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Abstract

BACKGROUND: Living modified microorganisms
(LMMs) have been focused in two very different aspects of
positive and negative effects on ecology and human health.
As amodel experiment, wild type and a foreign origin gene-
harboring modified E. coli strains were subjected to
comparison of their metabolomes and potential effects on
soil microbiota in the laboratory sets. This study assumes the
unintentional release of LMMs and tries to suggest potential
effects on the soil microbiota even at minimal settings.
METHODS AND RESULTS: Metabolomes from the wild
type and LM E. coli were analyzed by NMR and the profiles
were compared. In the laboratory soil experiments, the two
types of E. coli were added to the soils and monitored for the
bacterial community compositions. Those metabolomic
profiles did not show significant differences. The microbial
community structures from the time series soil DNAs for
both the sets using wild type and LMO also did not indicate
significant changes, but minor by the addition of foreign
organisms regardless of wild or LMO.

CONCLUSION: Even if the recombinant microorganism
(LMO) is released into the soil environment, the survival of
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microorganisms in the environment would be one of the
major factors for the transfers of foreign genes to other
organisms and diffusion into the soil environment.
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T s Aow AAR T, JHA ALV v e 9
8 DAl Aoz A7 ggo] Mg =Ee] g
o 229 23 1 of 15 FA9 Bs) GM a2 g
T Qe AoR AAE wol @7)% &t n|gel GM A&
= goFo] S7HE ARES AAketAY, SekHoz Fast
RS Ak, B AW, 23, 7HE SOl AdAES %
5 JEe], AT AR RE A= A
et 7 s Aol

GMO®°] tigh T2 SH9 AslZAl=, d47) A A%
off tigt FAIA FAH Fgo] of73] v R ] A
HIE gol 3t Ao F 4 Ftele 1 9EFES oY)

Hrl= Aotk AHEEE GMOY) g F7he 2 RE 19
T

T 5 AHAZ dold £ e FAE Stk E GM
o] FgE Fol|= o3| 1 fHrks dESk, oY
o] BEolA Hold 4 Qlol, iAol ¥ vE F s
Aotk slFolut AW, AzxAl] AP Fofshe FHA
=2 GMO?9| A& o] ke 23T 5 9 Foly,
I AR Aol FAIE g AR 4 S Aolrt 1w
g Aol =41 B dolwl o FaAke] 17 1Akl dist
FEE AFHA FsAY FEAL ek 219 2] GM
e Z3eE GMOS AL Eskal, 1 Akl
AEiA 2 873, QA ekdAdel digk 27t A3, F71H
A

Qo] gigaaty 2ol GM WAES w2 AjlA A
stk Bkt Askre] 2= Sl 7] 84

Z1e9Ed waf 9 Astel, 193 i
WUE GM W ES /i 9 Folgte sy Hdat
A SR B At A7 &%t Cases and de
Lorenzo, 2005). ©]27] GM PIAEE 7S] 4] 2
I sl wdo] lvkar & 4= glar, o] 7hA] Wy Wy
OF Az W, Mot 9l GM WAE, = LM (living
modified) V]8EE0] 2oF ¥ 54, 7, H2f A el
TrAIE SA] Stell F-EE L Stk o] A= Egh gt
SACE =Tt HeEA o oy SRR S8HE
LM mAEo] 3ol fEEs 49, 21 LM M= <
o 79 34, 53] EF B wAET nAE ¥ A
FAY EAPoR O JFE BARY Btk sl met
LM "= 2 BA nE (oS ®) ] tiikEEel Aol 7t
UEAE A A 3 S dotE At sl
SHAIRE o] Ao ESF oA AEo] ol thiet
(Escherichia col)s A3V oz s, 1 Ayt Udvty
Q1 thsEAS HEE 2 otk

Mz X 2E

FHAHY O|ME(LM 0IYE) M= H HEF FEA
z

cloning Vector II (iNtRON Biotechnology, Deajeon,
Korea)©]1l, ampicillin &4 WA 345 UAlstar ¢l
t}. 7|EA A% control insert DNA(Z7] ¢F 600 bp)
£ ligation ®h&-C% wlE o) A9J8lal, Escherichia coli
DH5a ¢l heat shock®® FZH3 s3Itk Alpha-
complementation®] ©]gt blue/white screening®ll <3l
FAAg #55 Rk, M13 primer AIEMISF: TTT
TCC CAG TCA CGA C, M13R: TTC ACA CAG GAA
ACA GCT ATG A)E ©]€3 PCRZ DNA A& &It
sk

