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Next-generation Sequencing for Environmental Biology -
Full-fledged Environmental Genomics around the Corner
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Abstract - With the advent of the genomics era powered by DNA sequencing technologies, life
science is being transformed significantly and biological research and development have been
accelerated. Environmental biology concerns the relationships among living organisms and their
natural environment, which constitute the global biogeochemical cycle. As sustainability of the
ecosystems depends on biodiver sity, examining the structure and dynamics of the biotic constituents
and fully grasping their genetic and metabolic capabilities are pivotal. The high-speed high-
throughput next-generation sequencing can be applied to barcoding organisms either thriving or
endangered and to decoding the whole genome information. Furthermore, diversity and the full
gene complement of a microbial community can be elucidated and monitored through metage-
nomic approaches. With regard to human welfare, microbiomes of various human habitats such
as gut, skin, mouth, stomach, and vagina, have been and are being scrutinized. To keep pace with
the rapid increase of the sequencing capacity, various bioinfor matic algorithms and softwar e tools
that even utilize supercomputers and cloud computing are being developed for processing and
storage of massive data sets. Environmental genomics will be the major force in understanding
the structure and function of ecosystemsin nature aswell as preserving, remediating, and biopro-
specting them.
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ofef| M &EAQl FAAR = 2 A 7
3 o7, EEe] gt 71EH SHAME AEAA 4
719 35 gl A7 A4 (Sanger sequencing) 7
& olgalel P NLE e 1 ¥47)7)
S| dEIglon], Aepy S AL AR A% T
A2 7N Y SR Fustn ol oF =Yshe
9] “AF71 (shotgun) K =f” o] F1ekw]e] &&H <l
35 S| SHEHA IS ¥R o= AHA
Eo] FAA Mde] A el AlZbE lo (Fleischmann et
al. 1995; Fraser et al. 1995; Lander et al. 2001; Venter et al.
2001). |, =, B8, AIZE HellA 7| ez AxA
ol &IAQl AAt) A7 E EA 7)< (next-genera-
tion sequencing, NGS) == A|3MH] 7|&So] /g o
2A T AEA 2 A W3k §AA sl 5ol F4
8] F7bekar glow o]e} o] widt <ke] Ho|E &
A3 913 AEA B3 (bioinformatics) = 7] & o]
F43] WAst e gl

271N S5 71e 3 mAE 2 Ao 34
ATl = EsiA o] 83 glc} (Béja et al. 2000;
Tyson et al. 2004; Jeong et al. 2005; Hallam et al. 2006;
Dinsdale et al. 2008). 374 A3} 374 A= AYE=2H
AFHe] & WA AR FAA BHS AeFEA
S A B FR B A5l FAson 87
W AE FAAAE) R AT Fobel 37 WIE
ARGz 2IE sed 23 4ge ddsid
o w3 373 AszRE A3 DNAZ AHshe 7%
Sol AAHEA W PsT vl gBR ok} obx)
744 vieke] Wb Aom akeldl B4 W) ekad
NYEESRE AFT B f4 FAHRE F5
4 QA A g 974D Sl e A
FAA BN e A AFS Ve = 3
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ARE M= 971Md 78k 344 A 5 (environ-
mental genomics, metagenomics) F-o}2 3 thA] = kA
71 d w$ 2 F¥E sk sloh(Gaand et al. 2009;
Hess et al. 2011).

