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Characterization of Extracellular vesicles produced by
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3% Thermococcales 5 w2ldt vesicle A= &<lstsla,
3% 2%9 7. onnurineus NA1" ¢ Thermococcus sp. KBA1Z
FH vesicle A< &AstATt

T. onnurineus NA1"T #FE 2% 4579 W7}t b2 vesicleS
Adetal, 2% AR ALHetE band

T3k 1.2434, 1.2648 g cm & YERITH

T 7Y vesicle@HBle EFTEola, taile]l vk, =7l 80-21
nmolil, HT#S 140 nmeolth. B, C vesicled Hit AFS 7
2+ 2.7 x 10", 3.7x 10" L2 251, band B:C2 ¥ &2
°F 2:30 2 eyt

Vesicl Wl DNAZF EA3S &2, DNA size © ¢F 14
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36 F7F<2 biochemical markersE ©o]&3le] A3 A
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Vesicle DNA9 sequence readsE =XAM¥EQl 7. onnurineus
NA1" reference genome} H| 3 74 gh A 3
TON_0536-TON_0544 #i9 #1247} vesicleZ °l§5A &
et AME e EA HAJ.
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SUMMARY

Extracellular vesicles (EVs) produced by a sulfur-reducing, hyperthermophilic
archaeon, Thermococcus onnurineus NA1T (To), were purified and
characterized. A maximum of four EV bands, showing buoyant densities
between 1.1899 and 1.2828 g cm™® were observed after CsCl
ultracentrifugation. The two major EV bands, B (p**=1.2434 g cm™) and C (p
%=1.2648 g cm™®), were separately purified and counted using a qNano particle
analyzer. The EVs showing different buoyant densities were identically
spherical in shape, and their size varied from 80 to 210 nm in diameter, with
the 120 and 190 nm sizes predominant. The average size of DNA packaged
into EVs was about 14 kb. The DNA of the EVs in band C was sequenced
and assembled. The mapping of the ToEV DNA sequences on the reference
genome of the parent archaeon revealed that most genes of 7' onnurineus
NA1" were packaged into EVs, except for an approximately 9.4kb region
encoded from TON_0536 to 0544. The absence of this specific region of the
genome Iin the EVs was confirmed from band B of the same culture and from
bands B and C purified from a different batch culture. The presence of the
5-termina lsequence and the absence of the 3-terminal sequence of
TON 0536 were repeatedly confirmed. On the basis of those results,
we hypothesize that the unpackaged part of the 7. onnurineus NA17T
genome might be related to the process that delivers DNA into
ToEVs and/or the mechanism generating the ToEVs themselves.

(KEYWORDS @ Za2A A, Axdxt, DNA de, FHx, A&,
hyeprthermophilic archaea, extracellular vesicle, DNA packaging, genome,

sequence analysis)
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Agtdol A el EVse] Al dejets] &3 EVs DNAS EAAETHR] 7S
3 Za>4 Mgt el Extracellural vesicles (EVs) A
545 tHsteE As 2 A7 B oR g

Extracellural vesicles (EVs)el tigt A= 1966-7d Vibrio cholerael~l Outer
Membrane Vesicle (OMV)olet= o] F 02 AHFo= WAE WA AZE AT FGA|
OMVE AMEAMER 3] AAHH A34 Alxzsdolgtes vHdAoz A7t st
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Y
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7}. Prokaryotestlo]l Agd §d4 AR FR7} AZHNHoz AH Zystoz
A tpeFek vhg 2]olE ARolol Al horizontal gene transfer (HGT)S] F oA o] H-
ZhE WA A 2087 e H R FEE A5l WP EATH