LM u]AE©] ZH= plasmid U A% insert DNAE 7}
A, ZF AlEERE HES] 918l insert DNAS E347]
M13 primerE AM-E1] PCRS 3319tk PCR WHs-
10 uM2| forward primer, reverse primer 717} 1 uL,

flo rlr

template DNA (5 - 11 ng/uL) 2 uL, Taqg polymeraseE
35 premixE AR F 50 uL &5 F=H)sl, 94ColA 5
-] pre-denaturation ¥, 94CellA 30%, 50°Col|4] 30%,
727C oA 3022 =35 253] ARSIt

O1’4E AN =& 2 NMR 24

oY (wt)Zt LM E. coliz-E] W (quencing)S 1o
A (metabolomes) & %313t Lysogeny broth (LB)
b iRl 42 wjeket wtzt LMO =0l 80% wEhE
(HPLC grade) 1 mL2-& "ojreg]y, wehsa) E3t¢ v
AE TS scrapper® oA IHlo® 77 AE87(e
tube)ell &7131, AIRE 4 A7 2AYE(-80T)el
Hstoieh

#27] F8(nuclear magnetic resonance, NMR) 4
AAE =AM, 9428@C, 102, 13,000 rpm) 5 45
F3slal, = 1.8 mL¥} chloroform (CHCl;) 0.98 mL<S 47}
sie] EPATE, o] Bolg th e Helg
SpeedVacs o]43lo] AxA17]1, AZE A|EE 570 uLo]
0.2 M sodium phosphate H¥(pH 7, D,O)9} 30 L]
10 mM TSP (trimethylsilyl propionate, D-O)l *5°]1l,
5 mm NMR tubeZ %7 NMR (AVANCEII 800-MHz
NMR spectrometer, Bruker BioSpin AG, Fallanden,
Switzerland) ¥4 3I3ith

o 1%

LM OME9| EU D|WELE Jat A A=

E coli wt¥+ LMOE LB #jAe] wjefstol(LMO=
ampicillin 23}, Alit AZ2E dHEeE Tl ASds
AASL, Al PBSE 13] AlH § it SRTE ARESt
Y FHEE AT AFSRIUTHET ODe = 1.0). &
3wtz LM 8 E AE A8 7} 10 mLAS 18 x
9.5 x 8 cm (HelxHolxzol) 719 &7 |l E4el
FBA. EFL 017} oF 45 cm7h HES 700 gH e
4o}, wt, LMO, B3 t)Zr(uninoculated control)] 3
N ARTE FHIEIGITE At A8 1 om Z0)2 EYHS
dhan, gjlo g Yol WEko® 95 cmeoll A4 1% T8,
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Fig. 1. Experimental setup for the microorganism’s migration in the laboratory soil.

ke th] o] B4 e HH“‘E}“TJ{Fig 1. e

© WA Pz ok AL A FAEGE skl At

S5, 48 A B SRR AE 3 Aclo] 2e o
Apgae] wge] FAA ool golshe

Soie). met o] T oAl k] APEL Hlé

EQ A2 #EH U EY DNA ==

EY AR AFE AT 2ok 19, 59, 209 F A=
T4 AEZFE 5 em o]A¥ AgelA 1 Cmﬂ Zlo] Eoks
e 939 98 Z43lo] wt, LMO, tize] 3 A3l
717y AF St Fig. 1). =3 21U & % wt, LMO A%
Al EF AR AFE10], DNA F27H) W% Hassic
wt TAE AEE ‘W, LM P8E ASE ‘G R ASE 4
siolth BE ARG 025 g EYOENE PowerSoil DNA
isolation kit (MO BIO Laboratories, Carlsbad, CA)< A}
&3l genomic DNAE F%315111, DNA 5%+ Qubit 3.0
o]&sto] SAslrk