n g FAA 2 dleRA] 5 (metagenome) o] 17
A 71Ee] WA wet mdll g 2F A
3R] 3 FAA AR wwE 9l
gt FABATL A vl g 2
F43) $Y9 3 glond, Wikl Wb vYE
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43 MR oz e A A HHA 9714
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A ZM FHAE 5313 o] 21E FAAS £43)
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7 Adzakg ) el 8= dul Ak AR
=3t 37, A1E, A TRA A Y] FAA L wER]E
FAE T glow, vx] o] & 1l v olg s
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Jung et al. 2011; Mackelprang et al. 2011). -AA A]d
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35 G7IM G BA 7)o 4] A7 FAA A E S
= = 2 A € (human genome project)el] A 7]ed3F £4
vl o]t} (Sanger et al. 1977; Lander et al. 2001; Venter et
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7150l ME7] AEAS 2 A 3 HA A
G719 #A47]7} 2005 Jonathan Rothbergel] &)
35 454 Life Sciences (20071 Rocheel| A glg)ollA] &
Al ek GS200]2h= o] F o2 JNEE M7= o F,
GS FLX, GS FLX titanium, 2] GS FLX+ system7} %
Mibe AFste] ZF Al reade] Zole} &5 4%
PN AL GS AP ze] BHIES A 9
PCR (single-molecule emulsion PCR) W}H & &3 ==
DNAe] sl DNA Fdasrt 2k 94715 AFIAIA A
2% 7F4¢] DNAE w5 o AJA=]+= pyrophosphate7}
FFeAe) YA FEstm o I AEe P
pyrosequencing 7]uke] A W& §-83ke] 47IAd
& Aakshe WAje] A4 ¢lch (Bult et al. 1996). A7)
GSFLX+ WA HA 9471 A 7 ZHel¢ reads XAk
g 4 glow oleid 71 read Aol wpwkoz A A
B Aol Absstn a9,

Asl7] 918 A AA (transcriptome) A]
2H& s43h7] 9% PCR

AbE- (amplicon) A|R1A], ©hil A 2 mhEeiR] = fA2F 7
A BAsHe A4 (eome) AW FE SAT S 3
o} 71 o] &, 200634l Solexa(llluminax}7} 2007 314)
7} Genome AnalyzerZ-, 20073l Applied Biosystems (&
7| Life Technologiesz £3t)¢] SOLID systems 72+ =
Alsksl T} (Bentley et al. 2008; Valouev et al. 2008). IHlumi-
nae] Genome Analyzers= 34| Akel| A bridge amplification
W& 53] DNAS $33le clusers T $(reversi-
ble terminator-based sequencing by synthesis), & 71449 $
Zyzre] ¥ AR &S W o &3 (Bentley
et al. 2008). ABI2] SOLiD system-2 3HA-& E31 A]QAA
(sequencing-by-synthesis) W& 2183k 9]9] 97|H <D
BA 7153 2] sequencing-by-ligation B} & 714 <
3 =l =9)38l9lt) (Vaouey et al. 2008). F 7}A] A 2~E!

Table 1. Features of NGS platforms

Hd 4 gl reade] el GSAlelze) 2
ojueh gA% Ine Y B %3 Aes A
oz WA Qb IR Sk R ABA S
FAA AL AA A5 TEe] o] W BF
AA M9-S F=x3s= SNP(single nucleotide polymorph-
ism) @ CNV (copy number variation) 5-2] 544 v|a
R R I R L SN (S
Kernan et al. 2009; Bickhart et al. 2012). &4 $] Al 7}#
FPEES B 2UEF NS By Qo
read Z o], &, A&, BAA| 7 v S 5 Ao B4
o] z}ol7} gt &, A 71X v =, GS FLX+ read?]
H+ Zo]7} 700bpe]ar sh 7}E A] 700Mbe] ] o] €]
= AJAkgE 4= 9lo}. llluminaile] Genome Analyzer:= 150
bp7lA] & 4= 9l AAE = dlo]E k2 HiSeq 2000
7171 A Y} paired-end readE 7]30 2 600 Gbh7}A|
7}s-3)e}. 813, Life Technologies®] SOLiD+&= 5500x! sys-
temS 71Fo 2 v 75bpe] readS ALY 4 ¢l 3
W 7gshd T Iz fdAle] - 30x coverage
742 4714 D o] A= (Table 1). whehr] A4 =
Aatele AFAES d7IMd B i 9 4=
3l A3t 7171 &84 4 sl

