesses	the	

power	of	both	metagenomic	and	droplet	microfluidics	to	identify	metagenomics	DNA	

that	codes	lipolytic	enzymes	from	the	Red	Sea	environment.	The	approach	is	centered	on	

four	main	stages:	first;	we	established	droplets	based	microfluidics	system	and	fabricated	

a	Polydimethylsiloxane	PDMS	chip.	A	chip	that	encapsulates	single	cells	in	water	in	oil	

droplets	of	controlled	size	(e.g.,	50	um).	Second,	we	constructed	a	metagenomics	library	

from	Red	Sea	water;	then,	we	developed	another	PDMS	chip	to	re-inject	the	droplets	in	a	

fully	automated	sorting	system	to	separate	and	send	the	positive	fluorescent	droplets	to	
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one	outlet,	and	the	negative	ones	to	another	outlet.	This	second	chip	allowed	us	to	find	

those	cells	with	positive	lipase	activity	and	isolate	them	for	further	characterization.	

Finally,	we	conducted	a	single-cell	sequencing	using	Hiseq4000	followed	by	

bioinformatics	analysis	to	search	for	the	genes	of	our	interest	and	investigate	their	origin	

and	potential	activity.	



24		

	
	
	

Figure	1.1:	Timeline	of	microfluidics	development.	This	timeline	shows	the	first	invention	
of	siloxanes	followed	by	many	investigations	Dow	in	1943,	Kilby	in	1958	until	the	first	
application	of	PDMS	chip	in	microfluidics	experiment	which	led	by	Whitesides	in	1998	
(elveflow.com)	
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1.2 Power	of	Metagenomics	

	
Metagenomics	is	the	study	of	microbial	genetic	material	that	extracted	directly	from	the	

environment.	It	is	a	robust	methodology	that	revolutionized	the	field	of	environmental	

microbiology	since	its	inception,	approximately	a	decade	ago	(figure	1.2).	The	main	

advantage	of	metagenomics	over	culture-based	studies	is	the	ability	to	characterize	the	

entire	microbiome	in	a	given	environment	without	the	need	for	prior	cultivation.	

Metagenomics	enables	us	to	examine	and	compare	the	extent	of	microbial	diversity	in	a	

different	habitat,	their	adaptation	mechanisms,	and	their	metabolic	capabilities.	

Metagenomic	studies	of	water	and	soil,	for	example,	provided	significant	insight	into	

previously	unknown	terrestrial	and	marine	microorganisms	(Daniel,	2005;	Simon	&	

Daniel,	2011).	Metagenomic	studies	unraveled	microbial	community	composition,	their	

unique	genome	and	metabolic	potential	in	extreme	habitats	such	as	acid	mine	drainage	

sites	(Tyson	et	al.,	2004),	deep-sea	hyper-saline	ecosystems	(Ferrer	et	al.,	2005),	and	

arctic	soil	(Heath,	Hu,	Cary,	&	Cowan,	2009),	beyond	what	was	ever	imagined	possible	

using	culture-based	approaches.	

The	 term	 “metagenome”	 represents	 the	 entire	 genome	 of	 microorganisms	 in	

environmental	samples,	while	“metagenomics”	refers	to	a	set	of	techniques	that	allows	

access	 to	 this	 genomic	 information	 (Holden,	Rayment,	&	Thoden,	 2003).	 The	approach	

involves	 extraction	 of	 total	 DNA	 from	 environmental	 samples,	 followed	 either	 by;	 1)	

Sequencing	 of	 the	 entire	 microbial	 genome	 using	 high	 throughput	 Next	 Generation	

Sequencing	(NGS)	platforms	(sequence-based	metagenomics)	or,	2)	Cloning	of	the	whole	
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environmental	DNA	into	a	suitable	host,	such	as	E.	Coli	followed	by	functional	screening	

(functional	 metagenomics)	 to	 detect	 desired	 phenotypes,	 i.e.,	 unique	 enzymes.	 Since	

metagenomics	analyzes	the	entire	microbial	communities	in	the	environmental	samples,	

it	 has	 the	 power	 to	 investigate	 the	majority	 of	 ecological	microorganisms,	which	were	

previously	impossible	to	study	using	cultivation-based	approaches	(Yun	&	Ryu,	2005).	

	
	
	
	

	
Figure	1.2:	History	of	metagenomics	showing	improvement	in	microbial	potentials				
studies	(Escobar-Zepeda,	de	Leon,	&	Sanchez-Flores,	2015).	
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As	mentioned	above,	two	metagenomic-based	approaches	(Figure1.3)	are	currently	used	

to	 identify	 unique	 enzymes	 present	 in	 the	 environmental	 metagenome	 (Yun	 &	 Ryu,	

2005):	

1.2.1 Sequence-based	metagenomics,	which	 involves	sequencing	the	whole	of	

genetic	 material	 in	 the	 environmental	 samples	 using	 the	 	 NGS	

technologies,	 followed	 by	 bioinformatics	 analysis	 of	 these	 samples	 to	

annotate	and	identify	these	genes	against	databases	of	known	genes.	This	

approach	 provides	 information	 about	 microbial	 community	 structure,	

their	genomes,	and	metabolic	potential	of	the	entire	microbial	community	

in	 the	 sample.	New	homologs	of	many	enzymes,	 e.g.,	 bacteriorhodopsin	

homologs,	 were	 successfully	 discovered	 by	 this	 method	 (Frey,	 1996).	

However,	sequence-based	approaches	do	not	have	the	power	to	 identify	

novel	 species	 or	 genes.	 Enzyme	 identification	 by	 the	 sequence-based	

approach	requires	the	presence	of	high	percentage	sequence	identity	with	

known	 annotated	 sequences	 available	 in	 the	 database,	 and	 only	 those	

enzymes	 displaying	 considerable	 homology	 to	 known	 enzymes	 can	 be	

detected	(Yun	&	Ryu,	2005).	

	

1.2.2 Functional	 metagenomics	 requires	 the	 construction	 of	 an	 expression	

library	 containing	 the	 entire	 metagenome	 from	 the	 environmental	

samples,	 followed	by	direct	 screening	of	 the	 library	 for	desired	enzymes	

(Guazzaroni	et	 al.,	 2010).	 This	 approach	has	detected	a	 large	number	of	
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microbial	 biocatalysts	 and	 biomolecules,	 for	 example,	 esterases	 (Xu,	

Jakobi,	 Welzel,	 &	 Hertweck,	 2005)	 and	 nitrile	 hydratases	 (Kniep	 &	

Grisebach,	 1980)	 amongst	 others.	 This	 approach	 makes	 it	 possible	 to	

discover	new	genes	encoding	active	enzymes	even	though	prior	sequence	

knowledge	 is	 not	 available.	 Despite	 its	 power,	 functional	metagenomics	

has	a	 few	shortcomings.	 In	particular,	 the	heterologous	host,	 i.e.,	E.	 coli,	

used	for	cloning,	might	not	have	all	 the	requirements	needed	to	express	

the	 foreign	genes	 in	 the	metagenome.	 In	other	words,	 the	shortcomings		

of	 the	 heterologous	 host	 might	 impact	 the	 degree	 to	 which	 the	

metagenomes	 transcribed	 and	 translated.	 Regardless	 of	 these	

shortcomings,	 functional	 metagenomics	 appears	 to	 be	 the	 preferred	

method	 of	 choice	 for	 identification	 and	 characterization	 of	 unique	 and	

novel	enzymes	from	the	environmental	metagenome.	

	

The	 demand	 for	 microbial	 biocatalysts	 in	 industrial	 and	 pharmaceutical	

applications	 has	 increased	 significantly.	 Recent	 developments	 of	 advanced	

methodologies,	 tools,	 and	 technologies	 are	 now	 poised	 to	 exploit	 the	 vast	

metabolic	potential	of	microorganisms	 (Alma'abadi,	Gojobori,	&	Mineta,	2015).	

Metagenomics	approaches	use	promising	methodologies	and	tools	to	investigate	

the	 metabolic	 potential	 of	 microorganisms	 and	 their	 biotechnological	

applications	 in	 different	 environments,	 such	 as	 aquatic	 habitats	 (Alma'abadi	 et	

al.,	2015).	
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Figure	 1.3	 Summary	 of	 the	 steps	 involved	 in	 sequence-based	 and	 functional	
metagenomics.	 Sequence-based	 metagenomics	 is	 ideal	 for	 examining	 the	 microbial	
community	structure	and	genome	within	the	environmental	samples	by	(Whole	Genome	
Shotgun)	WGS	library.	It	can	also	be	used	to	identify	new	and	unique	homologs	of	genes	
already	present	in	the	genomic	database.	Functional	metagenomic	is	commonly	used	for	
the	identification	of	novel	enzymes	for	biotechnological	applications.	
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1.3 Biocatalysts	Discovery	through	Marine	Metagenomics	

	

Marine	 habitats	 are	 well-known	 frontiers	 for	 microbial	 discoveries.	 The	 oceans	 are	

brimming	 with	 different	 species	 of	 microorganisms	 in	 various	 life	 forms.	 Archaea,	

protists,	 bac te r i a ,	 and 	 v i r u se s 	 fo rm 	 a 	 significant	 	 fraction	 	 of	 	 the	 	 oceanic		

biomass.	

29	
	 Approximately	3.6	X	10	microbial	cells	are	present	in	all	worlds’	oceans	(Whitman,	

	
Coleman,	 &	 Wiebe,	 1998).	 These	 tiny	 microorganisms	 carry	 out	 98%	 of	 the	 leading	

biogeochemical	 cycling	 of	 nutrients	 and	 food	 synthesis	 (Whitman	 et	 al.,	 1998).	

Microorganisms	 that	 live	 in	 different	 marine	 environments	 exhibit	 various	 levels	 of	

tolerant	 towards	different	environmental	 conditions.	 For	example,	microbes	 thriving	 in	

highly	saline	water	have	robust	mechanisms,	which	allows	them	to	exclude	excess	salts	

from	their	system.	

Similarly,	microbes	 that	 live	 in	deep-sea	water	have	biomolecules	and	enzymes,	

which	 enable	 them	 to	 thrive	 under	 intense	 water	 pressure.	 Marine	 microorganisms	

harbor	a	varied	range	of	enzymatic	activities	capable	of	catalyzing	different	biochemical	

reactions	with	 distinct	 abilities.	 The	marine	 extremophiles,	 in	 particular,	 are	 significant	

sources	 of	 unique	 and	 valuable	 enzymes	 referred	 to	 as	 "extremozymes"	 suitable	 for	

industrial	 applications	 (Adams,	 Perler,	 &	 Kelly,	 1995;	 Hough	 &	 Danson,	 1999).	

Extremozymes	 can	 achieve	 the	 same	 enzymatic	 functions	 as	 their	 non-extreme	

counterparts,	 but	 remarkably	 they	 can	 also	 catalyze	 reactions	 under	 conditions	 which	

would	normally	inhibit	or	denature	the	less	extreme	forms.	Detailed	understanding	of		
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The	 mechanisms	 underlying	 the	 stability	 and	 function	 of	 extremozymes	 is	

fundamental	for	innovations	in	industrial	applications	(Karan,	Capes,	&	Dassarma,	2012).	

The	 vast	 pools	 of	microbial	 biodiversity	 in	marine	 ecosystems	make	 them	an	 excellent	

source	of	unique	and	novel	enzymes	(Maruthamuthu	et	al.,	2016).	

Marine	habitats	are	indeed	a	major	source	of	unique	biomolecules	and	novel	

microbial	biocatalysts	with	exceptional	characteristics.	The	majority	of	world	marine	

environments,	however,	remain	widely	unexplored.	More	metagenomic-based	studies	

are	needed	to	examine	the	vast	metabolic	potential	of	marine	microbiota	for	

biotechnological	and	industrial	applications.	

1.4 Microorganisms	as	potential	sources	of	bio-resources	
	

Microorganisms	are	core	players	 in	driving	vast	ecosystems	from	symbiotic	 interactions	

with	their	hosts	(i.e.,	plants,	corals,	humans)	to	the	biogeochemical	cycling	of	nutrients	in	

the	 oceans.	 These	 interactions	 and	 functions	 are	 driven	 by	 unique	 enzymes	 and	

biomolecules,	 which	 vary	 amongst	 different	 species	 of	 microorganisms	 depending	 on	

their	 environments.	 In	 general,	 enzymes	 work	 best	 under	 optimal	 physiological	

conditions	within	 a	 narrow	 range	 of	 temperature,	 pH,	 and	 salinity.	Microbial	 enzymes	

are,	 however,	 an	 exception	 to	 the	norm.	 Extremophiles,	 for	 example,	 express	 proteins	

that	are	active	under	extremes	of	environmental	conditions	from	acidic	brine	pools	with	

temperatures	 of	 over	 60	 °C,	 to	 arctic	 ice	 under	 sub-zero	 temperatures,	 and	 in	 deep	

seawaters	under	extreme	pressure.	These	and	other	remarkable	discoveries	continue	to	

drive	the	search	for	extremophiles	with	unique	enzymes	and	biomolecules	for	biomedical		
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and	industrial	applications.	Advanced	methodologies	and	tools	are	continually	developed	

to	 explore	 microbial	 diversity	 in	 the	 environment,	 and	 exploit	 their	 potential	 as	 bio-

resources.	 Our	 knowledge	 of	 the	 range	 of	 microbial	 diversification	 in	 the	 habitats	

expanded	 dramatically	 in	 recent	 years	 due	 to	 the	 advent	 of	 metagenomics.	

Metagenomics	 is	an	 independent	culture	approach	to	environmental	microbiology.	The	

method	 developed	 approximately	 a	 decade	 ago	 has	 gained	 significant	 momentum	 in	

recent	 years	 due	 to	 prompt	 advancement	 in	 the	 next	 generation	 sequencing	 (NGS)	

platforms	 and	 development	 of	 high	 throughput	 bioinformatics	 pipelines,	 tools,	 and	

software	needed	for	analysis	of	extensive	NGS	data.	Before	the	advent	of	metagenomics,	

the	main	route	for	discovering	new	and	novel	microbes	and	their	products	was	through	

culture-dependent	 methodologies	 which	 have	 shortcomings	 since	 the	 majority	 of	

environmental	 microorganisms	 cannot	 be	 cultured	 and	 examined	 using	 traditional	

culturing	 techniques.	 Culture-independent	 methods	 are	 superior	 alternatives	 to	

cultivation-based	 approaches	 in	 studying	 the	 diversity	 and	 metabolic	 potential	 of	

environmental	microorganisms.	

	
	
	

1.5 Microbial	Lipases	and	Esterase	Enzymes	
	
	
	

Lipids	have	considered	as	fundamental	biological	compounds	on	the	planet	(Brocker.H,	

1974).	Lipolytic	enzymes,	namely	lipase,	and	esterase	were	one	of	the	first	enzymes	

which	tested	and	detected	in	a	different	animal,	plants,	human,	and	microorganism	

(Fojan,	Jonson,	Petersen,	&	Petersen,	2000).	
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Table	1.1	Enzyme	classification	by	enzyme	commission	EC	number	

	
	
	

EC	1.-.-.-	Oxidoreductases	

EC	2.-.-.-	Transferases	

EC	3.	-.-.-	Hydrolases	

	

	
	
	
	
	

EC	4.-.-.-	Lyases	

EC	5.	-.-.-	Isomerases	

EC	6.-.-.-	Ligases	

EC	3.1.1.	-	Carboxylic	Ester	Hydrolases	

EC	3.1.1.3	lipase	

EC	3.1.1.1	Esterase	

	
	

EC	numbers	and	their	descriptions	as	explained	by	the	Nomenclature	Committee	of	the	International	Union	of	
Biochemistry	and	Molecular	Biology).	

	
	
	
	
	
	
	

According	 to	 the	Nomenclature	 Committee	 of	 the	 International	 Union	 of	 Biochemistry	

and	Molecular	Biology,	enzymes	have	categorized	into	six	main	classes	(Table	1).	One	of	

the	 most	 important	 classes	 is	 hydrolases	 (E.C.3.-.-.-),	 which	 catalyze	 the	 hydrolytic	

cleavage	 of	 different	 types	 of	 chemical	 bonds.	 Many	 commercially	 essential	 enzymes	

belong	to	this	class,	e.g.,	proteases,	amylases,	lipases,	and	esterase	(Zhang	&	Kim,	2010).	

Lipase	(EC	3.1.1.3)	hydrolyzes	long-chain	acylglycerols	and	esterases	(EC	3.1.1.1)	are	
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hydrolyzing	short	chain	of	the	ester	bond	in	a	chemical	reaction	(Fojan	et	al.,	2000;	Y.	S.	

Lee,	2016;	Ramnath,	Sithole,	&	Govinden,	2017;	Verger,	1997).	

	
Several	 studies	 (L.	 P.	 Lee	 et	 al.,	 2015;	 Schmid	 et	 al.,	 2001)	 have	 noted	 the	

importance	 of	 lipolytic	 enzymes	 in	 industrial	 and	 medical	 applications.	 Table	 1.2	 lists	

many	bacterial	 species	 that	express	 theses	enzymes	suitable	 for	 industrial	applications.	