Fluorometer=

EQF O|MEFAZEIA NGS (Next Generation Sequencing)
24
%%f‘a genomic DNA®|| tha] 165 rRNA f41#ke] V3-
4 ToE SEAA, I A7149(Q2 x 250 bp)= MiSeq
%%n(ﬂlununa, San Diego, CA)S.Z 97144 453
CHula2A, A<). 165 tRNA 4710 v3-va 799 &

Z(°F 428 bp A7)l AHEE primerv T 2tk 16S
amplicon forward primer, 5 TCG TCG GCA GCG
TCA GAT GTG TAT AAG AGA CAG CCT ACG
GGN GGC WGC AG (341F); 165 amplicon reverse
primer, 5' GTC TCG TGG GCT CGG AGA TGT GTA
TAA GAG ACA GGA CTA CHV GGG TAT CTA
ATC C (805R).

EAE 7144 9] raw dataE Mothur (v. 1.38) (Schloss
et al, 2009)= A}kl MiSeq sequences standard operating
procedure (Kozich et al, 2013)E Farsto] Al A&
435k tHalpha-diversity). H£3t sequencing error} 7]
Hgks A|AS &, OTU (operational taxonomic unit) 2%
clusteringsto] ©] 3 418 zl83ict

i

2
OJA4S OFANST} LMO CHAMR| Hlm SA1
wtZt LMO A E &8 NMRE 45 23}, -+
TTEFES O ZEIe A dXEgly, e
(amplification) oAl zto]7} UERth 1 o] 4% Al
SO Z7] Foll Apol7h QIH Aoz dhE G tH(Fig
wt? LMO 71749 diAbA ZR3dE s F55H]
(overlay) ¥ Ay} F7]9] #Jo] 2ofli= EAARI #}o]
YERLFA] 99k, o= wtd LMO2] tiARA7F A3 279
Ae A7t WA abStES Gvlshs Zlow wdd 4 glrt
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Fig. 2. NMR data profiles of the metabolomes of wild type (wt) and LMO. Divided ranges of (A) wild type, (B) LMO,

and (C) overlaid profiles.

(Fig. 2C). A H2lell A4 9)=72] A7](amplitude) & 2=
AE g AdelME diibAl ZEakde] 5421 Alo]R]
R4 ¢kSITHFig. S1 in Supplementary Information).

LMO% thAHA] 415 915k vk, ampicillino] %3
LB 3t ujx|ellA At 75 A]‘Q-E}Oﬂﬁj ampicillin
A AL FhEASS FET 5 AL, wt 7 E &
AA A& A7 §la, st SRAAZE 5o A %2 Al
Aol Al YA A7 AR A kS o]
L i 2 ) e e R B S i i e S e = P o )
atol= kA RIS Fot BAoRE gRIs] {4
A5s & T 33, =4 FEY Aolg ERls] flEiAE
A4 7 (mass  spectrometry)E &85t A7t upehok
g Zlow AlgH.

LM D= MMEF R HS

E. coli o (wt) & LMO HE, o= A% vz
o] 3 Ao zRE 1d ¥, 59 F, 20Y § AF T Bkl

Al %35 DNAE M13 primer AEE PCRES G835t 2

3}, 1D, 5D, 20D, 21D9] o= Al5oX % AZ2EH insert
DNA7} AZHA St (A7]9% A5 AA=h. o] dae=
T EF go] HESH E colid] wtoluk LMO7F A&
3l7] o 3ol 5 em o|FHE YA7HA] W AYEO]
e e FbER e A9 5 Stk B vAEe] A
it stdety, nAES] fE 9 lo] Folxl B
$gelA ofofx] Fgk At i Stk B3 B¢ DNA
% A Ax3 plasmid7t ©F 3.4 kbEA4] genomic DNA
| vlaA] BR Zobr] FEHA] S TFsAE wiAIE ¢
e Fow Fodr) o] AF FHAATE Bl A=
7Fs8k v A& 2] G AA|(chromosome)l| 5017t 4$-of, &