A flek A GV BA7I7E 83
AA ADA Aol 7= cloninggle] 7 A A<l
Hlgo=z dgaF gl Aakel Higt ZFe] A=
g Aol Y @7IME BA7Ee] o] 43tn
3l PCR £5Fof|A 9] biasE FE3lx ©td DNA £z}
£ ulE AEFE 5 qlow vlEe] 7] read Zolo} &
Ao es 2 97149 At a7 s o= Et
Joel el PCRele] v AAeAM EA it
DNA Ex}2 ¢l= 92zt 97149 BA7] (dnglemole-
cule sequencer)S-o] JRtE gl o] 2 o] 2u} A3
719 2783 gho} (Metzker 2010; Pareek et al. 2011).

ol
M e

[llumina Roche Life technologies Life technologies Pacific Bioscience
HiSeq 2000 GSFLX+ 5500x! lon Proton Sequencer PacBio RS
Template A AF ¥}2]  Bridge amplification Emulsion PCR Emulsion PCR Emulsion PCR -
Reversible terminator- lon semiconductor Single molecule red
Sequencing B} based sequencing by Pyrosequencing  Sequencing by ligation  sequencing by time sequencing by
synthesis synthesis synthesis
Read length 100 bp 700bp 75bp 200bp 1300bp
Throughput 600 Gb! 700Mb 190 Gb/run? 10Gb* 45Mb/1 SMRT cell
Run time 11 days* 23h 7 days® 2h ~2hr

12 x 100bp, dual flow cell

22 human genomes (30X average coverage), mate-paired 60 bp x 60 bp
SMate-paired 60 bp x 60 bp, 1 human genome (4-5X average coverage)
“lon Proton™ | Chip

SRead length 100 bp
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Helicos BiosciencesA}2] HeliScope, Pacific BiosciencesA}
o] SMRT S-¢] AF8-3} ¥ 9] 3z, Oxford Nanopore Techno-
logies®] Nanopore DNA A& A7} EA)E o 28t g
o] elo T YL FF A|FAA W eo=A DNA F
Fubs Al o= ae] o] 33 X155 kA
£ 0] &3}o] 7Z3}= lon Torrent A]A {7} Life Techno-
logiesA}2] lon PGM =} lon Proton sequencer 2 ZA] = o]
£ o A3 vgeE JUIMEE A 5 9 H
Ak 2 @71 EAMT)Ee] A8 TS S
517] $18l Ala"lE o o] =3t kel A3HY £
A71E =3 2L 7|Ee] AE5E vhE M sE 1 &
A Ao HolHE AAtetE Helle Alzte] o 2o
oz welr)