Their	 ability	 to	 work	 optimally	 under	 harsh	 environmental	 conditions	 of	 high	 salinity,	

temperature,	and	pressure	has	made	 them	one	of	 the	 top	microbial	enzymes	 target	 in	

various	 industrial	 applications	 including	 flavor	 enhancers,	 detergents,	 disinfectants,	

organic	 compounds	 synthesis,	 and	 pharmaceutical	 industries	 (Franken	 et	 al.,	 2010;	

Lopez-	Lopez,	Cerdan,	&	Siso,	2014).	Recently,	lipase	and	esterase	utilizations	have	been	

expanded	 into	 more	 promising	 fields	 such	 as	 generation	 of	 biodiesel	 (Bendikiene,	

Kiriliauskaite,	 &	 Juodka,	 2011;	 Dodd	 &	 Cann,	 2009;	 Lopez	 et	 al.,	 2016)	 and	 the	

biodegradation	 of	 plastics	 (Leal,	 Freire,	 Cammarota,	 &	 Sant'Anna,	 2006;	 Yamamoto-	

Tamura	et	al.,	2015).	Overall,	the	broad	specificity	of	microbial	lipolytic	enzymes	towards	

a	 variety	 of	 substrates,	 besides	 their	 stability	 in	 organic	 solvents,	 continues	 to	 expand	

their	 full	 use	 in	 many	 biotechnological	 industries	 (Fadnavis	 &	 Deshpande,	 2002;	

Muralidhar,	Marchant,	&	Nigam,	2001;	Snellman	&	Colwell,	2004).	The	growing	demand	

for	 microbial	 lipases	 and	 esterase	 for	 industrial	 applications	 encourages	 further	

explorations	for	novel	lipolytic	enzymes,	in	particular	from	unique	environments	
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Table	1.2	List	of	representative	bacterial	expressed	lipolytic	enzymes	
	
	

Species	 Refs.	

Bacillus	sp.	 (Rao,	Xue,	Zheng,	Lu,	&	Ma,	
2013)	

Brevibacterium	sp.	 (L.	P.	Lee	et	al.,	2015)	

Geobacillus	thermodenitrificans	 (Rodrigues	&	Fernandez-	
Lafuente,	2010)	

Gracilibacillus	sp.	 (Schmid	et	al.,	2001)	

Mycobacterium	tuberculosis	 (Oliveira	et	al.,	2015)	

Nectria	haematococca	 (Balan,	Ibrahim,	Abdul	Rahim,	
&	Ahmad	Rashid,	2012)	

Oceanobacillus	sp.	 (Rohban,	Amoozegar,	&	
Ventosa,	2009)	

Pseudomonas	sp.	 (Cao	et	al.,	2015;	Vaquero,	
Prieto,	Barriuso,	&	Martinez,	
2015)	

Staphylococcus	sp.	 (L.	P.	Lee	et	al.,	2015)	

Virgibacillus	sp.	 (Rohban	et	al.,	2009)	

Yarrowia	lipolytica	 (Vakhlu	&	Kour,	2006)	
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1.6.	The	Red	Sea	as	a	Unique	Environment	with	Extreme	Niches	for	Microbial	
Studies	and	Enzyme	Discoveries	

	
The	 Red	 Sea	 rift	 initiated	 the	 separation	 of	 the	 African	 and	 Arabian	 (Asian)	 continent	

masses	about	70	million	years	ago	(Klaus,	2015)	and	the	rifting	took	place	multiple	times	

afterward,	 leading	 to	 the	 eventual	 formation	 of	 the	 Red	 Sea.	 Moreover,	 frequent	

episodes	of	volcanic	activities	gave	rise	to	the	creation	of	volcanic	islands	in	the	Red	Sea	

(Klaus,	2015).	The	Red	Sea	is	approximately	2000	km	long	and	355	km	wide.	It	has	a	

surface	area	of	458,620	km2	and	a	volume	of	250,000	km3.	There	are	three	differentiated	

depth	 zones	 in	 the	 Red	 Sea:	 1)	 shallow	 continental	 shelves	 <	 50	 m;	 2)	 deep	 shelves	

between	500-1000m;	3)	a	central	axis	with	a	depth	of	1000	-	2900	m	(Rasul,	2015).	

	
The	Red	Sea	has	many	unique	attributes.	 It	 receives	 the	majority	of	 its	external	

nutrient	supplies	from	dust,	since	it	lacks	river	inflow,	and	receives	minimal	to	no	annual	

precipitation.	It	is	a	geologically	young	sea	basin	that	has	experienced	a	conversion	from	

a	 continental	 rift	 to	 an	 actual	 oceanic	 seafloor,	 producing	 high-temperature	 seawater	

with	high	concentrations	of	salts	and	minerals.	Indeed,	the	Red	Sea	is	one	of	the	hottest	

and	most	salty	seas	in	the	world.	The	Red	Sea	contains	several	heated	hyper-saline	brine	

pools	that	run	deep	along	its	central	axis.	It	also	has	a	vibrant	coral	reef	ecosystem.	Much	

of	 the	 current	 biological	 oceanography	 characterization	 studies	 of	 the	 Red	 Sea	 have	

focused	on	its	diverse	coral	reef	ecosystem	and	fish.	The	handful	of	metagenomic	studies	

conducted	on	the	Red	Sea	water	samples	demonstrates	that	 its	microbial	communities	
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are	 unique	 and	 different	 (Behzad,	 Ibarra,	 Mineta,	 &	 Gojobori,	 2016;	 O.	 O.	 Lee	 et	 al.,	

2011).	

	
Our	 group	 in	 KAUST	 is	 currently	 conducting	 time-series	 sequence-based	

metagenomic	 studies	 of	 the	 Red	 Sea	 surface	 water	 in	 hopes	 of	 understanding	 the	

seasonal	 changes	 in	 microbial	 diversity	 in	 the	 Red	 Sea.	 These	 yet	 unpublished	

metagenomic	 data	 demonstrate	 that	 the	 Red	 Sea	 microbiota	 contains	 a	 different	

spectrum	of	genomic	diversity	adapted	to	the	extreme	environmental	conditions	present	

in	the	Red	Sea.	For	my	Ph.D.	Thesis,	I	aim	to	develop	a	pipeline	composed	mainly	of	HTP	

droplets	 based	microfluidics	 technology	 to	 screen	 functional	metagenomics	 library	 for	

discovering	novel	microbial	lipases	and	esterase	suitable	for	industrial	applications.	
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The	Ph.D.	work	presented	in	this	research	thesis	is	composed	of	the	following	four	

chapters:	

	
Chapter	1:	Introduction	and	Literature	Review	

	
Chapter	2:	Establishment	and	Developing	of	the	Pipeline	Based	on	Droplets	Based	

Microfluidics	Technologies	

Chapter	3:	Implementation	of	the	Pipeline	in	Identifying	Novel	Lipolytic	Enzymes	from	a	

Metagenomic	Library	

Chapter	4:	General	Conclusion.	
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CHAPTER	2:	Development	of	the	Pipeline	based	on	High	Throughput	Droplets	based	

Microfluidics	

2.1 Problem	Statement	

	
In	chapter	I,	I	have	reviewed	the	history,	importance	of	the	microfluidics,	and	the	recent	

researches	in	metagenomics.	Low	throughput	of	the	conventional	approaches	for	bio	

resources	detection,	the	time	needed,	reagents	consumption,	and	identifying	the	

desired	phenotype	from	the	biological	studies	is	a	daunting	task	and	requires	access	to	

advanced	high	throughput	methodologies	that	are	highly	specific	and	efficient.	

Therefore,	this	chapter	aims	to	develop	a	robust	and	straightforward	pipeline	that	can	be	

applied	for	different	biotechnological	purposes.	

This	pipeline	integrates	several	aspects	(see	Figure2.1)	that	depending	on	the	

purpose	of	the	study	can	be	applied	individually	or	together	to	find;	as	examples	a	

promising	gene	or	biomolecules,	understanding	microbial	communities	mechanism	in	a	

particular	environment,	to	reveal	drug-cell	interaction,	and	microbial	populations	in	

polluted	and	non	polluted	sites.,	etc.	
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2.2 Target	samples	

	
Significant	strides	towards	understanding	the	vast	extent	of	microbial	diversity	in	

different	environments,	their	community	structure,	the	genomic	plasticity,	and	

adaptation	mechanisms	have	made	to	enable	these	small	cell	factories	to	live	under	

extreme	conditions.	Microorganisms	are	ubiquitous	and	can	be	found	in	almost	every	

environment.	Different	strategies	have	been	utilized	to	study	microbial	communities	in	a	

different	habitat.	These	strategies	are	commonly	based	on	conventional	methods.	

However,	it	estimated	that	only	ten	in	every	1000	microbes	could	grow	in	standard	

laboratory	conditions.	Therefore,	metagenomic	approaches	have	accelerated	the	rate	of	

microbes’	detection	and	provided	more	information	about	microorganism	in	various	

habitats.	Selecting	a	habitat	is	underlying	the	scientific	questions	that	need	answers.	For	

example,	if	the	study	aims	to	identify	genes	that	involve	in	nitrogen	fixation	in	the	

polluted	sites,	therefore,	unlined	the	biochemical	conditions	of	the	habitat	and	

estimating	the	genes	involved	in	the	nitrogen	fixation	process	are	an	essential	factor	

before	embarking	on	the	research	journey.	Environmental	samples	have	selected	in	the	

developed	pipeline	due	to	ease	to	access	their	genomic	features;	microbes	originated	

from	environment	highly	expected	to	be	novel	because	environments	conditions	change	

from	time	to	time;	subsequently,	their	bacteria	adapt	to	the	changes	and	have	

capabilities	to	develop	mechanisms	to	live	under	extreme	ecological	conditions.	
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Sediments,	water,	and	oil-polluted	samples	are	examples	of	such	novel	environments	

that	exhibited	rich	sources	of	diverse	microorganisms	with	unique	features.	

	
	
	
	
	
	
	

	
Figure	2.1:	schematic	of	the	entire	pipeline.



42		

2.3 DNA	Extraction	Method	

	
The	phenol-chloroform	extraction	method	has	proved	a	sufficient	and	high-quality	DNA	

amount	compared	to	the	commercial	DNA	extraction	kits.	The	methodology	of	DNA	

extraction	from	environmental	samples	as	follows:	

	 The	samples	are	filtered	sequentially	through	5	mm,	and	0.8	mm	nitrocellulose	

membrane	filters.	The	filtered	water	was	then	passed	through	0.22	mm	nitrocellulose	

membrane	filters,	and	the	filters	then	immediately	stored	at	-80	°C.	DNA	is	extracted	

from	the	0.22	mm	filters	following	the	phenol-chloroform	extraction	method	as	

previously	described	(Rusch	et	al.,	2007)	with	slight	modifications	as	follow:	Filters	cut	

into	small	pieces	and	placed	in	individual	15	ml	conical	Falcon	tubes.	TE	buffer	(pH	8)	

containing	50mM	EGTA	and	50mM	EDTA	added	until	filter	pieces	sufficiently	covered.	A	

final	concentration	of	2.5mg/	ml	of	Lysozyme	added,	and	the	tubes	incubated	at	37	°C	for	

one	hour	in	a	rotating	hybridization	oven.	Proteinase	K	was	added	to	a	final	

concentration	of	200	μg/ml,	and	the	samples	froze	at	-80°C,	followed	by	two	freeze-thaw	

cycles	to	help	break	up	the	cell	wall	of	bacteria.	1%	SDS	(Sodium	Dodecyl	Sulfate)	was	

added,	and	an	additional	200	μg	/ml	of	proteinase	K	as	well.	The	samples	were	then	

incubated	at	55°	C	for	2	hours	in	a	hybridization	oven	with	gentle	rotation.	

Next,	the	phenol-chloroform	extraction	method	was	used	to	extract	DNA	from	

the	lysates,	above.	Briefly,	an	equal	volume	of	Phenol:	Chloroform:	Isoamyl	Alcohol	was	

added	to	the	lysate	tubes,	the	tubes	were	vortexed	for	10	seconds,	followed	by	spinning	

at	3,000	r.c.f	(relative	centrifugal	force)	in	a	centrifuge	at	room	temperature.	Following	
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centrifugation,	the	phenol-chloroform-lysate	mixture	separated	into	two	phases:	1)	the	

bottom	organic	phase	containing	the	phenol,	chloroform,	and	the	cell	debris;	2)	the	top	

aqueous	phase	containing	the	DNA	and	other	hydrophilic	molecules.	The	interphase	

contained	the	proteins.	The	liquid	phase	was	removed	to	a	new	tube	and	equal	volume	

of	Chloroform:	Isoamyl	Alcohol	was	added	to	the	liquid	phase,	followed	by	gentle	mixing	

and	centrifugation	as	above.	The	upper	aqueous	phase	containing	the	DNA	was	

transferred	into	new	tubes,	and	the	DNA	was	precipitated	with	0.1	volume	of	sodium	

acetate	(CH3COONa)	and	0.6	volume	of	isopropanol.	To	enhance	DNA	precipitation,	

samples	were	immediately	stored	at	20°C	for	2hr.	Samples	were	then	centrifuged	at	

15000	rpm	(rotations	per	minute)	for	20	minutes	at	4°C	to	pellet	the	DNA.	Following	

centrifugation,	supernatants	were	removed,	the	DNA	pellets	were	washed	with	70%	

ethanol,	and	the	tubes	were	centrifuged	at	15000	rpm	for	5	min.	Finally,	the	DNA	pellets	

were	re-suspended	in	sterilized	nuclease	free	dH2O.	
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2.4 Construction	Metagenomic	Libraries	

	
Construction	a	metagenomic	library	is	the	first	step	toward	functional	genomics.	Many	

researchers	have	intended	to	use	cosmid	or	fosmid-based	libraries	due	to	the	high	

stability	of	the	cloning	vector	and	large	insert	size.	Briefly,	high	molecular	weight	DNA	is	

size	selected	using	pulsed-field	gel	electrophoresis	(PFGE).	Then,	size	selected	DNA	is	

end-repaired	and	ligated	to	a	linearized,	blunt-ended	fos-based	vector.	Following	λ	phage	

heads	are	utilized	for	packaging	the	resulting	ligation	mixture	through	recognition	of	the	

vector	fos	site.	Transduction	of	E.	coli	with	this	packaged	ligation	mixture	results	in	

libraries	that	typically	contain	inserts	of	30–50	KB.	A	full	description	of	construction	a	

metagenomic	library	process	is	described	in	Chapter.3	

	
	
	

2.5 Screening	for	Useful	Bio-resources	Using	Droplets	Based	Microfluidics	

	
Two	microfluidic	devices	have	been	fabricated	following	design	recommendations	in	

(Mazutis	et	al.,	2013).	These	devices	include:	1)	a	microfluidic	chip	for	single	cell	

encapsulation	and	droplet	generation,	and	2)	a	device	for	automatic	droplet	sorting	and	

screening.	
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2.5.1 PDMS	Soft-Lithography	Fabrications	
	

Both	devices	were	made	using	soft-lithography	techniques	and	Poly	dimethyl	siloxane	

(PDMS)	polymer	as	a	substrate.	This	polymer	is	an	excellent	choice	for	these	types	of	

studies	because	of	its	optical-transparency,	non-toxicity	and	biologically	inert	properties,	

making	it	a	suitable	material	for	the	biological	applications	(D.	Castro,	Conchouso,	

Kodzius,	Arevalo,	&	Foulds,	2018;	Xia	&	Whitesides,	1998).	Both	of	these	devices	contain	

micro-channels	that	are	designed	to	handle	both	a	dispersed	phase	(e.g.,	cell	+	growth	

media	+	substrate)	and	a	continuous	phase	(e.g.,	fluorocarbon	oil	with	surfactant).	Each	

of	those	immiscible	phases	has	fed	into	the	channels	of	the	two-microfluidic	chips	

through	separate	inlets.	
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Figure	2.2:	Schematic	of	a	soft	lithography	process	to	fabricate	a	microfluidics	chip	(Mazutis	et	

al.,	2013).	
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Steps	involved	in	soft	lithography	fabrication	are	briefly	listed	as	follows:	1)	

Coating	photoresists	materials	on	the	silicon	wafer,	2)	Introducing	the	coating	

photoresist	with	ultraviolet	UV	light	through	a	mask	that	designed	with	preferable	style	

to	produce	the	master,	3)	Pouring	the	PDMS	with	curing	agent	onto	the	master	and	

heating	at	60◦C	for	around	two	hours	to	cure	the	PDMS	and	transfer	the	channel	pattern	

to	the	PDMS,	4)	Bonding	step	that	involves	bond	PDMS	replica	with	glass	or	another	

piece	of	PDMS	to	surround	channels	(figure	2.2)	(S.	Brittain,	Paul,	Zhao,	&	Whitesides,	

1998;	S.	T.	Brittain	et	al.,	1998).	