& dlelld 2 fFaxE A3 gRleke Zlo] 7 Aow
At

2

AlZtoll 2 EQF DNA2| NGS 24

ARkl W wt, LMO 9] Eko e 328 873744
A(genomic DNAS);—:_ MiSeq % #4413 =S Mothur
A Ay, F BT 71 97D 3% AolE Vo
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OTUE clusteringdt A7}, OTU 9= A& ¥ 1812-1996(*3
‘EL 1903+62)94 read 7155 H$3(Table 1), OTU 7} A
2 sk A14%1 Good’s Coveragei= 0.975-0.982(%3
‘\'—lL 0.980+0.002) 24 A|55 o} & 3ttty g 4= o}
(Table 1). "YEARD S &2 75 HehllE F-5(richness)
© Chaol AF2A &1t A3, Al 7F 2 2Jo]E HolA| &
RS S 5 QAa(HS] 22222497, 3. 2337+95), HAE
F(diversity)> S5} 57 (evenness) s R
| 52|24, Shannon (9.15+0.08)} Simpson (0.996+0.001)
A58 A= 9719 AR 3F & Afo|7h HolA] Qkgk
(Table 1).

o] AE(HT) 2 FEE H(phylum) FFolA 2, 9719
AlZeA it 2 Aot Sl 2s B AR HE 9
2lof|4 ] A7 5-em o] AH $1H| 2] Y Apolell Afe]7t Q)
= 3 B 5 AHFig. 3). E coli wt? LMO #HE $1A|

(GS21D, WS21D) %} 5-cm ©]A® x4 AFHTE 77 A
F(control, W1D, G1D, W5D, G5D, W20D, G20D)Z%-
El9] Bacteroidetes %-°] TR x4 ulgo] Zzt HAd
14.5%(3F AN 9.1% (AP AE A5 SIA)E FARCE
oJu] QHp<0.001) AolE B3ITk 1 9lol F TI5F 1t AlelE
Hol= &, undassified Bacteria (p<0.05), Acidobacteria
(p<0.05), Chlamydiae (p<0.05), Chloroflexi (p<0.05),
Nitrospirae (p<0.05), Parcubacteria (p<0.05)7} S1°.
W}, unclassified Bacteria-t Acidobacterias #)|8)3}al
© 1 2dn7F 34 ttkFig. 3). TYUS £ coli’} &3t
Gammaproteobacteria “3(class)> 21%0] A A|F 0]
gEAEA o vlgo] e AE gl —’F ASKFig. 3B).

89 1%, 5%, 209 $9] 5em olF4® $A]9] 77 A&
At 219§ HEAG 20 AR dSA BE owtdt
LMO A= 7t F3ish 2ol eptA] sk

Table 1. Alpha-diversity indices of the microbial communities from all the samples

Richness Diversity
Sample OTU number Good’s Coverage
Chaol Shannon Simpson
control 1981 0.982 2408 9.22 0.996
W1D 1888 0.980 2246 9.15 0.996
G1D 1897 0.981 2286 9.18 0.996
W5D 1812 0.975 2222 9.16 0.996
G5D 1996 0.982 2384 9.28 0.996
W20D 1916 0.982 2384 9.12 0.996
G20D 1823 0.979 2232 9.15 0.996
WS21D 1893 0.978 2377 8.99 0.994
GS21D 1921 0.978 2497 9.08 0.995
(A) 100% m candidate division WPS-2 (B) 100%
m candidate division WPS1 90% I I I I I I I I I
o B Gammaprotecbacteria
50% Deltaprotecbacteria
0% Betgprotecbacteria

m Protecbacteria

B Planctomycetes

m Gemmaimonadetes

m Elusimicrobia

m Chioroflex

B Chmydize

m Bacteroidetes
Armaimonadetes
Actinobacteria

B Acidobacteria

& (ﬂ ~.‘e\ m unclessiied

I m Parcubacteria

W Nitrospirae

mlatex bacteria

m Ignavibacteriae

B Hydrogenedentes

B Frmicutes
Cyanobacter g/Chloroplast
Candidatus Saccharibacteria
BRC1

B Verrucomicrobia

m Spirochaete:

m Alphaprotecbacteria

I I I I I I I I I B unclassfisd Protecbacteria
S & 5

Fig. 3. Relative sequence abundances of (A) phyla and (B) classes of Proteobacteria, classified by 3% dissimilarity.
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F(genus) T Aot gt AlFe) 1% o) E3H
%= OTUYKE 300 4 < 35 OTU) Aglsted, zF OTUZH)
S (abundance) 8} 4% AFIE =28 heatmap©llAl