a8 734 2 24 J|=

NGS A~ oz RE gny 345 53817 s
AMe AHdel read =& glelBE] FHE 13t 3
= AZFE A$) single =& pared-end reads 253}
¥t} Paired-end A| 14 8] 7 S-ofl = Bkt AeolE 7l
g2 FHo shelBYEE AREdte] A S 70|
A 47IMd 53 A5 288 wole
Ae7= g A7 A|RAAE o] 43 v E A
5 Aol Aoz 744 nagow <48 Phrap
< H| =3} TIGR assembler, CAP32} 72 overlap-lay-
out-consensus A& o] 83t Mg 2§ Z=2 I e] ALE-
Agehd g Aol dg3fel 97149 2 54
de Bruijin graphZ& o] 43t Velvet, SOAPdenovo, ABySS,
CLC Genomics Workbench de novo assembler =-2] ©}o)k3t
M A Z2 o] spEEe] o]4E 3tk (Zerbino
and Birney 2008; Simpson et al. 2009; Li et al. 2010). 18
U @ad 524 Mol webdx wlmgAal 24
s} FobddA FAAE AFsh WS ol2l de
novo assembly 2]¢]| = reference-guided assembly H}H -2
3 =&% F%5 (consensus) F7IMFE Egste WU
o] a1eh= 3ivt. Reference mapping- A A4 5
2 SNPu DIP A& & o) A3k 3y o] A1 MAQ,
SSAHA, BWA (Ning et al. 2001; Li et al. 2008; Li and
Durbin 2009), CLC Genomics Workbench reference mapp-
ingel 2> MY BtE =7FES o4, I AA9 A
E 44 5 A consensus §714EE E2]e} de
novo as-sembly ¢} A EA1AH &E&2Ql A A AIdE
oA 8=} (Nishito et al. 2010). F-AA] S 93l A
E da A9 23S B8 A contigEe] d71AM <
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T4& pared-end sequences 1A gl& W 7pediH,
2 2719 43} DNAE 2t golusjelseie
el mate Y RE o]-8-5t scaffolds &=
A& 4~ 9lt}. SSPACEY} SOPRA 58] == 13
2-& wlo} scaffolde THEAY, Mg %23 =21
AA M o2 scffolds A3k 97149 22k
= g} (Dayarian et al. 2010; Boetzer et al. 2011).
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A} (Tsai et al. 2010; Xing et al. 2011), physica gap =]
£ %13 PCRo|L} ACP7|&E5S 483l 23& 5
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7% geh 94 E A deld $A% Aug ¥4
7] 98l fAA FHSE S Hed QR
2 Glimmer, GeneMark 5-¢] §A-z} % = =273
< %3] sructural annotationg- 4~3) 3+ & (Delcher et al.
1999; Besemer et al. 2001), |23 $AASE 7[R 2
UniProt Knowledge-Base, KEGG genes, COG, NCBI NR,
Pfam, TIGRfam, InterPro 5-2] o] Eju] o] A2 A} o =
BLAST @ HMM search= $8)3}o] 7]%& §-33tc}. o]
23 Qe §AA A% 3 o 7)1, A,
wx A5 oulg 2 5 e FAA 24 A
g % et
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& B4l %9 amplicong
B8, NGS 4|21 (read 2] 2 o AH & &

[o RN <}
A+ 7%, amplicon?] Zo)7l A5 Be HHE o
43te] AAE ARG AL 4 ol7]el 2ol 454/Roche
GSFLX Titaniumg 714 @o] Al4slx 9£)& 42t
o] o]59 A INAL Yo w ISaly, S3E wi
1)

dl

2l k-
mer AN 5 53 4740 reads AETA AR
9 IFAHHE e floh A readsell sl A
B MEGANZ} 7o =z 73S 843 Aels Je)
2 B £ gJon (Mitraet al. 2011), 16SrRNA F-A =12
714~ Ribosomal Database Project $]oj] 7-%%]¢] 3] RDP
classifier 59 €1 7|9t Z2a3& 3l ASTA &
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A 725 4 4 vk (Lanetal. 2012). =3, 23] <)
o}eFAd (Simpson's index), -3} (Chao, abundance-based
coverage estimator), #%5-4] (Shannon's index) 53} 22
Fs} ehepy 3§ 7] YA readss HL e} of
23E 7 reads 7o) ABA A mE fAEE 2AZ
7y 28-S AHYsle] A& e =A)3l= & operationa
taxonomic unit (OTU) @ 7§A| F=o) 3t HrE F=3)
3, 249 5% o) g3te] Abslo} geh 314k NGSH|
A AR Yoo readss AEH ZEIYES Bgat
At o] 2HE 2FE Aoske A2 AFte] vl
L& AeElH, ol w2 vlmE 73 . 3
= ol EAIE S5 Hdte] B AEAEEY =
Z-o] 7tE 31 gl T-Coffee, MAFFT, Clustal Omega
> e 971M S mEA AHEr] $8 whEe]
Z =z g2 o|ny, CD-HIT, Esprit-tree 52 7|2 49& =z
OTU&Z binningdle] F+= == 712 o]t} (Notredame et al.
2000; Li and Godzik 2006; Katoh and Toh 2010; Sievers et
al. 2011; Cai and Sun 2011). =3}, Mothurt} Qiime =2
o] 7o okx] ol F3t Fho]zelel e Fhte] package
Zeagow Fol AHgAt Bge deleHE 47 3
A 4 AmF =4l s, s 9 48R
& Asl= AFEALY] 79, Ribosomal Database Pro-
Ject sl o) x|e] F=% pyrosequencing pipeline 3 o] %]
N eAHem @ Ju Zzade AAAA 47
diield ARE 353 4= 9lo}(Schloss and Hand-
€lsman 2005; Schloss et al. 2009; Caporaso et al. 2010). ©]
9ol = Fast UniFrac =2 7812 AT 7|Hlo=w 7t n)
A5 A7k v A (Clustering, FAREE4 5)& A4
el 24 2¥e) 2ol g AZsF & QA HFcH(Ham
ady et al. 2010). 39, | Q& At AA 2 AR H|w
BAE 984 BB 2REH 2442 DNAS 5343}
o] FE=3t dggke] A7) g Meavdvet, MAP =2]
metagenomics= ¢)8t A|AA 23 Z2 WS 835}
contige 2 =& 4 gJon k-mer I &) wel 7+ con-
tigs-g EFH2ol ulel AL 4% 9o} (McHardy et al.
2007; Pignatelli and Moya 2011; Lai et al. 2012). =3 %l
971492 2E GenBank NR, KEGG, subsystem 5-2] ¢
olEjwl o]0} wlmsle] 87 Alm W} fAA = 2
Ag 5 glom, 7 fAIA el whE vlx w3 AALE
Aet. ol g FAA ARE vigoz weAE W At
HENZ 9 A - Ay 7S 533 "1
NGS 7ih-2 Alg7bA] AL 29 wAdE
A 2 AR ' 7PeEA s w3 o g2 b °1
el A} 7 o 2 AHREH A 71Ee] &7H