	
	
	
	
	
	

	
	

	
Figure	2.3:	PDMS	CHIP	used	for	droplets	encapsulation	and	generation.	
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2.5.2 Generation	of	the	Single	Cell	Micro-droplets	
	
	

To	generate	droplets	of	the	aqueous	mix	in	the	oil	phase,	both	of	the	solutions	move	

through	the	micro-channels	and	meet	at	an	intersection	point	(figure	2.3).	Since	these	

phases	are	not	miscible,	there	is	a	balance	between	the	interfacial	tension	forces	

between	the	phases	and	the	viscous	forces	of	the	continuous	phase	(Conchouso,	Castro,	

Khan,	&	Foulds,	2014).	The	result	of	such	interaction	creates	droplets	of	constant	size	

(e.g.,	40-60µm	in	diameter)	and	with	narrow	size	distribution	(e.g.,	Coefficient	of	

variation	<5%).	The	size	distribution	is	of	great	importance	in	these	studies	because	it	

guarantees	that	every	droplet	has	the	same	reaction	conditions.	Optical	systems	have	

developed	to	measure	this	size	distribution	(Basu,	2013)	and	electrical	sensors	have	been	

used	to	detect	sudden	changes	in	droplet	generation	(Conchouso	et	al.,	2016).	
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Figure	2.4:	Fluigent	hardware	used	in	the	lab	to	control	the	flow	rates	at	which	the	oil	

and	cell	suspension	are	injected.	
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Droplets	were	generated	as	follow:	Pressure	controllers	(MFCS-EZ)	from	Fluigent	

were	used	to	inject	both	the	aqueous	and	continuous	phases	into	their	designated	inlets	

in	the	microfluidic	chips,	and	the	flow	rates	for	each	stage	have	measured	with	flow	

sensor	devices	(range	0±7	μL/min).	The	flow	rates	for	the	two	phases	were	separately	

adjusted	to	ensure	stable	micro-droplet	generation.	Unstable	flow	rates	of	the	emulsion	

led	to	different	phenomena	such	as;	dripping	and	jetting	(figure2.4)	

	
	

	
Table	2.1:	Optimization	ratios	of	the	emulsion	flow	rates	for	droplets	generation.	

	
Emulsion	      

Oil	 1000	 800	 750	 600	 500	

Liquid	 800	 500	 430	 330	 350	
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Continuous	Phase	

With	optimal	flow	rates	had	achieved	when	the	pressure	for	oil	was	596	MPa,	and	

the	pressure	for	the	aqueous	mix	was	350mPa.	The	two	phases	meet	at	the	flow-focusing	

junction	and	generate	droplets	when	the	oil	and	the	aqueous	phase	interact	(figure	2.5).	

Micro-droplet	generation	process	has	monitored	under	an	inverted	fluorescence	

microscope	(Nikon,	Eclipse	Ti2),	and	live	images	have	captured	with	a	high-speed	camera	

(Fastcamsa-z	Photron	limited).	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	

	

	
	

	
Figure	2.5:	Generation	of	the	continuous	and	dispersed	phase	in	the	chip	channels	of	the	
microfluidics.	(ESPCI,	2012)	

Disperse	Phase	
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2.6 Sorting	of	the	Positive	Droplets	
	
	

2.6.1 	Sorting	Based	Laser	Fluorescence	System	
	

To	avoid	sorting	approaches	limitations	described	before	(Saliba	et	al.,	2010;	Shields,	

Reyes,	&	Lopez,	2015).	A	fully	automated	laser	sorting	method	based	on	fluorescence	

and	di-electrophoresis	has	used	in	this	study	(Mazutis	et	al.,	2013).	

	

To	detect	fluorescence,	this	second	device	sends	all	the	generated	droplets	to	a	

fluorescence	interrogation	zone,	where	a	488nm	laser	is	shined	to	each	of	the	passing	

droplets	through	an	inverted	microscope.	Whenever	a	positive	droplet	passes	through	

this	interrogation	zone,	a	photo	multiplayer	tube	PMT	(Hamamatsu,	H10722-20)	will	

detect	the	emitted	fluorescent	signals.	This	signal	is	then	used	to	trigger	a	train	of	pulses	

generated	by	a	waveform	generator	(Agilent	33500B).	The	output	of	the	waveform	

generator	is	continuously	being	amplified	(1:1000V)	using	a	High	Voltage	Amplifier	

(figure	2.8)	(Trek,	623B).	(Figure	2.8)	

	

This	high-voltage	train	of	pulses	has	connected	to	a	couple	of	electrodes	in	our	

device	that	are	close	to	the	microfluidic	channel	(figure2.7).	Every	time	this	high-voltage	

AC	electric	field	is	present	at	the	electrodes,	it	generates	an	induced	electric	field	at	the	

passing-droplet	surroundings	and	moves	that	droplet	to	a	different	output	to	complete	
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the	sorting.	The	principle	of	droplet	separation	is	called	dielectrophoresis	and	described	

somewhere	else	(Ahn	et	al.,	2006).	

	
	

	
	
	

Counts the 
number of 
fluorescent 
droplets 

 
 
 
 
 
 

Displays the 
control signal 
for HV 
sorting 

 
 
 
 
 
 
 
 
 
 
 
 

Figure	2.6:	software	runs	based	on	the	logic	and	decision	making	for	the	laser	sorting	
system.	
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The	1000	AC	voltage	is	turned	on	for	the	time	that	each	droplet	takes	to	pass	

through	the	interrogation	window	and	therefore,	it	has	to	be	adjusted	depending	on	the	

speed	at	which	the	droplets	are	moving	through	that	window.	The	logic	behind	this	

decision	has	controlled	with	an	FPGA	board	(National	Instruments,	SCB-68A)	that	

receives	the	signals	from	the	PMT	sensor	and	then	sends	the	triggering	signal	with	a	

programmable	delay	to	the	waveform	generator.	The	synchronization	and	timing	for	the	

electric	signals	were	achieved	by	taking	a	video	with	the	high-speed	camera	and	by	

measuring	the	time	that	each	droplet	takes	on	average	to	go	from	the	interrogation	

window	to	the	outlet	bifurcation	(figure2.6).	Knowing	this	time	enables	the	selection	of	a	

set	of	parameters	at	the	waveform	generator.	The	parameters	of	the	waveform	

generator	used	during	our	experiment	described	in	the	table	below.	

(Table	2.2)	
	
	

Table	2.2.	Parameters	of	the	waveform	generator.	
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The	waveform	that	we	chose	for	this	application	is	a	Pulse	function.	The	

parameters	that	must	be	set	to	use	this	waveform	include	the	frequency	of	the	pulses,	

the	amplitude,	and	its	offset,	and	the	number	of	pulses	(Table	2.2).	Additionally,	we	set	

the	waveform	generator	to	respond	to	an	external	triggering	signal	that	was	controlled	

by	the	FPGA	board.	

	
	
	
	
	

	
Figure	2.7:	PDMS	chip	used	for	the	laser	sorting	system	
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PMT	detects	a	wide	range	of	light	wavelengths;	however,	this	application	requires	

that	only	the	fluorescent	light	emitted	by	the	biosensor	is	detected	and	the	other	

components	should	be	ignored.	To	limit	the	detection	range	of	the	light,	we	used	a	490-	

514nm-wavelength	passband	filter	in	front	of	the	PMT.	This	component	filtered	out	all	of	

the	other	light	components,	only	allowing	the	biosensor’s	fluorescent	light	to	pass	

through	it.	So,	droplets	that	emit	light	in	this	range	can	be	sorted	out	and	collected	in	a	

different	output.	The	outputs	of	the	photo	multiplayer	have	appeared	on	the	computer	

as	a	spike	(high	peaks)	as	an	indication	of	the	positive	droplets	(Figure2.6).	
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Figure	2.8:	Process	workflow	of	the	electric	signals	controlling	the	automated	sorting	
mechanism.	First	fluorescent	light	is	detected	at	the	Photo-Multiplier-Tube	(PMT).	Then	a	
data	acquisition	board	is	used	to	communicate	with	an	FPGA	board	where	the	logic	and	
programmable	delays	are	carried	out.	After	that,	the	FPGA	sends	another	signal	to	the	
external	trigger	of	the	Waveform	generator	through	the	DAQ	board.	Then,	the	waveform	
generator	produces	a	train	of	pulses	with	controlled	amplitude,	frequency,	and	width.	
Finally,	this	train	of	pulses	is	amplified	by	HVA	and	sent	to	the	sorter	chip.	The	time	that	
it	takes	from	fluorescent	light	detection	to	the	sorting	chip	can	be	as	fast	as	360µs.	
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2.7 Illumina	Library	and	Data	Analysis	

	

The	collected	droplets	that	obtained	from	sorting	part	of	the	pipeline	have	proceeded	to	

illumine	library	construction	followed	by	the	whole	genome	shotgun	sequencing.	

Bioinformatics	analysis	of	the	data	was	conducted	to	discover	several	gene	candidates	as	

Output.	

	
	
	
	

2.8 Conclusion	
	

In	this	chapter,	we	developed	a	pipeline	integrates	functional	metagenomic	and	

microfluidics.	The	key	components	for	the	success	of	this	pipeline	are	the	

straightforward	and	the	inexpensive	fabrication	process,	as	an	alternative	of	complex	

soft-lithography	procedures,	and	suitability	to	various	technological	applications.	As	this	

pipeline	can	be	used	individually	or	collectively,	we	thereby	aim	to	use	our	devices	

together	to	screen	the	metagenomic	library	for	finding	novel	lipolytic	enzymes	from	the	

Red	Sea,	which	will	be	discussed	in	chapter.3	
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CHAPTER	3:	Implementation	of	the	Pipeline	in	Identification	Novel	Lipolytic	

Enzymes	from	the	Red	Sea	

	
	

3.1 Introduction	
	

Functional	metagenomics	aims	in	principle	to	isolate	DNA	from	microbial	communities	

and	investigate	the	functions	of	encoded	proteins	(K.	N.	Lam,	Cheng,	Engel,	Neufeld,	&	

Charles,	2015).	Functional	metagenomic	complements	sequence-based	metagenomics	

approaches	by	improving	genome	annotation	and	advancing	our	understanding	of	gene	

functions	by	sequence	approach	(Alma'abadi	et	al.,	2015).	It	starts	with	construction	a	

metagenomic	library	that	involved	isolate	DNA	from	environments	of	interest,	then	size	

selection,	end	repaired,	ligation	to	fos	or	cos-based	vector,	transform	to	Escherichia	coli,	

and	finally	packaging	into	lambda	phage	(Rabausch	et	al.,	2013).	Hence,	large	insert	size	

usually	(30-50kbp)	is	obtained	from	the	construction	of	a	library	for	fos-	based	vector.	

The	methodological	steps	taken	in	this	approach	are	a	laborious	process	and	need	a	high	

level	of	capabilities	at	the	lab	bench	(Popovic	et	al.,	2017).	

	
	

Functional	screening	of	metagenomic	libraries	can	facilitate	the	discovery	of	

unique	enzymes	and	biomolecules	from	a	variety	of	environments	(Guazzaroni	et	al.,	
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2010).	A	number	of	novel	biocatalysts	and	biomolecules	have	detected	by	this	approach,	

including,	but	not	limited	to,	esterases	(Xu	et	al.,	2005),	nitrile	hydratases	(Kniep	&	

Grisebach,	1980),	and	hydrolytic	enzymes	used	in	biochemical	and	biotechnological	

industry	(Ferrer,	Beloqui,	Timmis,	&	Golyshin,	2009;	Rabausch	et	al.,	2013).	In	recent	

years,	a	considerable	number	of	literatures	have	emerged	on	isolating	lipase	enzymes	of	

microbial	origin	from	different	environments.	A	large	number	of	these	studies	used	the	

conventional	screening	methodologies	for	enzyme	detections	from	various	libraries.	The	

traditional	screening	methods	require	the	initial	isolation	and	freezing	of	individual	

clones	before	the	screening.	Once	isolated,	these	clones	have	then	screened	for	the	

presence	of	specific	enzymes	using	several	of	screening	assays,	for	example,	agar	plate-	

based	or	colorimetric-based	tests.	Isolation	of	individual	clones	from	libraries	that	could	

contain	up	to	1	X105-6	clone	is	a	daunting	task	and	extremely	time-	consuming.	Also,	the	

agar	plate-based	screening	assays	are	believed	to	lack	sufficient	sensitivity	since	they	rely	

heavily	on	the	presence	of	observable	“halos”	around	the	clones	as	evidence	for	

enzymatic	activity	(Van	Wagenen	et	al.,	2014).	

	

In	many	cases,	however,	it	is	hard	to	distinguish	these	halos	with	naked	eyes.	
	

Other	conventional	screening	methods	involve	the	use	of	colorimetric	reactions	in	

solutions.	These	tests	also	require	prior	isolation	of	individual	clones	from	the	library,	

which,	as	mentioned	above,	could	be	very	time-consuming.	Colony	picking	instruments	

have	relatively	cut	down	on	the	amount	of	time	required	for	single	colony	isolation	and	
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freezing,	but	these	technologies	are	expensive	and	not	every	laboratory	has	access	to	

them.	

	

Due	to	the	significance	of	screening	assays	for	the	detection	of	novel	enzymes,	

development	and	establishment	of	advanced	high	through	screening	methodologies	are	

in	high	demand.	In	this	chapter,	I	will	describe	our	progress	on	the	screening	of	our	Red	

Sea	metagenomic	library	using	the	single	cell	microfluidics	approach	described	above.	

For	this	work,	I	visited	Professor	Takeyama’s	laboratory	in	Japan	and	trained	on	the	use	

of	their	microfluidics	system	at	Waseda	University.	Since	the	microfluidics	system	and	

nanofabrication	lab	facilities	were	operationally	optimized,	therefore,	this	chapter	of	my	

thesis	aims	to	validate	the	robustness	and	the	potential	promises	of	the	pipeline	that	

already	established	as	mentioned	in	chapter	II	for	screening	and	sorting	of	the	functional	

metagenomics	library	from	the	Red	Sea	water.	By	applying	this	study,	we	highly	expected	

to	contribute	to	the	growing	microfluidics	field	nowadays	in	many	aspects	of	research	by	

exploring	such	diversity	and	novelty	of	the	extreme	environments.	
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3.2 Materials	and	Methods	
	
	

3.2.1 Study	Site	
	

Seawater	samples	were	collected	from	the	Red	Seaboard	RV	Thuwal	from	surface	water	

at	10	m	depth.	Repeated	samplings	were	done	to	optimize	the	efficiency	of	DNA	

extraction	and	library	preparation	(22°	17.988’N,	39°	03.427	’E).	

	
	

3.2.2 Extraction	of	High	Molecular	Weight	DNAs	
	

DNA	was	extracted	using	phenol-chloroform	extraction	methods	described	in	Chapter.2	

DNA	was	quantified	spectrophotometrically,	and	the	purity	of	DNA	was	assessed	from	

A260	nm/A280	nm	ratios	to	check	possible	contamination	of	DNA	with	phenols,	proteins,	

or	salts.	DNA	size	range	was	determined	by	overnight	agarose	gel	electrophoresis	at	low	

voltage	(20volts)	using	1kb	DNA	extension	ladder	(Invitrogen,	USA)	as	molecular	weight	

marker.	The	gels	were	stained	with	the	Nucleic	Acid	Gel	Stain,	SYBR	Gold,	for	1	hour,	the	

DNA	was	detected	under	a	blue	light	transilluminator,	and	the	gels	were	imaged	using	

Gel	Doc™	EZ	Gel	Documentation	System.	



63		

3.2.3 Separation	of	high	molecular	weight	DNA	
	

DNA	was	run	in	1	%	low-melting-point	agarose	using	pulsed-field	gel	electrophoresis	

system	CHIEF-DR	III	(BioRad)	to	separate	large	DNA	fragments	effectively.	The	used	

conditions	were	described	in	table	3.1	below.	After	that,	large	DNA	fragments	of	40-	

50kbp	sizes	were	retrieved	using	Large	Fragment	DNA	Recovery	Kit	(Zymo	Research).	

	
	

	
Table	3.1:	Parameters	used	for	PFGE	separation	

	
Parameter	 Conditions	

Volt	 14	°C	gradient	6	V/cm	

Angle	 120°	

Initial	switch	time	 0.5	s	

Final	switch	time	 8.5	s	

Ramping	factor	 Linear	

Running	time	 18hours	

	
	

	
DNA	(4	μg/well),	1kb	DNA	size	maker,	and	the	size	control	Lambda	DNA	(48	kb)	were	

loaded	onto	1%	low	melting	agarose	gels.	Gels	were	run	overnight	at	30	volts.	Following	

electrophoresis,	the	gels	were	stained	with	1%	SYBR	Gold	dye	in	1XTAE	buffer,	and	the	

DNA	was	detected	with	a	blue	light	trans	illuminator.	In	order	to	recover	large	DNA	

fragments	between	30-50	KB,	the	gels	in	each	lane	were	first	aseptically	excised	from	
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about	1mm	below	and	1mm	above	the	48kb	Lambda	control	band.	The	DNA	was	

subsequently	recovered	from	the	gel	using	a	column	purification	kit	(Zymoclean™	Large	

Fragment	DNA	Recovery	Kit)	according	to	manufacturer	instructions.	Briefly,	three	

volumes	of	ADB	buffer	was	added	to	each	volume	of	the	excised	agarose	gel;	the	samples	

were	incubation	at	37-55	°C	for	10	minutes	until	the	gel	was	completely	dissolved,	the	

solution	was	then	loaded	onto	a	Zymo-Spin™	Column,	and	centrifuged	at	maximum	

speed	for	1	minute.	The	column	was	washed	with	wash	buffer,	centrifuged	for	30	

seconds,	and	DNA	was	eluted	with	elution	buffer.	

	
	

3.2.4 Construction	of	Fosmid	Metagenomic	Libraries	Derived	from	the	Red	Sea	Water	
	
	

Fosmid	libraries	of	the	Red	Sea	water	samples	were	constructed	using	the	

CopyControlTM	Fosmid	Library	Construction	Kit	(Epicentre)	following	manufacturer’s	

recommendations	with	minor	modifications	(figure	3.2)	(Taupp,	Lee,	Hawley,	Yang,	&	

Hallam,	2009).	For	convenience,	I	have	divided	these	procedures	into	five	main	parts	and	

sub-divided	them	into	several	steps,	which	I	will	describe	in	the	following	sections.	
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Figure	3.1:	pCC1FOSTM	Vector	Map.	
	