. 1 FoA] vlol 29k #-AFSE virus-like particles (VLPs, <o+ Extracellura
vesicles (EVs)® ™MW™)o Fxx AR AT 7FsA (conjugation, transduction,
transformation, GTA)¥} t} 3t 7|50 HauE il A dA71A EVse A
A =2 Q1A HellA FAAS 93 wAUEFS rHEA S dEolth

ohoweEbd FAA AR E4E o]gske] EVse 14 SAS Wt ols vE
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1. EVs 5 % &F&d BA7I< g4
7}. Tangential membrane concentrator "2}
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U, 723 PA TR ATES proteome B4 7]eS o] &3] 99 group £
FTEATE MYty F2 AT O ZHEH AAEE EVsY proteomics ATE T
gotal vk A, FAANW ATl AAkst= EVsyE Bfstal e dAEA
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Thermococcus &4+ EVsell ¢F 3-5 kb 7|9 plasmid DNA 7} &=
AR Thegk AoR HuHQnh e At sfu A=l wg
=719l DNA (100-400kb)”} EVsel packaging ®Uil HiuHa, =
transduction®| 7Fegk Ao =2 SRIHQTh 53] A=A Al Polaribacter EV
= E. colidl gene transfer A7l & E. coli A&7 A3 A= AS
ghat Stk

4ty M
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t}. "=k Massachusettst 3t 9 AFH 2 QoA Fald My s d3izte] &9
S RFEH URAARE TR EE&ATE FAstL dom i H#H, dEAd,
g, 9, 2 AT 5ol xEFE o] 3tk Mayo clinicoll A& A3AA A4 ¥}
EVs 2t &7 S A7ete], A2, w7 ofF 58 Ao RE wEHs
EVsE o]&3ste zldste 7e/MdS Wadstar glth. Duke e Kuehn ¥HAF A
TH-2 Al EVsY biogenesisdll tgt A& FHAo =2 Fdsta Qlrh

gt Uld &= VU 138 medical centredl A= Ay, A4 55 Adsts HHoe
2 3 ate] AWS A FHEe] GAEERE AAAE EVsE 53 AAste] dAE
frefl 5ol DNA, ©ld 55 AEste] AP o s &8ss A& Mds
v

mhopgfel 2 EVsE o83 WAl B AmARY A7 et e gle
W, A= A A R A E AeHer JAdgsta &
- ¥kl S Ao )= Neisseria meningitidis
- FRIF 7|38t = N. lactamica
- FdgE 42071 Vibrio cholerae
- d9, £, dAAS Ao = Acinetobacter baumannii
- WA FAHITEHAS o= Bordetella pertussis
- FHobAlol, ST BE AW, HZole dkolA 3 FAFTEHS do7]
+ Bukholderia pseudomallei
- XF9 Yl Porphyromonas gingivalis
- AE| A~ Q01 Salmonella typhimurium
- A2l YA+ Shigella flexnerii
- W) %< Treponema pallidum
vk ISEV 835 T4 02 F 2 medical okl AF2E5e 93] EVsel tg &&
A7 AP glom, 53] WAL AAE, A} F&° EVs 540 g 7]
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M 3 & A7 sdlE8 2 22t

A 18 Qe 4 U

A F FF9 28 L Thermococcus onnurineus NA1'S] #j %
EVs At aAdS @A37] 98] PACMANUS €5+ A9 (3%44'S, 151°40'E)
Manus Basin¥ ¥ Kagoshima®%t caldera region (31°39.749'N, 130°46.290'E) <4
1650 m, 200 m =%E sediemnt AlE5E AFHEFFT Sediemnt A|EE yeast
extract—peptone-sulfur (YPS) medium 20mlE Y2 25ml serum vialsoll HE3 & &7
A x2St A 80-90°CE 3¥U3t FF wldstdth (Bae et al, 2006). ColonyE random

SHA A" 3Fe] YPS-phytagel o 14202 43 streakmgO}i g st =55k

A 29 colonyE AE% 02 dilutionste] dnd #zS S4B E FolEy
Manus Basin A& Z4%EH+= NAl, NA2 5, Kagoshima®t /\]Ei B+ KBAl 5 %—
N #FE FRI}AY. olF NAl T+ AFTT=E EJAHY  Thermococcus

onnurineus NA1'2 W ¥ 3, Uuz] 27) 59 /74 x5 sy 9138
16S rRNAE FEA A3t sequenced AATE NA2 ¥ KBAl 5% Z2H7; 1,384 1,231
bpel E71MES o] Neighbor-Joining®¥ © & phylogenetic treeE 418},
evolutionary distances® Jukes-Cantor WWo® MEGASE o|&3sle] AXstsdth
(Saitou and Nei, 1987; Jukes and Cantor, 1969; Tamura et al., 2011).