Lo 40
BT T

(Fig. 4), 7V’¢ sequence read 7} unclassified

Color Ke'_\ur

Bacteria (31t 15.3+1.4%, %] 12.9-17.4%)2} unclassified
Betaproteobacteria (3 6.6+0.3%, 9] 6.1-7.0%) = YeFxk
HFig. 4, Table 2). Fig. 4°] 7}Z 4 AlZ%°] dendrogram
& M7 A EEC] FHAHE o] FolA YR U,

0.05
Value

-sedis
Opitutus

Pseudomonas

Nitrospira
) Pirellula

unclassified.Acidobacteria.Gpb

Cystobacter
unclassified. Gammaproteobacteria

unclassified Bacteroidetes

Ohtaekwangia

d.B

__unclassified.Bacteria
Gemmatimonas

3.genera.i

ied.D
ified Pl

unclassified Acidobacteria Gp4

Verr

unclassified. Acidobacteria Gp3

3

SE ot A

Wﬁ%ﬁm

G5D
WsD
w1D
control
G1D
G20D
wW20D
WS21D
GS21D

Bacillus

Other
Terrimonas
unclassified.Acidobacteria. Gp1

unclassified. Anaerolineaceae
unclassified. Rhizobiales
unclassified.Chitinophagaceae
Steroidobacter

Lysobacter

unclassified Myxococcales

umlassiﬁea.ﬂ_‘—urkholdel'rnles
unclassified. Xanthomonadales

WPS.2 genera.incertae sedis
unclassified. Acidobacteria. Gp2

Parcubacteria.genera.incertae sedis
lcgifind Srhi
Spartobacteria.genera.incertae. sedis

genus

Fig. 4. A heatmap illustrating abundance of the OTUs at the genus level larger than 1% in at least one
of the communities. A dendrograms on the horizontal axis is based on the Bray-Curtis dissimilarity
matrix. The color gradient indicates fractions summing to 1.

Table 2. Top 20 genera by compositional ratios

Genus Min. Max. average st. dev.
unclassified Pacteria 12.9% 17.4% 15.3% 1.4%
unclassified Betaproteobacteria 6.1% 7.0% 6.6% 0.3%
unclassified Acidobacteria Gp4 4.3% 6.7% 5.2% 0.8%
Verrucomicrobia subdivision3 genera incertae sedis 3.9% 6.1% 4.7% 0.7%
Gemmatimonas 3.9% 5.2% 4.6% 0.5%
Nitrospira 2.3% 3.6% 3.1% 0.5%
unclassified Acidobacteria Gp6 2.3% 3.1% 2.7% 0.2%
unclassified Gammaproteobacteria 2.2% 3.0% 2.6% 0.2%
unclassified Planctomycetaceae 1.8% 2.7% 2.3% 0.3%
unclassified Bacteroidetes 0.3% 6.9% 2.3% 2.3%
Ohtaekwangia 1.6% 3.6% 2.2% 0.8%
Pirellula 1.1% 2.7% 2.1% 0.5%
unclassified Deltaproteobacteria 1.6% 2.5% 1.9% 0.4%
Terrimonas 1.6% 2.0% 1.8% 0.1%
unclassified Chitinophagaceae 1.3% 2.0% 1.6% 0.2%
unclassified Rhizobiales 1.2% 1.8% 1.5% 0.2%
Steroidobacter 1.3% 1.9% 1.5% 0.2%
Spartobacteria genera incertae sedis 0.9% 1.9% 1.4% 0.3%
Parcubacteria genera incertae sedis 1.0% 2.2% 1.4% 0.4%
unclassified Anaerolineaceae 1.2% 1.6% 1.4% 0.1%
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7} AlS 7 AP S BoldErh AlZ%9] dendrograms> wt
7 LMO A 57F 19 A8E Algjstals, 2h AR A3 A
XS Ho|BZ wti LM E coli E0) W Eokox]e] 2}
ol AA k= Alow F5T 4 vk AN Al HES
SHA ¢k control A58} 19 AR HlWA FARRS Ko
I AL 59, 209, B AEHIAE] 21 AlE= control
AlEe} gl T5Fo] Hol, B¢l Alite AEe ane] Ao]
7b mleksiue} vehd Zls gQld ¢ otk ey widt
LMO Al g2l e] joli= &eleb] o it