	
	
	
	

Part	1:	End-Repair	Reactions:	
	
	
	

Once	the	high	molecular	weight	DNA	was	isolated,	the	DNA	was	end	repaired	to	

generate	blunt	ended	5’	phosphorylated	DNA	required	for	the	subsequent	ligation	
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reactions.	Briefly,	DNA	(2~4	μg)	was	incubated	with	the	end-repair	reaction	mix	(1X	end-	

repair	buffer,	1	mM	ATP,	4	mM	dNTP,	and	end-repair	enzyme	mix)	for	45	min	at	room	

temperature.	The	samples	were	then	heated	at	70°C	to	inactivate	the	end-repair	

enzyme.	The	DNA	was	then	concentrated	using	ethanol	precipitation,	and	the	DNA	

pellets	were	re-suspended	in	10	ml	of	nuclease-free	dH20.	The	DNA	was	ready	for	

ligation	step,	which	I	will	explain	next.	

	

Part	2:	DNA	Ligation	into	the	fosmid	vector	
	

The	recovered	end-repaired	DNA	became	ready	to	be	ligated	into	the	pCC1-fosmid	

cloning	vector	(figure	3.1)	in	a	1:10	insert	to	vector	ratio.	For	each	ligation	reaction,	0.25	

μg	of	insert	DNA	was	mixed	with	the	ligation	reagent	mixture	containing	1X	Fast-Link	

ligation	buffer,	1mM	dATP,	1	ml	pCC1-fosmid	vector,	and	1	ml	Fast-Link	DNA	ligase	in	a	

10	ml	reaction	mixture.	Then,	samples	were	incubated	at	room	temperature	for	4	hours	

and	then	heated	at	70°C	for	10	min	to	inactivate	the	ligase	enzyme.	

	
	

	
Part	3:	Packaging	of	the	Ligation	Products	into	Lambda	Phage	Packaging	Extracts	

Step	1.	Two	or	three	days	before	the	intended	phage	packaging,	the	EPI300-T1R	E.coli	

plating	strain	was	streaked	on	a	plain	LB	agar	plate,	and	the	plate	was	incubated	

overnight	at	37°C	to	obtain	single	colonies.	
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Step	2.	The	day	before	the	packaging	reaction,	50	mL	of	LB	broth	+	10	mM	MgSO4	

solution	was	inoculated	with	one	single	bacterial	colony	obtained	in	step	1.	The	mixture	

was	shaken	at	225	rpm	and	37°C	overnight.	

Step	3.	The	day	of	the	packaging	reactions,	a	fresh	50	mL	LB	broth	+	10	mM	MgSO4	

solution	was	inoculated	with	5	mL	of	the	overnight	culture	prepared	in	step	2.	The	

mixture	was	allowed	to	grow	at	37°C	to	an	OD600	of	0.8	to	1.0.	

Step	4.	The	MaxPlax	Lambda	Packaging	Extracts	was	briefly	thawed	on	ice	(10-15	

minutes).	Once	melted,	25μl	of	each	packaging	extract	was	immediately	transferred	to	a	

pre-chilled	1.5	mL	microfuge	tube	and	placed	on	ice.	

Step	5.	10	μl	of	the	ligation	reaction	was	added	to	each	25	μl	of	the	thawed	extracts	on	

ice,	and	the	samples	were	mixed	gently.	The	packaging	reactions	were	then	incubated	at	

30°C	for	90	min.	

Step	6.	After	the	90	min	packaging	reaction	was	completed,	the	remaining	25μl	of	

packaging	extract	was	added	to	each	reaction	tube.	The	reaction	was	further	incubated	

for	another	90	min	at	30°C,	following	which	100μl	of	the	prepared	Phage	Dilution	Buffer	

was	added	to	each	reaction	tube	and	mixed.	

Step	7.	Finally,	20μl	of	chloroform	was	added	to	each	tube,	and	the	solution	was	mixed	

gently	by	inverting.	

Part	4:	Infection	of	the	Host	E.	coli	and	generation	of	the	metagenomic	library	

Packaged	phages	were	added	to	EPI300-T1R	host	cells	(OD600=0.8-1.0).	Cells	were	mix	

gently	and	then	incubate	at	37°C	for	30	min.	

Part	5:	Plating,	Titering,	and	storage	of	the	metagenomic	libraries	
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The	metagenome	libraries	generated	in	Step	4	were	titrated	to	estimate	the	total	

number	of	CFU	obtained	from	each	library.	Briefly,	different	volumes	of	each	library	(10-	

300	ml)	were	streaked	on	fresh	LB	plates	containing	12.5	μg/mL	chloramphenicol	

antibiotics.	The	plates	were	then	incubated	at	37°C	for	24-48	hours	until	colonies	

formed.	The	number	of	colonies	formed	on	each	plate	was	counted.	The	total	number	of	

cfu	in	each	library	was	then	estimated	based	on	the	number	of	colonies	obtained	from	

different	titration	plates	normalized	against	the	total	volume	of	each	library.	

Meanwhile,	immediately	after	titration	and	plating,	the	metagenomic	library,	generated	

in	Part	4	above,	were	harvested	by	using	centrifuge	at	3,500	g	for	10	minutes	at	4°C.	The	

cell	pellets	were	re-suspended	on	ice	1	mL	LB/	20%	glycerol	on	ice,	100μl	aliquots	from	

the	cell	suspensions	were	transferred	into	2ml	cryovial	tubes	plus	20%	glycerol,	and	the	

tubes	were	stored	at	-80°C	for	the	library	screening	steps.	
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Figure	3.2:	construction	workflow	of	a	metagenomic	library	(epicenter.com)	
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3.2.5 Screening	of	the	Metagenomics	Library	
	

• Substrate	
	

To	find	out	which	fluorescent	substrate	to	work	on	in	the	experiment.	Two	

substrates	have	tested:	fluorescein	dilaurate	and	fluorescein	dicaprylate.	We	wanted	

to	investigate	several	conditions	to	confirm	the	substrate	that	meets	the	experiment	

aim	and	requirements.	These	conditions	include	auto-fluorescent	which	means	the	

fluorescent	do	not	emit	fluorescent	automatically	within	droplets	after	incubation	for	

several	hours-	Leakage	to	the	neighbored	droplets.	Two	settings	of	the	experiment	

were	used	for	each	substrate.	

	

A) Encapsulation	droplets	contain	only	substrate.	
	

B) Encapsulation	droplets	contain	cells	and	substrate.	
	

10μm	fluorescein	dicaprylate	(Sigma)	was	dissolved	in	ethanol	and	introduced	for	

droplets	encapsulation.	Incubated	at	37°C	for	24hours.	It	also	was	applied	for	fluorescein	

dilaurate.	

	

• Positive	control	test	
	

	
After	confirming	the	excellent	substrate	to	work	within	this	pipeline,	Lipase	positive	E.coli	

cells	were	used	as	a	positive	control.	These	cells	harbor	a	plasmid	that	expresses	the	

lipase	gene,	Lip32Nc.	Lipase	positive	control	was	cultured	in	LB	media	and	100mg/ml	
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Ampicillin.	Then,	the	culture	was	incubated	for	overnight	at	37°C.	After	that,	it	was	

encapsulated	in	single	cell	droplets	using	fluorescein	dilaurate.	

	

• Metagenomic	Library	Prep	for	Droplets	Generation	
	

	
A. Aqueous	phase:	Since	the	liquid	phase	contains	living	cells	from	our	metagenomic	

library	when	we	generate	the	droplets,	we	are	also	encapsulating	our	cells	inside	each	

droplet.	The	aqueous	phase	contains	not	only	the	living	cells	from	our	metagenomic	

library	but	also	include	10μM	lipase	specific	substrates	tagged	with	fluorescence	

markers,	induction	solution	(Epicenter),	and	12.5μg/ml	chloramphenicol	in	microbial	

growth	media.	The	inclusion	of	the	standard	LB	growth	media	in	the	micro-droplets	

ensures	the	delivery	of	micronutrients	needed	for	microbial	growth	using	the	incubation	

period	(the	time	required	for	an	enzymatic	reaction	to	take	place).	

	

B. The	immiscible	continuous	phase:	This	phase	consisted	of	a	mixture	of	fluorinated	oil	

(FC-40;	Sigma	Aldrich)	and	a	surfactant	(2%	Pico-	surf1;	Dolomite).	The	oil	is	used	for	

droplets	generation.	Fluorinated	oils	are	biologically	inert	and	therefore,	a	suitable	

carrier	for	biological	material	(Baret,	2012).	The	surfactant	stabilizes	the	droplets	and	

prevents	their	coalescence.	
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3.2.6 Sorting	of	the	Positive	Droplets	
	

Once	the	single	cell	encapsulation	step	was	accomplished	from	the	previous	step,	

incubation	for	16-18h	at	37°C	was	performed.	After	this	incubation,	droplets	were	pre-	

loaded	into	a	20	cm	long	PTFE	tubing	of	~25μm	diameter.	Then	this	tubing	was	plugged	

to	our	flow	control	system	to	reinject	the	incubated	droplets	to	our	fully	automated	

sorting	device.	This	second	microfluidic	system	sorts	automatically	the	droplets	that	

show	strong	fluorescence	signal	from	those	with	no	fluorescence.	This	signal	indicates	

that	the	cells	have	expressed	lipase	enzymes,	which	in	turn	have	interacted	and	

cleaved	fluorescein	dilaurate.	

	

The	droplets	were	separated	based	on	the	fluorescent	marker,	which	is	

fluorescein	dilaurate	(Sigma)	wavelength	λex	490	nm;	λem	514	nm.	Then,	positive	and	

negative	droplets	were	collected	separately	in	two	different	Eppendorf	tubes.	

Following	this	procedure,	the	positive	droplets	were	checked	under	a	microscope	to	

confirm	their	fluorescence.	After	that,	the	positive	droplets	were	diluted	using	more	

FC40	oil,	and	then	each	positive	droplet	was	picked	up	manually	with	a	pipette	

(Drummond	micro	dispenser)	and	placed	in	a	separate	Eppendorf	tube.	Each	tube	

contained	LB	culture	media	and	12.5μg/ml	chloramphenicol,	and	was	incubated	at	37°C	

for	24h	to	grow	the	cell	population	to	approximately	(8.8	*103	cells/μl)	concentration.	

	

These	droplets	were	then	subjected	to	plasmid	extraction	method	using	Plasmid	

Miniprep	(Qiagen)	followed	by	run	the	fosmid	extracts	on	1%	low	melting	point	agarose	
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gel.	Finally,	fosmid	droplets	of	the	size	of	interest	were	retrieved	using	large	fragments	

recovery	kit	(Zymo	Research).	

	

Hand	picking:	To	increase	the	number	of	positive	droplets,	hand	picking	for	the	positive	

droplets	was	performed	without	using	the	laser	system.	First,	the	droplets	encapsulation	

step	was	performed	as	described	above.	After	overnight	incubation,	the	positive	droplets	

were	checked	under	a	microscope	to	confirm	their	fluorescence.	Due	to	the	difficulties	of	

picking	one	droplet	among	thousands	in	one	slide,	several	dilutions	with	FC40	oil	was	

done.	Then,	the	positive	droplets	were	diluted	using	more	FC40	oil,	and	then	each	

positive	droplet	was	picked	up	manually	with	a	pipette	(Drummond	microdispenser)	and	

placed	in	a	separate	Eppendorf	tube	(figure3.3).	Each	tube	contained	LB	culture	media	

and	12.5μg/ml	chloramphenicol,	and	was	incubated	at	37°C	for	24h	to	grow.	These	

droplets	were	then	subjected	to	plasmid	extraction	method	using	Plasmid	Miniprep	

(Qiagen)	followed	by	run	the	fosmid	extracts	on	1%	low	melting	point	agarose	gel.	



74		

	
	
	
	
	
	
	
	

	

	
	

Figure	3.3:	Positive	droplets	hand	picking	method.	Appropriate	amounts	were	taken	from	
the	droplets	tube,	diluted	several	times,	and	then	picked	them.	



75		

	
	

3.2.7 Nextra	library	prep	for	sequencing	
	

Nextra	XT	library	was	prepared	using	the	Nextera	XT	DNA	Sample	Preparation	Kit	

(Illumina)	following	the	manufactures	instructions	(figure	3.4).	I	will	explain	each	step	in	

details	in	the	followings	steps:	

	
	

Figure	3.4:	workflow	of	nextra	library	preparation.	Adopted	from	illumine.com	
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• Tagmentation	of	Genomic	DNA	
	

The	aim	of	this	step	is	to	tagment	gDNA	by	using	the	Nextra	transposome;	in	this	process,	

DNA	fragmentation	will	occur	and	subsequently,	stick	with	adaptors	sequence.	To	do	

that,	in	a	new	Hard-Shell	PCR	Plate	we	added	(10μl	tagmentation	buffer,	5μl	of	.2ng/μl	

DNA,	and	5μl	of	the	enzyme	tagmentation	mix).	Mixing	by	pipetting	this	mixture	very	

well	is	needed	and	centrifuge	at	280xg	at	20C	for	1min.	Then,	the	PCR	plate	was	placed	

on	the	thermal	cycler	and	start	run	the	tag-	mentation	program.	Once	done,	5μl	of	the	

Neutralize	Tagment	buffer	immediately	was	added	to	this	reaction	and	mixed	gently	

following	by	centrifugation	at	280xg	at	20°C	for	1min.	After	that,	the	plate	consists	of	

25μl	tagmented,	and	neutralized	gDNA	was	incubated	for	5	minutes	at	room	

temperature.	

	

• Libraries	Amplification	
	

This	step	aims	to	amplify	the	tagmented	DNA	using	PCR	program.	Once	the	reaction	has	

begun,	PCR	ads	the	completed	adapters	sequences	to	the	fragmented	DNA	from	the	

previous	step,	index1	(i7),	and	index2	(i5).	These	adapters	were	precisely	added	to	the	

tagmented	DNA	of	the	previous	step	as	following:	5μl	of	each	index	1(i7)	adapter	was	

added	down	each	column,	5μl	of	each	index	2(i5)	adapter	was	added	across	each	row,	

and	then	15μl	of	Nextra	PCR	Master	Mix	(NPM).	After	that,	all	mixtures	were	mixed	

gently	and	centrifuge	at	280xg	at	20C	for	1min.	The	total	reaction	volume	of	50μl	was		
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subjected	for	running	in	the	PCR	program.	The	plate	can	be	stored	at	2°C	to	8°C	up	to	2	

days	or	can	be	kept	on	the	thermal	cycler	overnight.	

	

• Clean	up	Libraries	
	

Cleaning	up	the	Illumina	libraries	utilizes	AMPure	XP	beads	to	remove	short	library	

fragments	and	decontaminate	the	libraries	from	any	contaminations.	First,	the	plate	was	

spinned	down	at	280xg	at	20C	for	1min.	Second,	30μl	AMPure	beads	were	added	to	each	

well	(the	ratio	of	PCR	product	to	beads	volume	is	3:2,	depends	on	the	PCR	product,	the	

amount	of	the	AMPure	beads	will	be	adjusted).	Third,	the	reaction	was	mixed	gently	for	

at	least	2	minutes	and	then	incubated	at	room	temperature	for	5	minutes.	The	plate	was	

settled	on	a	magnetic	stand	for	2	minutes	until	the	liquid	reaction	becomes	clear.	Then,	

all	supernatant	were	removed	from	each	well	to	start	washing	step.	Washing	step	should	

be	done	two	times	as	following:	170μl	fresh	80%	ethanol	was	added	to	each	well,	

incubate	on	a	magnetic	stand	for	30seconds,	and	then	eliminate	all	supernatant	from	

each	well.	

	 After	that,	the	plate	was	exposed	to	air	dry	on	the	magnetic	stand	for	15	minutes.	

Once	all	samples	got	dry,	52.5μl	of	the	re-suspension	buffer	(RSB)	was	added	to	each	

well.	The	plate	was	mixed	gently	and	incubated	at	room	temperature	for	2	minutes.	

Then,	it	placed	on	the	magnetic	stand	for	2	minutes	until	the	liquid	is	clear.	Finally,	

50μlof	the	supernatant	from	each	well	was	removed	to	a	new	PCR	plate.	
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• Check	Libraries	
	

1μl	of	each	sample	was	run	on	an	Agilent	Technology	2100	Bioanalyzer	utilizing	a	chip	

called	a	high	sensitivity	DNA	chip	to	check	the	size	distribution	of	the	libraries.	

	
	

3.2.8	Data	Analysis	
	
	

A5miseq	pipeline	was	used	for	processing	raw	reads	into	contigs	(Coil,	Jospin,	&	Darling,	

2015;	Knight,	Squire,	Collins,	&	Riley,	2017).	A5-miseq	pipeline	was	used	to	assemble,	

and	data	processing	of	the	raw	data	resulted	from	Illumina	sequencing.	In	particular,	it	

established	for	de-novo	prokaryotic	assembly	of	Illumina	paired-end	data	(Coil,	Jospin,	&	

Darling,	2014).	Once	installed,	first,	poor	quality	and	adaptor	sequences	remnant	from	

sequencing	were	eliminated	(figure	3.5).	

Second,	overlapping	reads	were	assembled	long	sequences	that	called	contig	assembly.	

Then,	the	scaffolding	process	involves	the	alignment	of	these	contigs	to	each	other.	

Lastly,	all	reads	were	mapped	back	into	contigs	or	scaffold	as	a	confirmation	and	

verification	step	to	exclude	misassembles.	