I3, AR AL 7 4 e Z2aYEe

01r1 H o 2

m2 ey A 9
% xgazmw w7 el el A%
Sleh. o] es] W4 4ne) 5o 2AA o}
e 404 2 BHoRE AR, A ou)
7] 918 4% 977} dad Aeleh

o

i

W R

rkﬁ>l

aj

0=

= 78AM ¥ bEXE A7 SE
454/Roche Genome Sequencer £} Solexa/lllumina Geno-
me Andyzer u] o} & ZAY @71 BA 7))
AR} &7 Tz RE AAEE 414 Mg AR A
e Jshgases Zrbskr) Alststant 97149

#A ARE AT SR DA ARAE el B §
0AE F4D AL BB 0 Wz AR ob
2, microarray7k Aejskel AAbl w4 dd e dlel

32, o] Aol = et w43t
Al AAAE HEA]E B
o] ZA &A= Sl
MR G $A FokE g W FEAE e
Ho] @A & ok 200059 AT A7 YD
zetos WAL FAA S= F7E T glor] ol
HlEsle] RAE FAA G97IME AR =3 ek
4= 1 ¢lu} (Fig. 1). Haemophilus influenzae Rd (KW20)
7} 19959 <k sl s A WA A FAAR dmd
o] & (Fleischmann et al. 1995), o338 F2|& WA AMF
g wFshe] md vlgEelt AdA 4 o4

FAAZE HEH A FAA A5 T2 A%
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Fig. 1. Cumulative number of microbial genomes and consequent
accumulation of sequence information. See GenBank statis-
ticin June 2012.
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Eo A AAAQ g F= HAA A o
Toll 2 7lds & Aelztx 7dE =+ 1 A3
Helicobacter pylori, Saphylococcus aureus, Mycobacterium
tuberculosisE ] £3}e] (Tomb et al. 1997; Kuroda et al.
2001; Fleischmann et al. 2002), sl =% §AA &2