st F(species) T THETH E colic BE AA
o} o7 # A elM = shte] sequence read= YERFA|
A, HER A NATH21Y $) 271, 171€] sequencelt
o] A&t Table 3). oli= Aol % &2 =T 4]
o] HttaL EAetE, 1 Alxto] AEeHA Zetthd AlRte]
Aol et Alzel fFAAMHE ZaHE Ao FEY
T & Zlojt

Ao} Z2 AFPE AR Ao HAE AgRls] 28l
weighted UniFrac distance matrix (Lozupone and Knight,
2005)5 7kt UPGMA (Unweighted Pair Group
Method with Arithmetic mean) 7Ale+% YERITHFig.
5). 5%, 209, 219 Alss MR o yeRd vk, 1<

o

AEE wtg LMO A Z(W1D, GID)7} 15 A& fAM
O YeptA| o=, ol JEe 2710l E coli7t Aot 9l
= AElA wtdt LMO2| Aol 2 Qs Jige Aoz 34
ok FAIRE Algto] Al Wt £ coli= o1 E9F 34
oA s Fatar Abdsl, 1 wAF EREES] JF
o] Hof Al7te] we} wtZ LMO AlE7}) HlSee o2
Hstd Zlow FASISITE o] ool AP AlZell=
AARE 2ol 7h HolA Ha1, o7& LMO2| &yl |Hk=
QI Mate] EQF ATl osk Ao F4% 4 Qlrk Hsh
9]ellAl -8t weighted UniFrac distance matrix& PCoA
(principal coordinates analysis)Z =23l XW(Fig. 6),
UPGMA 153k} AR o] a53ks B3lvk 54, 20
A, 219 AR AME 2FCE et v, 1Y A5 wt
g LMO A 87t s AA o A0 Yeith

Aol 22 274F- A (metagenomes) A4S F3E B
H, S Alts EqFel st A o] EQF nl A Eo
okzke] Wil HolAuk wtolit} LMO2 v]H3 2fo|2 <l
g Bk el Aol vERA] skt ol AlEAd
A3 mEofA] ekt 33 2] EAR 13 AdsiA e
Ae] ekt A W Ao] SIS = AT, weold
LMO 3 mjdEo] EY &AM AEE 5 QleA2 ofF-

Table 3. Sequence numbers and ratios of E. coli at species level

sequence control Wi1D G1D

W5D

G5D W20D G20D GS21D WS21D

Count 0 0 0 0
Ratio (%) - - - -

0 0 0 2 1
0.008% 0.004%

0.0479

DE.WiD

0.0373

0.0308

D8.waD

0.0 0.0422

03.650

05.control

= 0.0673

07.610

0.007

12.WsZ1D
0.0304

12.65210

Fig. 5. UPGMA dendrogram using weighted UniFrac distance matrix.
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0.08 : :

PCoA - PC1 vs PC2

0.06 L

0.04 -

0.02 -

0.00

=002+ A

—0.04 -

PC2 - Percent variation explained 27.15%

-0.06
@ G1D

-0.08 1 1

21D

-0.06 -0.04 -0.02 0.00

0.02 004 006 008 0.10

PC1 - Percent variation explained 36.94%

Fig. 6. 2D-PCoA using weighted UniFrac distance matrix. Percentages indicated for
the contributing degrees on variations. Blue triangle: W-sample (wt); red circle: G-

sample (LMO).

7h BB A 9ol AFHA 2919l Jow F4Y
o olefet Hadel AR vigoE AR TR, B

of F12F A vl AE(IMO)0] B 4l &0l =Y
2H5, Table 39| Aztelld 2lgh 21} o] 11 v]dEe] &
B el AL ARTE gl A B e AjAlR=e] Aol
3 B ore] stk 5o 3 Il A TS
& oz et
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