Prokka	tool	was	used	for	genome	annotation	and	identified	coding	sequence	(CDS)	

(Seemann,	2014).	It	is	software	established	for	the	fast	annotation	of	prokaryotic	

genomes	where	the	sequence	reads	can	be	annotated	in	10	minutes	or	less.	As	input,	

contig	data	of	genomic	DNA	sequences	were	annotated	in	the	FASTA	format	file.	Prokka	
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finds	and	describes	all	features	of	the	DNA	genomes	that	include	coordinates	of	

predicted	coding	sequences	(CDSs)	and	their	putative	products,	rRNA	genes,	transfer	

RNA	(tRNA)	genes,	and	non-coding	RNA.	Prodigal	tool	one	of	the	features	that	determine	

the	start	and	end	position	(CDSs)	of	possible	genes.	The	candidate	genes	were	compared	

to	protein	databases	using	the	Basic	local	alignment	search	tool	(BLAST)	to	determine	the	

putative	genes	products	of	these	features	(figure	3.5).	Prokka	categorized	this	method	

from	down	to	the	top,	starting	with	a	smaller	database-	SwissProt,	moving	to	medium-	

with	domain-specific	sequence	database-	RefSeq,	and	finally	to	a	series	of	hidden	Markov	

model	profile	databases	like	Pfam.	The	annotations	of	the	best	significant	match	

annotation	are	then	transferred	with	default	e-value	threshold	of	10796)	(Seemann,	

2014).	Potential	host	contaminations	were	removed	by	BLAST	search.	

	

- Phylogenetic	Tree	
	

The	phylogenetic	analysis	has	started	by	construction	a	neighbor-joining	method	carried	

out	to	investigate	the	phylogenetic	relationships	between	lipolytic	candidates	and	other	

species	(top	15	BLAST)	using	MEGA7.	One	thousand	bootstrap	replicates	were	selected	

using	MEGA7	software.	

	

- Active	sites	comparison	
	

Multiple	sequence	alignment	was	carried	out	using	ClustalW	to	check	the	catalytic	

function	at	different	sites	of	each	lipase	and	esterase	genes.	First,	I	selected	the	1st,	2nd,	

and	3rd	closest	to	the	candidates	from	the	phylogenetic	tree	and	representative	genes	
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from	NCBI.	Second,	multiple	sequence	alignments	for	each	candidate	with	its	similar	

species	was	conducted.	Then,	the	conserved	regions	obtained	from	alignments	output	

were	checked	and	investigated	their	catalytic	features	from	reported	data	in	UniProt.	

	
	

A5-miseq	pipeline	(Coil	et	al.,	2015)	
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Figure	3.5	processing	of	the	data	and	functional	annotation	(Seemann,	2014).	
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3.3 Results	and	Discussion	

3.3.1 Extraction	and	Separation	of	the	High	Molecular	Weight	DNA	
	

The	phenol-chloroform	extraction	method	was	found	to	be	very	useful	for	the	extraction	

of	high-molecular-weight	DNA	from	the	Red	Sea	water	samples.	Each	20L	of	the	Red	Sea	

water	yielded	approximately	~4	μg	of	high	-quality	DNA,	and	high	molecular	weight	

metagenomic	DNA	was	obtained	as	well,	the	average	insert	size	was	estimated	at	60kbp	

(figure.3.6).	Following	the	successful	extraction	of	DNA	from	the	Red	Sea	water	samples,	

the	next	challenge	of	separation	sufficient	quantities	of	large	molecular	DNA	(>40	kb)	

was	resolved	by	using	PFGE.	To	separate	theses	fragments	effectively,	PFGE	was	used	

because	the	majority	of	the	fragments	were	high,	and	large	DNA	fragments	need	more	

time	to	separate.	Hence,	~3-4	μg	DNA	was	loaded	in	each	well	and	metagenomic	DNA	

bands.	The	bands	were	run	overnight	under	pulsed	field	and	separated	at	>48kbp	(figure	

3.7),	the	high	molecular	weight	DNA	is	excised,	and	is	subsequently	eluted	from	the	gel	

via	column	purification.	
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Figure	3.6:	Extraction	of	metagenomic	DNA	with	the	majority	of	the	size	distribution	at	
	

~60kbp.	Data	obtained	by	2200	TapeStation	Software,	Agilent	Technologies.	
	
	
	
	

The	amounts	of	DNA	retrieved	from	gel	purification	were	sufficient	enough	in	terms	of	

quantity	and	quality	to	processed	to	the	library	construction	method.	Figure	3.6	shows	a	

curve	obtained	by	tap-station	software	to	check	the	size	distribution	of	the	metagenomic	

DNA.	Figure	3.7	Shows	an	image	of	the	DNA	ran	on	low	melting	point	agarose	gel	under	

pulsed	field	with	dotted	lines	showing	the	points	where	the	gels	were	excised.	Two	

control	markers,	the	fosmid	insert	DNA	with	a	42	kb	band	and	the	lambda	DNA	marker	

with	a	48	kb	band,	were	run	alongside	the	DNA.	As	can	be	seen	in	the	figure,	the	gels	

were	cut	from	about	1mm	below	the	42	KB	marker	line	and	1mm	above	the	48	KB	
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marker	line.	The	gel	purified	DNA	was	later	used	for	the	construction	of	the	fosmid	

library.	

In	this	part,	I	concluded	that	sequential	filtration,	phenol-chloroform	

extraction,	and	PFGE	separation	could	significantly	affect	yield	and	quality	of	the	

metagenomic	DNA	that	is	consistent	with	other	studies	(Cheng	&	Jiang,	2006).	

PFGE	significantly	reduce	the	loss	of	DNA	samples	compared	with	standard	gel	

electrophoresis	system	that	led	to	the	loss	high	yield	of	the	DNA.	We	found	that	high	

molecular	weight	DNA	is	very	precise	and	need	such	an	excellent	method	to	retrieve	

most	of	it	same	quality.	Using	PFGE	as	an	ideal	method	for	our	case	because	it	helped	to	

recover	~	60-70%	of	our	DNA	in	same	quality	the	separation	of	high	molecular	weight	

DNA	was	achieved	relatively	easier	compared	to	the	conventional	method.	Therefore,	

the	most	prominent	finding	to	emerge	from	this	part	is	that	recovering	high-quality	

metagenomic	DNA	from	seawater	is	a	most	primitive	and	essential	step	to	figure	out	the	

genomics	potentials	and	microbial	communities	through	molecular	approaches.	
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Figure	3.7:	Separation	of	high	molecular	weight	DNA	by	Pulsed	Field	Gel	Electrophoresis	
(PFGE)	1:	gel	extension	ladder,	2:	lambda	as	a	positive	control	40kbp.	3:	RS1-RS2-RS3-	
RS4:	The	Red	Sea	samples	separation	at	~48kbp.	Fosmid	control	48kbp.	PFGE	change	
among	three	directions	periodically,	which	allow	more	DNA	fragments	to	be	separated.	
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3.3.2 Construction	of	Functional	Metagenomic	Libraries	Derived	from	the	Red	Sea	Water	
	

Following	the	copy-control	library	construction	kit,	fosmid	libraries	from	the	Red	Sea	

water	have	constructed	with	titration	85.000cfu/ml.	Fosmids	were	chosen	in	this	study	

for	the	following	reasons:	1)	Fosmids	can	accommodate	up	to	40	kb	of	insert	DNA;	2)	

Individual	colonies	in	fosmid	libraries	will	contain	only	a	single	recombinant	fosmid	

vector,	in	contrast	to	those	transformed	by	plasmids	which	could	contain	multiple	copies	

of	the	recombinant	plasmids;	3)	Once	the	fosmid	library	is	generated,	individual	colonies	

can	be	induced	to	create	many	copies	of	their	single	recombinant	fosmid,	which	could	

help	amplify	the	signal	and	increase	the	sensitivity	of	detection	during	screening	process.	

In	general,	biocatalysts,	including	lipases,	require	a	cohort	of	proteins	and	enzymes	for	

their	expression	and	function.	These	genes	are	typically	located	in	close	vicinity	within	

the	genome.	By	accommodating	a	large	insert	size,	fosmid	clones	could	potentially	house	

a	cluster	of	genes	necessary	for	the	expression	and	function	of	the	gene	of	interest.	

Construction	of	metagenomic	libraries	follows	similar	steps	as	the	cloning	of	genomic	

DNA	generated	from	individual	microorganisms.	In	general,	the	required	steps	involve	

the	extraction	of	DNA	from	environmental	samples,	insertion	of	the	DNA	into	

appropriate	vector	systems,	and	transformation	or	the	transfer	of	the	recombinant	

vectors	into	a	suitable	host	such	as	Escherichia	coli	[E.coli].	
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	 The	number	of	cfu	generated	from	the	Red	Sea	library	was	considerably	efficient	

(figure	3.8)	as	having	a	very	high	quality	DNA	with	large	molecular	weight	is	paramount	

to	the	efficiency	of	fosmid	library	generation.	Also,	the	library	made	with	the	DNA	using	

PFGE	that	have	been	efficient	for	complete	separation	and	resolution	of	high	molecular	

weight	DNA;	due	to	sufficient	resolution,	the	separated	DNA	has	had	a	high	percentage	

of	the	high	molecular	weight	fraction	required	for	efficient	library	generation.	

	
	
	
	
	
	
	

Figure	3.8:	Colonies	obtained	as	a	result	of	construction	metagenomic	library.	Different	
volumes	of	the	final	library	preparations	were	streaked	on	LB/Chloramphenicol	plates,	
and	the	plates	were	incubated	at	37°C	for	24hrs.	
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	 The	average	insert	size	of	the	metagenomic	library	ranged	from	40	to	60	KB.	These	

values	are	following	those	published	for	large-insert	metagenomic	libraries	elsewhere	

(Gao	et	al.,	2016;	Yeates	&	Blackall,	2006).	

	 A	validation	test	of	the	randomly	selected	fosmid	clones	by	gel	electrophoresis	

revealed	that	the	constructed	metagenomic	library	contains	more	than	48kbp	insert	

size	(Figure	3.9).	This	test	indicates	that	I	successfully	constructed	a	metagenomic	

library	of	good	variety	and	high	quality.	To	sum	up,	the	purpose	of	the	current	study	

was	to	construct	a	metagenomic	library	of	large	insert	size	and	then	screen	

	
	
	
	

	
Figure	3.9:	Gel	electrophoresis	test	of	clones	from	the	Red	Sea	metagenomic	library	
showed	inset	size	at	~48kbp	of	the	metagenomic	library	clones.	
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Library	for	novel	microbial	enzymes	using	fluorescence-based	screening	assay	that	

incorporates	high	throughput	single	cell	microfluidics	technology.	In	the	following	part,	I	

will	describe	our	successful	attempts	to	screen	the	metagenomic	library	as	we	expected	

that	its	microbial	communities	are	unique	and	diverse.	
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3.3.3 Functional	Screening	Using	Droplets	Based	Microfluidics	Technology	
	

	
3.3.3.1 Substrate	efficiency	

	

As	mentioned	before,	10μM	Fluorescein	Dilaurate	was	used	as	a	fluorescent	substrate	in	

this	study.	Features	such	as	autofluorescent	and	leakage	in	droplets	were	investigated	

and	confirmed	that	fluorescein	dilaurate	is	an	efficient	substrate	to	work	with	compared	

with	other	substrates	(figure	3.10).	Furthermore,	some	droplets	containing	cells	did	not	

show	any	fluorescence,	which	could	be	due	to	a	lack	of	expression	of	any	lipolytic	

enzymes	by	these	cells	in	particular.	This	can	also	be	due	to	the	high	specificity	of	the	

fluorescein	dilaurate	as	only	cells	expressing	lipase/esterase	were	detected	within	the	

substrate	range	and	subsequently	emitted	the	fluorescence.	Taken	together,	this	

confirms	that	fluorescein	dilaurate	is	specific	and	not	subject	to	cleave	by	any	cell,	as	

previously	described	(Qiao	et	al.,	2018).	
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Figure	3.10	a)	Fluorescein	Dicaprylate:	Both	negative	control	and	positive	control	showed	
intense	fluorescent	lights	b)	Fluorescein	Dilaurate;	as	expected	positive	control	(right	
panel)	were	fluorescent,	and	negative	control	(left	panel)	was	dark.	
A	diameter	of	25um
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3.3.3.2 Encapsulation	and	screening	of	positive	control	
	

Lipase	positive	E.coli	cells	were	used	as	a	positive	control.	These	cells	harbor	a	plasmid	

that	expresses	the	lipase	gene,	Lip32Nc.	Lipase	positive	control	was	encapsulated	in	

single	cell	droplets	using	fluorescein	dilaurate.	As	shown	in	figure	3.10,	cells	expressing	

lipase	were	fluorescent	upon	detection	under	the	microscope.	As	expected,	the	positive	

control,	Lip32Nc,	successfully	cleaved	the	lipase	specific	substrates	encapsulated	within	

the	droplets.	After	overnight	incubation,	it	was	observed	under	the	microscope	that	

every	single	cell	has	increasingly	grown,	and	lipolytic	microorganisms	have	catalyzed	

green	fluorescent	droplets	to	be	apparent	as	well	(figure	3.13).	

	
	

3.3.3.3 Screening	of	the	functional	metagenomic	library	from	the	Red	Sea	
	

After	 ensuring	 that	 single	 cell	 encapsulation	 of	 the	 positive	 control	 cells	 and	 their	

subsequent	 screening	 for	 lipases	 was	 successful,	 we	 started	 screening	 the	 Red	 Sea	

metagenomic	library	for	the	presence	of	lipases/esterase.	As	mentioned	in	the	material	

and	methods,	FD	of	lipase	specific	substrates	was	tested	separately	with	a	total	of	85,000	

cfu	 generated	 from	 the	 Red	 Sea	 library.	 The	 single	 cell	micro-droplets	were	 incubated	

with	a	 fluorescent-	 tagged	substrate	for	24	hours,	and	the	cells	were	screened	under	a	

fluorescent	microscope.	Summary	of	the	pipeline	is	shown	in	figure	3.11.	
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Figure	3.11:	Workflow	of	the	pipeline	for	lipolytic	genes	detection	through	
droplet-based	microfluidics	and	laser	sorting	techniques.	Culture	of	
metagenome	clones	with	a	specific	marker	(fluorescein	dilaurate)	
encapsulates	in	a	single	cell	followed	by	optic	detection	under	a	fluorescent	
microscope	and	sorted	by	automated	laser-based	fluorescence	system.	The	
sorted	droplets	were	sequenced	and	analyzed	further	using	Hiseq4000	



94		

	
	

	
The	concentration	of	the	cell	was	theoretically	determined	at	8.8	103	cells/μL	for	

fluorinated	oil	(Hosokawa	et	al.,	2015)	to	ensure	that	most	of	the	droplets	have	only	one	

cell	 per	 droplet	 (figure	 3.12).	 Almost	 30%	 were	 empty,	 this	 ration	 expect	 to	 be	 high	

depends	on	the	concentrations	and	number	of	cells	we	started;	however,	it	is	estimated	

to	be	enough	for	obtaining	positive	droplets	from	the	metagenome	bulk.	If	we	take	into	

consideration	 that	 each	 1μl	 of	 the	 generated	 droplets	 could	 have	 ~	 100	 droplets,	

therefore,	it	is	highly	expected	to	observe	6-5	positive	one	among	them	which	is	almost	

same	like	what	found	in	this	experiment.	
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Figure	3.12:	optical	inspection	with	a	microscope	under	white	light,	showing	that	there	
was	only	a	single	cell	per	droplet,	(left).	Single	cells	were	grown	after	overnight	
incubation	(right	panel).	A	diameter	of	25um	

	
	

Using	our	device	at	 these	pressures,	droplets	were	generated	at	a	rate	of	1x106	

droplets/h	with	a	25μm	diameter.	Eppendorf	tube	was	subjected	to	incubation	at	37	°C	

for	16h	to	allow	for	microbial	cells	to	excrete	lipolytic	enzymes	based	on	the	fluorescence	

substrate.	After	overnight	 incubation,	 it	was	observed	under	the	microscope	that	every	

single	 cell	 has	 increasingly	 grown	 at	 the	 sterilized	 environment,	 and	 lipolytic	

microorganisms	 have	 catalyzed	 producing	 the	 green	 fluorescent	 droplets	 (figure	 3.13).	

The	fluorogenic	substrate	has	its	mechanism	that	allows	to	spread	through	the	periplasm	

of	 the	 lipolytic	microorganisms	 and	 got	 hydrolyzed	 once	 detected	 by	 lipolytic	 species.	

Among	1μl	of	the	generated	droplets,	5-6%	were	positive	for	lipolytic	enzymes,	the	
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results	of	metabolizing/	hydrolyze	 the	 lipid	 source	of	 FD	by	 lipolytic	microorganisms	 in	

the	 metagenomic	 library.	 Therefore,	 once	 lipolytic	 species	 detect	 lipase	 chain	 of	 FD,	

starts	to	cleave	ester	bond	and	the	result	of	the	hydrolysis	are	a	green	light.	The	positive	

droplets	are	an	indication	of	the	positive	lipase/esterase	species	from	the	metagenomic	

library.	