T. onnurineus NA1' 733+ 34} yeast extract-peptone-formate medium®= 80°Coll A
i oFal i, EVsE w24 A517] 98l = 1.0 g 17! yeast extract, 136 g 17! sodium
formate, 35 g 1 ! NaCle] ¥3&% modified formate medium I o # %34 t}h (Kim et al,
2013). YA 9 HERIS H7beela, pHE 6.0-7.022 ZHsdrh dEo] 7]%o]
Sl A9 EE w2 80°C, @71Fdstell A 8AIZ el Al =) 5l Ttk

[‘ﬂlﬂl

2. EVs9 &£53A

ek - 1519 wjFo S high-speed centrifuge (2236HR, Gyrogen) ¢} GRF-500-6 rotor
= AFE3Fo] 10,000xg®= 25° Col A 3083t centrifugedte] cell pellet= A1 A ¥ A5
S 100 kDa cut-off membrane (Millipore)©] #2F# ultra—filtration system &2 °F 100
vl sEskdh olw EA] Aol EAGE cell & cell debrisE A1ASE7] $ 8t
0.45 pym, 0.2 ym pore size®] membrane filters (Advantec)E A filter= A}-&3I9 T &
% A=5E 02 um syringe filterE AF-83te] ©A] S filterst it o] AlE& 4°Coll A
88,000 x g% 303t ultra—centrifugation (HimacCS120GXL, Hitach)stitl. o2 A
S centrifuge tube B} A E vesicle pellete] 1X TBT buffer (100 mM Tris—HCI,
100 mM NaCl, 10 mM MgCl, pH7.4) 500 ulE& #7}ste] 4°C =79 A slow rotator®

12417+ o] 4+ resuspension Al ZA T ©] vesicle A& o] DNase, RNase A (Sigma)E z}7}



10 uyg mlt Yol 25°CellA 12 A7 A% w35 A7 & 70°CollA] 10%7F nucleases=
A8 3ttt vesicle Al55 1X TBT buffer, 35% CsCl (Sigma)E #7}38Fe] swing
bucket rotor (S52ST-0352, Hitachi)E °]&3te] 4°C, 174,000 x g = 20A1%F &<t
CsCl-density gradient equilibrium ultra—centrifugations 33ttt o] ¥4 3 tube
vpetoll A T 7EA 9] A et EV band 59 AwlE A7 SASAAL, EvdE 1 ml FA
71E 2838t 05 cm A 22 CsCl F=74H] €995 side puncture WHo=Z 23315
3, FAe Zb EV bandsE #& WHow AQFHsT. 247 AHE  sub-samplesS
Abbe-refractometer (Atago)Z ©]-&3}o] Refractive Index (RDE =A &}, ofefe} 2
& BAA (1)E o] €3Fo] buoyant densities (p?)E AAbel i t).

Buoyant density (g em™®) = 10.8601 x RI — 134974 ——————————————————————— (1)

WA 2l (1)o 4] 3k buoyant densities #3 tube HPH S ZHE CsCl Al w5 7HA o] A=
sk Al FHell ARAAE WA (29 2ol Ttk

Faensiy(d) = -0.001d” + 0.0123d* - 0.064d + 1.2402 (R* = 0.9996) ————————————— (2)
d: tube BFF o ZHE CsCl AlRF574A 9] A3 Al (cm)
R%: A#aA Ao foAdx=E YElNE coefficient 3

353 EVs AlE2HH CsClE AAs7] 98kl Eir® Spectra/Por 4  dialysis
membrane (molecular weight cut-off, MCWO = 12,000 - 14,000 Da, Spectrum, CA)el
Yol 4°ColA Hr3E 1X TBT buffer & dialyze A|ZA T o]} o] A A3 EVsi 4°Col
nste] gl ALgare v

3. AAENE #F

L9 Thermococcales cells®] ¥PZEFZHA EVse AA 9 E4 f/F5 s/
&  FA}AAEN 7 (scanning  electron  microscopy:  SEM)¥ T3} 213 n)
(transmission electron microscopy: TEM)O. 2 #&slgich. 7] A A7 wjekst 7+
cellsS 2% glutaraldehydeo. & 3% &< 11A3Y 0.2 mm polycarbonate membrane
filter= o ¥#gk § TBT §Ho= AAs AT o2 IA-FHE A|5ES bkVelA 150009
&9 FAAEN A (JSM-840A, JEOL)°o.2 #2314