R AR °Zﬂiﬂi/‘1°l Exg—;— 27 9 par

coli®] fAAE # )
el g3k d £ AmEA 2 %11‘117}
gHME WA AAFe] A 5SS
A QAkE qrEEk] fs A A o] %7—431 Zl
o] ¥} (Blattner et al. 1997; Ohnishi et al. 2000; Jeong
2009). =3t NGS7} #AstHA] Welg 97144
A HZE 4 gl A3 AT = tEe] @5 o
e, 2l Al TS ez A3 d+E
‘BEl Nom o3t df = AIEL vl FAA
of gFe] AW Ao 7 e AHEed
1Mkxl o] 31 ¢Jo} (Barrick et al. 2009). At A &4
A} €=3le)| Fodsl= rhizobium, cyanobacteria® v|F
(Freiberg et al. 1997; Kaneko et al. 2003), Azotobacter,
Methanococcus (Setubal et al. 2009), el oFA w2 1
%-¢l mesophilic Crenarchaeota(Walker et al. 2010; Kim et
al. 2011) F2] F+AA7} ‘HEEMH 25 23 A
Hel AR A9E 4+ Je 44 DR AZ3
9t} =3k Burkholderia, Aromatoleum, Shewanella, Geo-
bacter 5 Ao =NE] ¥elE FEE Y 3Eo

X2

o= O

MR M ode [

hop @

o

¥ _{)4
O

]1—’

A

U
A J

o

2ol SNt T4 %o 59 29 2 54%
B¢ ARY ¢ Ae $9E T el AER,
7343 oJv) WA Y TFsHel womw oF
[e]

A4 2 A2 B o] Al=E 2 9ok (Kwak et al.
in press, Rabus et al. 2002; Heidelberg et al. 2002; Methe
et al. 2003). ¢, o]y HEofdA = HIAAAL ==&
PAE 98 AEES 3% olgsty dledl, PFE
Aot Al A=A AA-S A Aksl= Paenibacillus poly-
myxae] A7}k 55 o) AEH-aelaE YAk &

AAEE F95kn AGH AAAA Sl =9
(Kim et al. 2010). ==&+ Hahella chejuensiss} 22 w| A&
o) #AA7} A5e S Az 2 AP 2 =
A SRS Feows 87 AU 44 R ADH 4
WY& woled B4 75dE RelFld (Jeong etal.
2005). Al 2-¢ ook AEaied Aol wlE A
A Mol 712 Aas AX#NF e, ATt 32
o] vrekdt FAEAI QA AL AAske F=
HE o|x}HAAIE A AH FHAARES BEAFo
24 o] 5% ooF /M gl Akl A&7 A7 A=

o] o|Fx]3 ¢lv}(Bentley et al. 2002, Song et al. 2010).
H A7 HAste] Q1zEe] 77| {3 J%
=Fd35l= o328 bifidobacteriar} lactobacillie] 714
AMdx 355 o]gto) (Altermann et al. 2005; Kim et al.
2009). Aol A 2] frAaktEe] FAA S 53
oAb W 8 B AR EAMEe] 2§88 45
3l Ao 11X 7|58 §-33)¢] probiotico 2 4 2
AN g AAS = S,

52 aAE 9149 #4747

o r_; il

J?i

‘n‘zdzﬂ
5% 459 DNAZ #Salof sloe Bypye] nag
A 52 =4 wiFe] 7Hed PAES o=
A4 ek et A B EAlshe vl AR F b
ek vl Eo] 99%E AHA|EtaL 9o, o] EE Wik
g 5 ot WAk 210 Pt £ HARE e
7] $l3h esl= §AA A de] ey o] WA=
A7) S8 wekel ©EFA kn B AE )]
n Y E-E /X3 FAAE A5 4 9l singlecdl ge-
nome sequencinge] 378+ g1t} (Woyke et al. 2009; Kalisky
et al. 2011). =, microfluidic flowr} flow cytometry S o]
43le] Ty xS ZEH o=z s & phi29 DNA
polymeraseE ©]£-3F multiple displacement amplification
(MDA)E $33te] A FAAE FZF3H =&, o)F
A FHsbe] e MDA AHEE 7M1 444 5%
& 4 Al ¥ Aelok(Kalisky et al. 2011). o] #hy
< o] gsle] A ehh, A £3e)] YL WA=
ormyjol A3} A ==, Nitrosoarchaeum limniag- &
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Fig. 2. Classification of metagenome analysis projects based on ecosystem and the project type. See the GOLD statistic in June 2012.
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