	
	

Lipolytic	microorganisms	have	interacted	with	the	substrate	in	different	time	16-	

24h	in	the	dark	incubation	area.	As	a	result,	various	emitted-light	intensities	have	shown	

at	a	different	level	of	time,	the	more	time	of	incubation,	the	more	chance	of	observing	

intense	droplets.	The	resulted	interaction	between	the	lipolytic	microorganisms	and	the	

fluorescein	dilaurate	has	provided	green	fluorescent	droplet	as	induction	of	lipolytic	

genes.	The	number	of	positive	droplets	is	correlated	with	the	starting	cell	number.	In	this	

case,	high	number	of	cells	of	the	fosmid	library	gives	a	higher	chance	to	hit	more	lipolytic	

interactions	and	subsequently,	detection	of	lipase/esterase	genes.	
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Figure	3.13:	The	Red	Sea	fosmid	metagenomic	library	was	subjected	to	single	cell	
microfluidics	screening	for	lipase/est	expression.	Single	cell	droplets	were	
incubated	with	a	fluorescent-tagged	substrate	(Fluorescein	dilaurate),	and	the	cells	
were	screened	under	a	fluorescent	microscope.	A,B)	Positive	control	E-coli	cells	
overexpressing	bacterial	lipase,	Lip32Nc	(left	panel).	Negative	control	E	coli	without	
bacterial	lipase,	Lip32Nc	(right	panel)	scale	bar;	25	μm.	C,	D,	and	E)	The	Red	Sea	
fosmid	library	was	positive	for	lipase	expression	
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According	to	the	whole	genome	shotgun	metagenomic	database,	the	Red	Sea	

does	contain	lipase	microorganisms	(data	not	published)	as	we	confirmed	that	here	in	

this	experiment.	These	results	indicate	that	our	metagenomic	library	contained	DNA	

from	the	Red	Sea	metagenome	and	the	high	throughput	single	cell	microfluidics	

approach	worked	efficiency	towards	lipolytic	genes	screening.	The	findings	of	this	part	of	

our	study	complement	those	of	earlier	studies	(Hosokawa	et	al.,	2015;	Qiao	et	al.,	2018)	

in	which	they	encapsulate	droplets	for	lipase	finding.	Hosokawa	et	al.,	found	an	esterase	

gene	(EstT1)	from	screening	metagenomes	from	Queues	serrate	forest	of	Mount	

Tsukuba,	Japan,	after	that,	the	clones	of	positive	genes	were	tested	by	conventional	agar	

methods.	

Overall,	this	study	strengthens	the	idea	that	the	functional	screening	of	

metagenomic	libraries	can	unlock	the	power	of	uncultivable	microbial	populations	in	

many	environments.	Identifying	novel	lipolytic	enzymes	through	functional	screening	

assays	has	generated	promising	outcomes	for	biotechnology,	and	the	field	is	expected	to	

grow	faster	in	the	next	few	years.	The	high	throughput	microfluidics	approach	that	we	

applied	for	this	study	has	excellent	potential	for	fast	screening	of	not	only	lipase/esterase	

positive	cells	from	the	Red	Sea	but	also	for	different	applications.	
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3.3.3 Sorting	Droplets	

3.3.3.1 Using	Automated	Laser-Based	Fluorescence	System	and	Hand	Picking	
	

A	 laser	 sorting	 method	 to	 separate	 positive	 and	 negative	 droplets	 at	 60	 droplets	 per	

second	 frequency	was	applied	here.	The	 resulted	positive	and	negative	droplets	of	 the	

reaction	 were	 checked	 under	 the	 microscope	 (figure	 3.14).	 Twenty-seven	 positive	

droplets	were	sorted	and	then	picked	using	the	automated	laser	sorter.	After	incubation,	

only	20	samples	showed	growth	and	resistance	to	chloramphenicol	antibiotic.	In	addition	

to	 the	 laser	 sorter,	 18	 positive	 droplets	 were	 picked	 manually	 with	 a	 pipette.	 After	

incubation,	five	samples	showed	growth.	That	might	be	due	to	cells	were	died	at	some	

time	 during	 incubation	 and	 could	 not	 grow	 and	 develop	 in	 long	 and	 harsh	 incubation	

conditions	 (such	 as	 temperature,	 ph.,	 and	 oxygen	 level).	 Moreover,	 some	 cells	 of	 the	

positive	droplets	were	not	picked	properly	under	the	microscope.	

Overall,	a	total	of	25	positive	samples	were	processed	using	the	whole	genome	shotgun	

sequencing	approach.	
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Figure	3.14:	Results	of	the	positive	droplets	from	the	laser	system.	Panel	on	the	left	
white	light	is	the	same	droplets	in	the	right	panel	(fluorescent	light).	
A	diameter	of	25um
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3.3.3.2 NGS	Sequencing	
	

Positive	droplets	were	diluted	to	0.2	ng/µl.	Before	pooling	the	library	in	Illumina	Hi-	

seq	as	described	in	Methods,	the	size	distribution	of	each	sample	was	checked,	and	

they	varied	in	average	range	~300-500bp	for	each	sample	(figure	3.15)	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	

	
	

Figure	3.15:	examples	of	the	size	distributions	of	the	samples	droplets	(Agilent	
Technology	2100	Bioanalyzer).	
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3.3.4 Bioinformatics	Analysis	
	

All	positive	droplets	besides	to	the	positive	and	negative	controls	were	QC,	trimmed,	

corrected,	assembled,	and	annotated	as	described	in	Methods.	In	this	study,	one	droplet	

was	annotated	for	lipase	genes,	three	droplets	annotated	for	esterase.	The	remaining	21	

droplets	indicated	they	have	new	genes	mostly	not	reported	in	the	NCBI,	Pfam	or	

Swissprot.	

	 As	for	the	lipases,	three	types	of	lipases	have	identified	by	the	homology	to	

the	known	genes/proteins.	We	designated	these	genes	as	Lp01,	Lp02,	and	Lp03.	

	 Lipase	enzymes	are	one	of	the	most	widely	used	groups	of	enzymes	and	have	

been	extensively	studied	nowadays.	In	principle,	they	share	the	same	structural	and	

functional	aspects.	Such	as	α/β	hydrolase	fold,	a	highly	conserved	catalytic	triad	and	no	

need	to	a	cofactor	for	their	activation.	In	term	of	their	catalytic	triad,	it	contains	a	

nucleophilic	serine	residue	in	a	GXSXG	pentapeptide	motif	and	an	acidic	residue	(aspartic	

acid	or	glutamic	acid)	that	is	hydrogen	bonded	to	a	histidine	residue	(Jaeger,	Dijkstra,	&	

Reetz,	1999).	In	this	study,	a	comprehensive	analysis	was	done	following	three	criteria	to	

figure	out	the	novelty	of	the	genes.	First,	homology	search	against	all	database	in	which	

any	genes	has	percent	of	identity	less	than	100%	considered	as	unique	genes.	Second,	

phylogenetic	analysis	based	on	top15	hit	species	from	BLAST	search	to	know	if	the	genes	

derived	from	the	same	species	or	not	and	confirm	their	novelty.	Third,	the	

characterization	of	their	functions	and	catalytic	sites/domain	was	conducted.	It	has	done	

with	most	similar	species	that	have	already	reported.	In	the	following	parts,	I	will	explain	

each	section	and	discuss	it	further.	
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Lipase	genes	have	shown	similarities	to	genes	encoding	lipase	into	Kocuria	related	

species;	such	as	(Kocuria	rhizophil,	and	Kocuria	marinus),	(see	table.3.2).	The	amino	acid	

sequences	for	all	genes	varied	between	(411-1605	amino	acid).	Also,	the	percentage	of	

similarities	 between	 our	 putative	 lipase	 genes	 and	 the	 closest	 similar	 species	 ranged		

from	85%	to	99%.	

• Homology	Search	

	
The	novelty	of	the	genes	was	estimated	based	on	if	100%	identical	to	homology	or	not.	

Therefore,	 homology	 search	 against	 all	 the	 protein	 databases	 (nr	 in	 NCBI)	 by	 BLASTP	

program	was	done	based	on	criteria	speculation	that	the	genes	candidates	are	new	if	the	

percent	of	identity	are	not	100%	(table	3.2).	

	
	
	

• Phylogenetic	Tree	

	
Furthermore,	to	confirm	that	even	1%	make	a	difference	among	species	lead	to	internal	

duplication	differences	 and	make	 the	genes	having	unique	 features.	Depending	on	 the	

genes,	 some	 genes	 are	 changing	 a	 lot	 of	 evolutionary	 relates,	 other	 does	 not	 change	

much.	 Hence,	 the	 closest	 species	 to	 the	 candidate	 was	 chosen.	 By	 looking	 to	 other	

species	that	has	some	sequence	homology,	the	number	of	different	genes	so	much	close	

even	99%	but	other	species	might	have	same	genes	even	99%	quite	species	are	different	

not	only	closest	one.	
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	 Consequently,	99%	could	be	species	differences;	other	species	quite	far	from	the	

closest	one	and	99%	could	be	the	difference	within	individuals.	Hence,	I	evaluate	not	only	

the	 closest	 species,	 but	 maybe	 next,	 third	 closest,	 and	 so	 on.	 Even	 if	 the	 candidate	

clustered	 with	 closest	 species,	 it	 might	 be	 new.	 Bacteria	 species	 difference	 much	

extensive	 than	 complex	organism	 like	 human	differences	 and	not	well	 known	 yet,	 and	

lack	of	data	of	bacteria	species,	some	species	closely	related	to	our	candidates,	but	it	is	

not	identified	because	of	these	limitations.	The	same	species	differences	are	larger	than	

1%	 like	 between	 human	 genes.	 However,	 lots	 of	 these	 genes	 have	 not	 reported	 yet.		

Some	known	species	genes	were	reported	by	BLAST,	that	means	they	are	similar	but	not	

published	 or	 reported.	 That	 confirmed	 our	 findings	 are	 novel	 genes.	 To	 validate	 and	

confirm	 that	 99%	 and	 below	 considered	 as	 unique	 genes	 and	 to	 know	 the	 possible	

species	 for	 the	 candidates,	 phylogenetic	 trees	 from	 top	 15	 BLAST	 hit	 for	 all	 24	 genes		

were	 constructed	 separately	 (see	appendices).	 The	 results	obtained	 from	 such	analysis	

showed	that	our	finding	supports	the	first	section,	which	based	on	homology	search	and	

even	1%	difference	could	 lead	to	 internal	duplication	and	differentiation	with	the	same	

species.	
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Designated	
name	

Name	of	the	genes	 Closest	species	 %	
Identity	

Lp1	 Thermo	Stable	
Monoacylglycerol	

Lipase	

Kocuria	
rhizophila	

97%	

Lp2	 Monoacylglycerol	
Lipase	

Kocuria	 83%	

Lp3	 Putative	Lipase	 Kocuria	
rhizophila	

93%	

Table	3.2:	BLAST	homology	search	of	the	lipase	genes	
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Kocuira	species	is	well	known	microorganism	lived	in	aquatic	environments	(D.	B.	

Castro	et	al.,	2015;	Kim	et	al.,	2004;	K.	S.	Lam,	2006).	Kocuria	derived	from	the	

Micrococcaceae	family	that	contains	Staphylococcus	species	and	Micrococcus	species.	

Kocuria	is	gram-positive	cocci	and	has	different	shapes	such	as	pairs,	short	chains,	

tetrads,	cubical	packets	of	eight	and	irregular	clusters	(Figure	3.16)	(Kandi	et	al.2016).	

Phylogenetic	analysis	based	on	16SrRNA	has	identified	more	than	18	species	of	Kocuria	

(Kandi	et	al.2016).	In	this	study,	we	have	detected	several	types	of	kocuria	species	such	

as;	Kocuria	rhizophil,	and	Kocuria	marinus.	Several	studies	have	demonstrated	the	

importance	to	discover	gram-positive	bacteria	in	marine	era	due	to	its	potential	activity,	

diversity,	and	ubiquitous	which	is	expected	to	be	highly	matter	in	marine	communities	

than	expected,	however,	very	little	is	currently	known	about	gram-positive	bacteria	like	

kocuria	in	marine	metagenomic	communities,	especially	in	unique	environment	like	the	

Red	Sea	(Gontang,	Fenical,	&	Jensen,	2007;	Leiva,	Alvarado,	Huang,	Wang,	&	Garrido,	

2015).	
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Figure	3.16:	a)	kocuria	 rhizophile	under	 the	microscope	(left).	b)	Kocuria	marina	shows	
gram-positive	cocci	occurring	as	diplococci,	tetrads,	and	clusters	(right)	(Yong	Lee	et	al.,	
2014)	

	
	

	 This	 part	 was	 carried	 out	 to	 investigate	 the	 novelty	 of	 the	 genes	 by	 homology	

search	 and	 to	 confirm	 such	 novelty	 from	phylogenetic	 analysis	whether	 the	 genes	 are	

derived	from	the	same	species	or	not.	The	results	of	this	investigation	showed	that	lipase	

genes	are	novel.	

	
	
	

• Characterization	of	the	catalytic	sites	

	
Lastly,	catalytic	sites	characterization	was	done	based	on	the	alignments	of	each	

candidate	with	the	most	similar	species.	The	sources	of	these	species	are	NCBI	database	
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and	phylogenetic	tree	from	the	previous	step.	The	purpose	is	to	confirm	the	candidate’s	

functions	as	named	from	Porkka	annotation	and	find	out	more	the	function	and	domains	

of	each	gene	in	Pfam	or	ESTHER	database.	

	 Thermo	Stable	Monoacylglycerol	Lipase	(Lp001)	based	on	the	annotation	by	

Prokka,	was	identified	as	a	thermo-stable	monoacylglycerol	lipase.	As	shown	in	the	

phylogenetic	tree	of	Lp001	(see	appendices),	Lp001	must	belong	to	the	clade	closed	to	

the	Micrococcaceae,	Actinobacterium.	Species	of	these	clades	are	ubiquitous	and	have	

discovered	in	marine	oceans,	sediment,	and	soil	(Kim	et	al.,	2004;	K.	

S.	Lam,	2006;	Palomo	et	al.,	2013).	
	

	 Then,	the	degree	of	conservation	of	the	known	catalytic	sites	in	the	

phylogenetically	closer	proteins	was	examined.	Based	on	the	result	of	the	BLASTP	and	

phylogenetic	tree,	we	constructed	multiple	sequence	alignments	together	with	the	

closest	three	species	(Kocuria	sp.,	Arthrobacter	saudimassiliensis,	and	Streptomyces	

cattleya).	Then,	we	compared	catalytic	sites	that	were	reported	in	UniProt	for	each	

protein.	We	found	that	all	the	catalytic	sites	reported	in	the	closest	three	species	were	

conserved	in	Lp001,	suggesting	that	the	functional	conservation	of	Lp001.	Moreover,	

putative	functional	domains	in	Lp001	were	searched	by	InterPro	scan	and	found	a	

catalytic	domain	in	Alpha/beta	hydrolase	fold	at	32	–	251	residues	(data	not	shown)	and	

recognized	that	thermostable	monoacylglycerol	belongs	to	Esterase/lipase	family.	In	

specific,	this	family	corresponds	to	family	XIII	of	the	classification	of	bacterial	lipolytic	

enzymes	by	Arpigny	and	Jaeger	1999	(Arpigny	&	Jaeger,	1999).	Members	of	family	XIII	
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showed	unique	features	of	thermo-stability,	salt	tolerance	in	various	studies	(Ewis,	

Abdelal,	&	Lu,	2004;	Karpushova,	Brummer,	Barth,	Lange,	&	Schmid,	2005;	Y.	S.	Lee,	

2016).	It	is	therefore	likely	that	KL001	is	a	putative	thermo-stable	monoacylglycerol	

lipase.	Thermostable	monoacylglycerol	lipase	is	first	reported	in	1992	by	Sugihara	et	al.	

(Sugihara,	Ueshima,	Shimada,	Tsunasawa,	&	Tominaga,	1992),	which	was	isolated	from	

Pseudomonas	species	living	in	the	soil	environment.	After	that,	there	are	1334	genes	

reported	in	Genbank.	Functions	of	this	lipase	are	known	as	catalyzing	of	the	hydrolysis	of	

a	carboxylic	ester	bond	activity,	and	thus	it	must	be	necessary	for	esterification	reactions	

(Chopra	&	Kaur,	2018),	as	well	as	stability	of	organic	solvents	in	the	chemical	and	

pharmaceutical	industry	(Kumar,	Dhar,	Kanwar,	&	Arora,	2016).	Thus,	KL001	must	be	a	

novel	enzyme	that	highly	contributes	to	enhancing	thermo-stability	products	of	chemical	

and	biotechnological	industry.	

Lp02	is	the	second	gene	identified	as	monoacylglycerol	lipase	(MAGL).	The	

catalytic	sites	comparison	between	KL002	and	the	closest	three	species	(Kocuria	sp.,	

Ralstonia	insidiosa,	and	Kocuria	marina)	in	UniProt	has	shown	most	sites	are	conserved	

in	KL002,	indicating	that	KL002	is	functional	(Bateman	et	al.,	2015).	Domain	search	has	

found	a	serine	aminopeptidase,	S33	between	33	-	124	residues	using	Interpro	scan	(Finn	

et	al.,	2017).	Besides	that,	KL002	has	identified	to	uncharacterized	conserved	protein,	in	

alpha/beta	hydrolase	family	(Hotelier	et	al.,	2004).	

Considerable	numbers	of	publications	have	brought	the	attention	into	

monoacylglycerol	lipase	as	a	promising	enzyme	for	therapeutic	applications	in	medicine	
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as	described	in	(Gil-Ordonez,	Martin-Fontecha,	Ortega-Gutierrez,	&	Lopez-Rodriguez,	

2018;	Tyukhtenko	et	al.,	2018;	Y.	Wang	et	al.,	2017).	MAGL	has	been	found	in	all	kingdom	

of	life	(Rengachari	et	al.,	2012;	Thormar	&	Hilmarsson,	2007)	and	found	to	be	essential	

for	bacteria	subsistence	as	it	plays	a	role	to	catalysis	the	hydrolysis	of	MG	which	

considered	as	toxic	for	bacteria	species.	Hence,	the	presence	of	MAGL	is	crucial	for	

keeping	bacteria	alive	(Thormar	&	Hilmarsson,	2007)	

The	deduced	protein	sequence	293	was	compared	with	available	esterase	or	

lipase	protein	sequences	from	non-	redundant	protein	sequences	database	(Zhu	et	al.,	

2013).	It	shared	94.5%,	93%,	75%,	identities	with	esterases	from	Kocuria	sp,	alpha/beta	

fold	hydrolase	Kocuria	sp,	and	esterase	Kocuria	marina.	

Putative	inactive	lipase	Lp03	is	the	third	lipase	candidate	resulted	from	the	data	

analysis.	Since	it	is	called	inactive	lipase,	it	is	possible	that	there	are	some	binding/active	

sites	were	not	conserved	and	active.	Accordingly,	putative	inactive	lipase	activity	has	

tended	to	be	somehow	inactive	at	some	sites	in	compared	KL001	lipase	and	KL002	and	

does	not	contain	the	catalytic	triad	for	lipase/esterase	group	that	known	GlyXSerXGly	

(Gupta,	Gupta,	&	Rathi,	2004).	Also,	it	has	shown	that	KL003	can	make	triglyceride	lipase	

activity	and	lipid	degradation	process	according	to	the	analysis	results	of	the	Interpro	

scan	(data	not	shown).	

Extracellular	lipase	from	uncultured	bacterium	has	been	reported	(Dang,	Zhu,	

Wang,	&	Li,	2009;	Z.	Q.	Liu	et	al.,	2008;	Stehr,	Kretschmar,	Kroger,	Hube,	&	Schafer,	2003)	
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might	kocuria	express	it	and	secret	it	out	of	the	cell,	which	is	important	for	metabolic	

action.	It	also	has	reported	in	(Stuer,	Jaeger,	&	Winkler,	1986)	from	Pseudomonas	sp.	

Since	reported	in	1992,	α/β-hydrolase	fold	family	have	been	extensively	used	and	

considered	as	one	of	the	most	widely	used	groups	family	of	enzymes	to	study	protein	

structures	and	their	various	catalytic	features	(Hotelier	et	al.,	2004;	Ollis	et	al.,	1992).	In	

addition,	α/β-hydrolase	fold	family	have	shown	a	unique	conserved	motif	in	most	of	the	

enzymes	involved	in	the	family,	which	is	a	GXSXG	motif	(where	X	can	be	any	amino	acid	

residue),	and	an	acidic	residue	(aspartate	or	glutamate)	that	hydrogen	bonds	with	a	

conserved	histidine	residue	(Arpigny	&	Jaeger,	1999).	Therefore,	it	is	a	family	of	interest	

in	the	global	enzymes	markets	and	biotechnological	industries.	

From	this	multiple	alignments	analysis,	we	revealed	that	our	candidates’	assigned	

name	is	the	same	as	the	annotated	one.	Therefore,	their	functions	must	be	

esterase/lipase	functions.	

Furthermore,	All	previous	genes	were	obtained	from	four	positive	droplets	out	of	

twenty-five	droplets.	For	the	remaining	21	droplets,	homology	and	domain	search	have	

conducted,	yet,	not	identified,	which	highly	indicates	that	remain	droplets	containing	

new	genes.	These	new	genes	were	unable	to	find	by	database	search	and	not	reported	

yet.	Interestingly,	multiple	genes	were	identified	from	a	single	cell	in	the	droplets	that's	

indicating,	unlike	eukaryotes,	in	bacteria	many	genes	can	be	expressed	from	the	same	

promoter,	and	usually	related	genes	and	genes	with	similar	functions	are	clustered	

together	and	induced	together	under	the	control	of	a	single	promoter.	The	fosmid	

inserts	were	about	40kb	long	and	potentially	consisting	of	many	genes	which	potentially	
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could	have	been	expressed	together	from	the	same	single	cell.	Furthermore,	It	is	likely	

that	a	few	droplets	contained	more	than	a	single	cell,	and	the	different	genes	might	

have	been	expressed	by	different	cells	within	the	single	droplet.	Hence,	it	demonstrates	

the	power	of	HTP	microfluidics	technology	as	a	way	to	find	novel	and	useful	resources.	
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Functional	Assay	Test	

This	test	has	been	done	to	confirm	the	activity	of	the	positive	droplets	obtained	from	

sorting	system.	We	used	a	conventional	blue	agar	method	(BD	Difco)	containing	lipase	

reagents	(BD	Difco)	as	a	substrate	(Starr,	1941).	Presence	of	a	halo	in	each	clone	

indicated	the	presence	of	the	active	lipase	genes	from	the	droplets	after	over	night	

(18~24h)	cultivation	at	37°C	(figure	3.17).							

				

	

			 	

	
	
	 Figure	3.17:	Blue	agar	test	of	the	control	and	positive	droplets	
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3.4 Summary	
	

In	general,	therefore,	it	seems	that	exploiting	the	enormous	resources	of	marine	life	and	

its	environment	is	worthwhile	studying	area,	construction	metagenomics	library	one	of	

the	best	approach	to	investigate	the	microbial	diversity,	metabolic	potential,	and	

encoded	genes.	Although	construction	metagenomics	library	is	difficult,	time	-consuming	

and	many	commercial	companies	have	invested	in	generation	metagenomic	library	for	

researchers.	Recent	published	researches	have	been	carried	out	on	metagenomics	library	

comprised	10.656	clones	and	31.000	clones	from	fosmid	as	a	vector	from	marine	water	

and	sediments,	respectively	(Mohamed	et	al.,	2013;	Sik	et	al.,	2007).	Here,	85.000	clones	

from	Red	Sea	surface	water	have	successfully	generated.	This	location	was	chosen	due	to	

unique	aspects	associated	with	surface	water	such	as	the	thermal	and	saline	condition	in	

the	surface	of	marine	water.	Surface	seawater	is	commonly	well	known	as	saline,	high	

temperature,	and	harbor	extreme	microbes	that	capable	of	adapting	to	the	unique	

environment	as	the	Red	Sea.	The	superiority	of	microbial	potentials	and	features	from	

the	constructed	metagenomic	library	is	highly	expected	to	be	novel	and	unusual	

microbes.	

	

The	findings	from	screening	based	on	the	single	cell	were	encouraging	to	go	

further.	The	interaction	between	metagenomics	library	bulk	and	fluorescence	substrate	
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were	provided	green	droplets	in	an	hour	or	less.	A	million	droplets	have	generated	4-6%	

(in	each	1μl	of	the	droplets	tubes)	among	them	were	positive	at	a	constant	flow	rate	and	

stable	sensors.	Furthermore,	findings	from	introducing	the	droplets	into	another	CHIP	for	

sorting	and	separation	positive	and	negative	one	were	supportive	for	(Qiao	et	al.,	2018)	

study	in	which	we	confirmed	several	lipolytic	candidates	encoded	in	the	droplets.	More	

analysis	is	important	to	understand	the	ecological	impact	in	the	microbes’	populations,	

characteristics	of	these	genes,	and	potential	applications	for	futures	studies.	Whole	

genome	shotgun	analysis	results	indicated	unique	lipolytic	genes	mostly	not	reported	in	

the	NCBI,	Pfam,	or	SwissProt	databases.	Combining	metagenomic	library	with	

microfluidics	technologies	represent	an	exciting	future	direction	for	deriving	a	more	

comprehensive	picture	of	the	microbial	world.	
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Chapter	4:	General	Conclusion		

	

In	many	aspects,	functional	metagenomics	has	appeared,	as	a	critical	method	to	study	

and	explore	the	majority	of	microbes	that	cannot	be	cultivated	in	the	laboratory.	

Screening	of	metagenomic	library	is	a	huge	of	interest	nowadays	due	to	promises	holds	

for	various	industrial	applications.	More	importantly,	what	types	of	approach	that	used	

for	screening	metagenomic	library	is	a	crucial	question	based	on	the	study	purposes	

whether	enzymes	finding,	drug	interactions,	antibiotic	resistance,	or	colony	shape.	

Therefore,	droplets	based	microfluidics	and	metagenomic	library	have	contributed	to	

precise	target	detection	of	microbe	resources	and	their	potentials	in	biological	studies.	

Establishment	such	HTP	microfluidics	was	a	necessity	in	light	of	the	demand	for	

precise	and	fast	bio	resources	detection.	Conventional	approaches	for	enzymes	

detection	have	provided	good	results,	however,	still,	not	confirmed	as	it	based	on	

observation	by	the	naked	eye.	Droplets	based	microfluidics	technologies	enabled	us	to	

access	gene	at	a	single	level	and	translate	its	content	at	data	analysis	(whole	shotgun)	

level.	This	project	aims	to	contribute	to	this	developing	area	of	research	by	exploring	

the	robustness	of	microfluidics	technologies	in	functional	metagenomic	approaches.	

In	this	study,	I	discussed	how	we	established	and	optimized	the	conditions	for	

full	operation	of	the	whole	pipeline,	including	droplets	based	microfluidics		
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using	clean	room	and	nanofabrication	lab	facilities.	The	LOC	phenomena	have	applied	in	

which	varied	laboratory	functions	were	integrated	on	a	single	chip	of	nano	size	and	that	

are	capable	of	handling	tiny	fluid	volumes	down	to	less	than	picoliters.	

Then,	the	pipeline	on	the	constructed	metagenomic	library	was	applied	to	find	

novel	lipolytic	genes.	Construction	metagenomic	library	is	a	daunting	task	that	requires	

high	molecular	weight	DNA,	the	proper	ratio	of	insert:	vector,	and	transduction	e	coli	into	

the	phage.	It	generally	entails	a	high	level	of	lab	bench	skills.	Screening	the	metagenomic	

library	is	essential	to	figure	out	whether	the	target	genes	is	there	or	not,	hence,	efficient	

encapsulation	ratio	has	enabled	to	generate	single	cell	expressed	target	genes	in	such	a	

short	time	and	less	consumption	of	the	reagents.	By	using	microfluidics	technology	for	

screening	of	the	metagenomic	library,	several	lipolytic	candidates	have	identified;	

however,	sorting	these	droplets	was	a	considerable	challenge.	FACS	and	FADS	tools	have	

reported	recently;	however,	the	bottleneck	that	they	are	expensive	and	more	layer	of	

chip	fabrication	are	needed.	

Therefore,	fully	automated	microfluidics	laser-based	fluorescence	was	applied	

here	as	a	HTP	powerful	alternative	technology.	It	principally	based	on	dielectrophoresis	

movement,	injects	droplets	and	separated	based	on	fluorophore	marker.	This	approach	

has	widely	facilitated	separation	of	the	positive	and	negative	droplets	according	to	the	

wavelength	range	of	the	marker.	Although	handpicking	of	the	positive	droplets	was	

conducted	to	some	extent	here,	still	was	a	very	intense	and	exhausting	task.	

Twenty-four	genes	were	identified.	Comprehensive	analyses	of	the	droplets	have	
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indicated	the	novelty	and	majority	have	not	reported	yet.	The	data	analysis	obtained	in	

this	study	proved	that	24	unique	genes	had	discovered	that	strive	from	unique	saline	

water	of	the	RS.	Hence,	this	work	was	set	out	to	develop	a	pipeline	for	high	throughput	

screening	of	enzymes	from	metagenome	samples,	together	with	using	the	functional	

metagenomics	advantages	and	advanced	high	throughput	technologies	to	screen	

metagenomics	library.	The	present	study	has	been	one	of	the	first	attempts	to	

thoroughly	examine	HTP	approaches	on	the	Red	Sea	samples.		It	would	be	interesting	to	

test	seasonal	sampling	(in	the	Summer,	Spring,	Autumn,	and	Winter)	through	

microfluidics	and	compare	the	genes	changes	within	different	time	zone	in	the	future.	
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The	power	of	these	techniques	has	contributed	to	identifying	novel	lipase	and	esterase	

genes.	These	genes	have	shown	unique	features	in	terms	of	thermo	stability	and	activity	

based	on	the	alignment	test.	Our	findings	have	demonstrated	the	critical	role	of	the	

droplets	based	microfluidics	as	a	powerful	technology	for	biological	studies	since	only	a	

limited	number	of	reviews	about	them	in	Biology.	This	pipeline	will	prove	useful	in	

expanding	to	different	valuable	enzymes	and	bio-resources	for	various	applications.	
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Supplementary	material	to	Chapters	3	
	

Table.3.3:	BLAST	homology	search	of	the	esterase	genes.	
	
	
	
	

Designated	name	 Annotation	in	our	pipeline	 Most	closest	Species	by	BLAST	 %	Identity		

Est1	 Arylesterase	 Kocuria	marina	 69%	

Est2	 Cocaine	Esterase	 Synechococcus	 96%	

Est3	 Cocaine	Esterase	 Synechococcus	 96%	

Est4	 Cocaine	Esterase	 Synechococcus	 96%	

Est5	 Acyl-CoA	thioesterase	2	 Kocuria	 99%	

Est6	 Acyl-coenzyme	A	thioesterase	PaaI	 Kocuria	 100%	

Est7	 Proofreading	thioesterase	EntH	 uncharacterized	protein	in	
Kocuria	

100%	

Est8	 Acyl-coenzyme	A	thioesterase	PaaI	 Kocuria	 99%	

Est9	 Putative	phosphoesterase	YjcG	 Kocuria	rhizophila	 99%	

Est10	 Rhodomycin	D	methylesterase	
DauP	

Kocuria	 99%	

Est11	 Thioesterase	PikA5	 Kocuria	 98%	

Est12	 Carboxylesterase	A	 Kocuria	 96%	

Est13	 putative	glycerophosphodiester	
phosphodiesterase	1	

Kocuria	 99%	

Est14	 Glycerophosphodiester	
phosphodiesterase	

Kocuria	rhizophila	 94%	

Est15	 Acetylxylan	esterase	 Caulobacter	radicis	 47%	

Est16	 Glycerophosphodiester	
phosphodiesterase	

Kocuria	 95%	
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Est17	 Putative	metallophosphoesterase	MG207	 Kocuria	
rhizophila	

99%	

Est18	 Acyl-CoA	thioesterase	2	 Kocuria	 99%	

Est19	 Para-nitrobenzyl	esterase	 Kocuria	
rhizophila	

97%	

Est20	 RNA	2',3'-cyclic	phosphodiesterase	 Kocuria	 96%	

Est21	 Esterase	YbfF	 Kocuria	
rhizophila	

99%	

	
	
	
	
	
	
	
	
	
	

Esterase	genes	
	

Esterase	genes	were	designated	as	Est	1,	2,3.etc	
	

Esterases	are	one	of	the	most	widely	used	groups	of	enzymes	and	have	been	extensively	

studied	nowadays.	In	principle,	they	share	the	same	structural	and	functional	aspects.	

Such	as	a	α/β	hydrolase	fold,	a	highly	conserved	catalytic	triad	and	no	need	to	a	cofactor	

for	their	activation.	In	term	of	their	catalytic	triad,	it	contains	a	nucleophilic	serine	

residue	in	a	GXSXG	pentapeptide	motif	and	an	acidic	residue	(aspartic	acid	or	glutamic	

acid)	that	is	hydrogen	bonded	to	a	histidine	residue	(Jaeger,	Dijkstra,	&	Reetz,	1999).	In	

this	study,	a	comprehensive	analysis	was	done	following	three	criteria	to	figure	out	the	

novelty	of	the	genes.	First,	homology	search	against	all	database	in	which	any	genes	has	

percent	of	identity	less	than	100%	considered	as	unique	genes.	Second,	phylogenetic	

analysis	based	on	top15	hit	species	from	BLAST	search	to	know	if	the	genes	derived	from	

the	same	species	or	not	and	confirm	their	novelty.	Third,	the	characterization	of	their	
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functions	and	catalytic	sites/domain	was	conducted.	It	has	done	with	most	similar	

species	that	have	already	reported.	In	the	following	parts,	I	will	explain	each	section	and	

discuss	it	further.	

	
	

Esterase	 genes	 have	 shown	 similarities	 to	 genes	 encoding	 lipase/esterase	 into	

Kocuria	 related	 species.	 Such	 as	 (Kocuria	 rhizophil,	 and	 Kocuria	 marinus),	 Caulobacter	

Henrici,	 and	gamma	proteobacterium	HIMB55.	The	amino	acid	 sequences	 for	all	 genes	

varied	between	(411-1605	amino	acid).	Also,	the	percentage	of	similarities	between	our	

putative	esterase/lipase	genes	and	the	closest	similar	species	ranged	from	47%	to	99%.	

The	novelty	of	the	genes	was	estimated	based	on	if	100%	identical	to	homology	or	not.	

Therefore,	 homology	 search	 against	 all	 the	 protein	 databases	 (nr	 in	 NCBI)	 by	 BLASTP	

program	was	done	based	on	criteria	speculation	that	the	genes	candidates	are	new	if	the	

percent	of	 identity	are	not	100%.	Phylogenetic	analyses	 to	distinguish	the	possibility	of	

the	candidates’	genes	are	from	the	same	species	or	not.	
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Acetylxylan	is	another	novel	gene	and	has	shown	homology	with	Caulobacter	

Henrici.	Caulobacter	Henrici	is	a	cellular	microorganism;	belong	to	Proteobacteria	

phylum,	Caulobacteraceae	family.	Caulobacter	was	defined	first	by	Henrici	and	Johnson	

in	1935	as	gram-negative	unicellular	stalked	bacteria,	the	stalks	of	which	arise	from	one	

pole	of	the	cell	(Poindexter,	1964).	They	have	different	shapes;	rod-like	cells	that	can	be	

flagellated	in	a	polar	manner	or	have	a	stalk	(Gonin,	Quardokus,	O'Donnol,	Maddock,	&	

Brun,	2000).	Besides,	Caulobacter	can	be	found	in	aquatic	environments	attached	to	

particulate	matter	such	as	microorganisms	by	its	stalk.	Hence,	Caulobacter	henriciiin	this	

study	might	be	stalked	(adhere)	to	kocuria	sp,	and	challenging	to	remove	it	from	the	cell	

or	culture	surface	as	described	by	(Houwink,	1951;	Hund	&	Kandler,	1956;	Kandler,	

Zehender,	&	Huber,	1954;	Lorenzen,	1964).	On	the	other	hand,	cocaine	esterase	is	

belonged	to	cyanobacteria	phylum	and	was	reported	recently,	Synechococcus	sp.	MIT	

S9504	under	accession	number:	KZR85992	(data	not	published).	Synechococcus	sp	is	a	

widely	ubiquitous	class	of	microorganisms	in	the	ocean	(Cubillos-Ruiz,	Berta-Thompson,	

Becker,	van	der	Donk,	&	Chisholm,	2017).	

	
	
	

This	 part	 was	 carried	 out	 to	 investigate	 the	 novelty	 of	 our	 finding	 genes	 by	

homology	search	and	to	confirm	such	originality	from	phylogenetic	analysis	whether	the	

genes	are	derived	from	the	same	species	or	not.	The	results	of	this	investigation	showed	

that	22	lipase	and	esterase	genes	are	novel	except	(Acyl-coenzyme	thioesterase	PaaI	 and	
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Proofreading	 thioesterase	 EntH)	 which	 showed	 100%	 similarity	 to	 reported	 species	 in	

BLAST	(data	not	published)	

Furthermore,	 the	 majority	 of	 the	 species	 derived	 from	 the	 same	 species	 as	

discussed	 before	 to	 Kocuria	 related	 species	 such	 as	 (Kocuria	 rhizophila	 and	 Kocuria	

marinus).	With	 exception	 to	 Acetylxylan	 esterase	 (similar	 to	 Caulobacter	 radices)	 and	

cocaine	esterase	genes	(identical	to	Syanococcus).	

Lastly,	catalytic	sites	characterization	was	done	based	on	the	alignments	of	each	

candidate	with	the	most	similar	species.	The	sources	of	these	species	are	NCBI	database	

and	phylogenetic	tree	from	the	previous	step.	The	purpose	is	to	confirm	the	candidate’s	

functions	as	named	from	Porkka	annotation	and	find	out	more	the	function	and	domains	

of	each	gene	in	Pfam	or	ESTHER	database.	

α/β-hydrolase	fold	family	have	shown	a	unique	conserved	motif	in	most	of	the	enzymes	

involved	in	the	family,	which	is	a	GXSXG	motif	(where	X	can	be	any	amino	acid	residue),	

and	an	acidic	residue	(aspartate	or	glutamate)	that	hydrogen	bonds	with	a	conserved	

histidine	residue	(Arpigny	&	Jaeger,	1999).	Therefore,	it	is	a	family	of	interest	in	the	

global	enzymes	markets	and	biotechnological	industries.	Alignments	of	all	candidates	

that	belong	to	alpha/beta	hydrolase	family	as	a	common	family	with	kocuria	marina	and	

kocuria	rhizphile	have	shown	similarities	between	them.	These	genes	are:	

Carboxylesterase	A,	Esterase	YbfF,	Arylesterase,	Rhodomycin	methylesterase	DauP,	and	

Acetylxylan	esterase	were	assigned	to	alpha/beta	hydrolase	fold	also.	
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Arylesterase	shared	69%	alpha/beta	hydrolase	in	Kocuria	marina	species.	In	

ESTHER,	these	types	of	genes	are	classified	in	the	later	subfamily	of	lipolytic	enzymes.	

Wang	et	al.	characterized	Aryl	esterase	from	P.	fluorescen	biochemically,	and	stability	of	

organic	solvents	was	tested	that	could	support	trans-esterification	activity.	

Bioinformatics	analysis	of	the	biochemically-characterized	enzymes	was	also	done	to	

develop	sequence-based	approaches	for	Aryl	esterase	finding	(L.	J.	Wang	et	al.,	2010).	

Interestingly,	acetylxylan	esterase	belonged	to	alpha/beta	hydrolase	too	but	with	

different	species.	Acetyl	xylan	has	shown	low	homology	44.44%	similarity	with	

Caulobacter	henricii	that	indicated	that	it’s	a	novel	gene	with	catalytic	feature	promises	

for	various	applications.	Caulobacter	Henrici	is	a	cellular	microorganism;	belong	to	

Proteobacteria	phylum,	Caulobacteraceae	family.	Caulobacter	was	defined	first	by	

Henrici	and	Johnson	in	1935	as	gram-negative	unicellular	stalked	bacteria,	the	stalks	of	

which	arise	from	one	pole	of	the	cell	(Poindexter,	1964).	They	have	different	shapes;	rod-	

like	cells	that	can	be	flagellated	in	a	polar	manner	or	have	a	stalk	(Gonin	et	al.,	2000).
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Also,	 according	 to	 Esther	 database,	 our	 candidate	 assigned	 to	 Hormone-	

sensitive_lipase_like	family	(HSL).	Hormone-sensitive	 lipase	(HSL),	a	member	of	 lipolytic	

enzymes	 and	 correspond	 to	 family	 IV	 of	 the	 classification	 of	 Arpigny	 et	 al,	 act	 on	 the	

hydrolysis	tri,	di,	and	monoacylglycerols,	and	cholesteryl	esters,	as	well	as	other	lipid	and	

water-soluble	 substrates	 (Arpigny	 &	 Jaeger,	 1999;	 Kraemer	 &	 Shen,	 2002).	

Carboxylesterase	 A	was	 found	 to	 be	 a	 class	 of	 esterase	 family	 that	 belong	 alpha/beta	

hydrolase	 fold	 in	Pfam.	Carboxylesterase	A	has	shared	96%	similarity	withal	alpha/beta	

hydrolyze	 in	 kocuria	 sp.	 Carboxylesterase	 have	 been	 isolated	 from	 different	

metagenomic	 libraries	bacteria	 (Popovic	et	al.,	2017),	and	fungi	 (Cavazzini	et	al.,	2018).	

These	enzymes	have	exhibited	high	similarity	in	term	of	functions	and	structure	
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with	other	members	of	alpha/beta	hydrolase	enzymes	(Montella,	Schama,	&	Valle,	2012),	

and	flexibility	toward	different	types	of	substrates	(Xie,	Liu,	Zhu,	&	Lei,	2008)	

In	this	study,	Acyl-CoA	thioesterase,	Proofreading	thioesterase	EntH,	Thioesterase	PikA5,	

and	 Acyl-coenzyme	 thioesterase	 PaaI	 have	 belonged	 to	 the	 same	 Thioesterase-like	

superfamily	 according	 to	 the	 Pfam	database.	 This	 family	 is	 considered	 as	 efficient	 and	

robust	 catalysts	 against	 chemical	 modifications	 (Benning	 et	 al.,	 1998).	 Lengths	 of	 the	

amino	acid	are	858,	486,	759,	and	441,	respectively.	Acyl-CoA	thioesterase	showed	98%	

similarity	 to	gamma	 proteobacterium	HIMB55	 at	 0	 e	 value	 (aa	 858)	 Another	 Acyl-CoA	

thioesterase	 was	 annotated	 in	 our	 sample	 too	 with	 891	 amino	 acid	 lengths.	 As	

mentioned	 before,	 Proofreading	 thioesterase	 EntH	 showed	 100%	 similarity	 to	

uncharacterized	protein	in	Kocuria	sp.,	play	a	role	in	e	coli	pathways	(Leduc,	Battesti,	&	

Bouveret,	2007).	Thioesterase	PikA5	mostly	found	in	the	antibiotic	pathway	as	described	

in	(Xue,	Zhao,	Liu,	&	Sherman,	1998).	They	isolated,	cloned,	and	characterized,	Xue	et	al.	

conclude	that	genes	cluster	contains	this	class	of	gene	piks5	that	help	in	the	biosynthesis	

of	 antibiotic.	 Yet,	 little	 metagenomic	 studies	 have	 been	 investigated	 the	 role	 of	

Thioesterase	 enzymes	 that	 derived	 from	 the	 uncultured	 bacterium,	 Sanchez	 et	 al	

investigated	 the	 Thioesterase	 from	 pollutant	 samples	 in	 sludge.	 (Sanchez-Reyez	 et	 al.,	

2017).	

Calcineurin	 like	 phosphodiesterase	 superfamily	 domain	 was	 assigned	 to	 Putative	

metallophosphoesterase	MG207	genes	in	Pfam.	This	family	has	found	in	various	cultured	

bacteria	such	as	Bacillus	(Monteferrante,	Miethke,	van	der	Ploeg,	Glasner,	&	van	Dijl,	
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2012).	Metallophosphoesterase	has	influenced	the	lipid	components	in	bacteria	derived	

from	marine	 sources	 by	 the	 level	 of	 phosphorus	 in	 a	 cell	 that	 subsequently	 affect	 the	

amount	of	nutrients	of	ocean	microorganisms	(Wei,	Quareshy,	Zhang,	Scanlan,	&	Chen,	

2018).	 The	 membrane	 of	 the	 single	 cell	 here	 might	 have	 a	 high	 ability	 to	 express	

metallophosphoesterase	 to	 meet	 the	 high	 demand	 for	 essential	 elements	 such	 as	

phospholipids	from	marine	bacterium	kocuria	(Wei	et	al.,	2018).	

Putative	 phosphoesterase	 YjcG	 was	 belonged	 to	 2'-5'	 RNA	 ligase	 superfamily	 and	

considered	 as	 a	 part	 of	 alpha/beta	 hydrolase	 fold	 with	 conserved	 HX(T/S)X	 motif.	

Putative	 phosphoesterase	 YjcG	 has	 e	 value	 5e-135.	 It	 has	 been	 found	 that	 2'-5'	 RNA	

ligase	superfamily	contain	same	catalytic	 site	 in	all	members	of	 this	 family	 through	the	

primary	 acid	 sequences	 are	highly	 variable	 among	 them	which	 facilitate	 the	 activity	 of	

phosphodiesterase	enzyme	(Li,	Liu,	Liang,	Li,	&	Su,	2008).	

Para-nitrobenzyl	esterase	was	another	finding	belong	to	Carboxylesterase	family	in	the	

Pfam	database.	It	shared	97%	of	similarity	to	carboxylesterase/lipase	family	protein	in	

Kocuria	rhizophila.	The	amino	acid	sequence	of	this	family	associated	with	the	

superfamily	of	α/β	hydrolase	enzymes	(Hamilton,	Campbell,	Jersey,	&	Zerner,	1975).	

Therefore,	they	share	the	same	catalytic	site	that	is	a	serine,	glutamate	(or	less	

frequently	an	aspartate),	and	a	histidine	(Marshall,	Putterill,	Plummer,	&	Newcomb,	

2003).	

Also,	esterase	YbfF	has	belonged	to	Alpha/beta	hydrolase	family,	according	to	Pfam.	

Alignments	sequences	have	performed	between	these	two	enzymes	together	with	other	
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Alpha/beta	hydrolase	family,	and	we	concluded	that	they	share	the	same	catalytic	triad.	

The	ybfF	gene	is	present	and	conserved	in	different	microorganisms	such	as	e	coli,	

bacillus	subtitles	(Sorokin	et	al.,	1996),	Salmonella	enterica	(Parkhill	et	al.,	2001).	Same	as	

Alpha/beta	hydrolase	family,	they	shred	the	same	GXSXG	triad	based	alignment	between	

esterase	YbfF	and	similar	from	the	phylogenetic	tree.	

Putative	glycerophosphodiester	phosphodiesterase	belonged	to	Glycerophosphoryl	

diester	phosphodiesterase	family.	The	function	of	this	family	was	found	to	be	involved	in	

lipid	metabolic	pathway.	As	bacterial	enzymes,	this	family	corresponds	to	family	VII	of	

the	classification	of	Arpigny	et	al.	1999.	Interpro:	IPR002018	(Carboxylesterase,	type	B),	

Pfam:	PF00135	(COesterase).	It	applied	to	Glycerophosphodiester	phosphodiesterase	

candidates	that	belong	to	Glycerophosphoryl	diester	phosphodiesterase	family.	

Cocaine	esterase	was	the	largest	amino	acid	sequences	among	other	candidates.	 It	was	

derived	 from	 one	 single	 droplet.	 It	 showed	 a	 96%	 similarity	 to	 Synechococcus	 sp.	

Cocaine_esterases	belongs	 to	Cocaine_esterase	 family	 that	also	contained	alpha-amino	

acid	ester	hydrolase	(Beta-Lactam	Acylase),	glutaryl	7-aca	acylases,	antibiotic	hydrolase,	

and	 diester	 hydrolase.	 Able	 to	 perform	 both	 hydrolysis	 and	 synthesis	 of	 a	 variety	 of	 -	

amino	 -lactam	 antibiotics	 including	 (R)-ampicillin	 and	 cephalexin.	 Interpro:	 IPR005674	

(CocE/NonD	hydrolase),	Pfam:	PF02129	(Peptidase_S15).	Multiple	alignments	analysis	for	

esterase	genes	is	showed	below.	
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From	this	multiple	alignments	analysis,	we	revealed	that	our	candidates’	assigned	name	

is	the	same	as	the	annotated	one.	Therefore,	their	functions	must	be	esterase/lipase	

functions.	
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§ Acetylxylan	esterase	
	
	

	

	
§ Cocaine	Esterase	

	
	
	
	



153		

§ Cocaine	Esterase	
	
	
	
	
	

	
	

	
§ Cocaine	Esterase	
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§ Acyl-coenzyme	A	thioesterase	PaaI	
	

	

	
§ Acyl-coenzyme	A	thioesterase	PaaI	
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§ Acyl-CoA	thioesterase	2	
	
	
	
	
	
	

	
§ Proofreading	thioesterase	EntH	

	
	



156		

	
	

§ Thioesterase	PikA5	
	

	
	
	

§ Arylesterase	
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§ Para-nitro	benzyl	esterase.	
	
	
	
	
	

	
§ Esterase	Yff	
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§ Rhodomycin	D	methylesterase	DauP	
	
	
	
	
	

	
	

§ Carboxylesterase	A	
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§ Putative	phosphoesterase	YjcG	
	

	
§ Putative	glycerophosphodiester	phosphodiesterase	
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§ Glycerophosphodiester	phosphodiesterase	
	
	
	
	
	

	

Putative	metallophoshesterase	
	
	

61 Kocuria sp.(HAG63385) 
52 Kocuria rhizophila (WP 012397138) 

47 Kocuria sp.(HBH56530) 

39 Kocuria (WP 058955457) 
 

48  

73  

 
 
Kocuria salsicia (WP 055085906) 

Kocuria (WP 039101453) 

Kocuria tytonicola (WP 121863972) 

Kocuria sp. (WP 110920927) 

90 Kocuria rhizophila (WP 047979461) 

Kocuria sp. (WP 121241559) 

Kocuria rhizophila (WP 102613363) 
74  

33 Kocuria rhizophila (WP 059281625) 
42 Kocuria (WP 019310478) 

59 Kocuria (WP 070637221) 

61 Putative metallophosphoesterase 

91  Kocuria (WP 121566231) 
 

0.005 
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• Glycerophosphodiester	phosphodiesterase	
	
	

	
• RNA	2',	3’-cyclic	phosphodiesterase	
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• Thermostable	monoacylglycerol	lipase	
	
	
	
	
	

	
• Putative	lipase	
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• Monoacylglycerol	lipase	
	
	
	
	
	

	
The	Phylogenetic	Analysis	of	all	Candidates’	Genes	
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Alignment	of	thermostable	lipase	with	closest	species.	Conserved	regions	indicate	amino	

acids	constituting	the	putative	catalytic	triad.	
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Alignment	of	the	deduced	amino	acid	sequence	of	LP002	with	other	closest	lipase	

protein	sequences.	

	

  Putative	inactive	
lipase	
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Acetylxylan	
	
	

	
Putative	phosphoesterase	
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Arylesterase	
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Proofreading	thioesterase	
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Glycerophosphodiester	phosphodiesterase	
	
	
	
	

	

	
Putative	metallophosphoesterase	
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RNA	2',	3’-cyclic	phosphodiesterase	
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Carboxylesterases	
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Acyl-coenzyme	A	thioesterase	PaaI	

	

	
	
	
	

Rhodomycin	methylesterase	DauP	
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Thioesterase	Pika5	
	

Cocaine	esterase	
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Arylesterase	
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Cocaine	esterase	
	
	
	
	

	
	
	
	

Acyl-coenzyme	Paal	
	
	

	

	
Acyl-CoA	thioesterase	2	
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Putative	glycerophosphodiester	phosphodiesterase	
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Esterase	Ybf	
	

	
Para	nitrobenzyl	esterase	

	
• Results	of	alignments	of	esterase	genes	with	their	closest	species	

	
	