E59  Thermococcales % T. onnurineus NA'1 cellsg ¢ Zo] ®jk 3 2%
glutaraldehyde & 2 2A]7F 5<F 114 3}e] carbono 2 FHH gridol =% th Negative &
Ao 7 29% (w/v) uranyl acetate® 10% F<¢F F M3t 2R AAT ABES

o
%
80kV e FaHAtAw 4 (JEM1010, JEOL) S 2 ##3tth (Borsheim et al., 1990).



4. EVs® a7 AF =A

FAAEAn A 7 gNano systeme F 7FA] WY& o] 83t EVse A3 Algef A7)
Astgtt. =4 AAE EVsS 10mM EDTAZF £34 25% glutaraldehyde® 3}
Aok & QLAY 7] (46,000g, 90+, 20°C)E AF&3e] carbone® FZ®H grid
U} Negative GAME &l 29% (w/v) uranyl acetate® 10% ¢t AA3 & =4
T2 AR ANEES 80kVe FadAdR A (JEM1010, JEOL) = 23} it

gNano systeme nano F9¢ Coulter o] 2% Hl® o2 7ty 7]<4 24 nanoporeE =
ot A2 JAES olstA AT F Ade AAE FA4 AHE B A 8% EVsY
A F45 98 Abgstath AAlE EVsS 2i® TBT &<l 1000M =2 34 sko] 1
AlZF &< vortexing 3F ¥ Nano Pore (NP) 150 (70-250nm =74 7}s)o2 =43t o
¥ YAZ Calibration Paticle (CP) 1002 AF&-3Fo] Al4FsHA H

=2 oft

[-‘O
go T
[o%

S

-

1=

v

5. Epifluorescence microscopy

DNA 3 EVsZ AlFat7] 998te] A8 2 SYBR Gold (SYBR®GOLD nucleic acid gel
stain, Invitrogen)® Gt & dFHAu| 7 (ZEISS)S o] &3ste] 1600 X wj &2 #2354
A4G=s At (Patel et al, 2007). ToEVs A& 10 plol STBR gold &S 7p3k & A2
oA W& st 15 #3F dAMsta, AlEE 0.015 um pore-size polycarbonate
membrane filter (Whatman International, UK) & o ¥3}3it}. FilterES AXAIZ &
slide glass®l =¥ & 5283337 sloA] DNA & ToEVsE A3t

6. ToEVs DNA® F&3 &4

EVsel Z3tE DNAE A AsH7I 98] pUCI99] plasmid DNA®} &&3stAY &3sHA] &
2 EVsS 16A17F &9 37TCAA 10uge] nuclease® #2389t Nuclease?] H] &4 3tE
& 108 F<F 70T 937 & EV DNAZ vRD kit (Geneal) 2 F&3192H, 1%
agarose gel® <135} t}.

EVse DNAZE F=37] A 10ug9 DNase 19} RNase AE 16417 B¢t 37CoA A
Sk & 10% B9k 70TCoA Attt &% EV DNA+ 10xg2] DNase 19+ RNase
AR 16413 &<tk 37TolA AHeg FAE DNA9 vudd st 5% DNASEL
1% agarose gel® 3215l o™ PCR marker®} A Ao AL&319)

7. EV DNA A4 &4

ToEVs® DNAE vRD kite 2 F&3ate] ¢ 100 ngS library Al=S 98] Ab&std o,
Ion Torrent machines ©]&3to] AEE X359 H. CLC Genomics Workbench
(v55.1)S A&3te] T onnurineus NA1Y genome® Hlwalglom AA oF 521.82 Mbo
Aqd T FH 9] 420.79 Mb (2,578,006 reads) A& %S reference genome assembly©l A}
&3tk



8. Biochemical marker primer A% ¥ PCR &%

AAE ToEVsel A T onnurineus NA1T A= 24 /%5 Felst719a) oln] &

o [
%0,

[a—
M

ot

32

(Tab. 1) List of specific primers

= T onnurineus NA1T9] A A genomeS 7|8Fo. & ok 50kb 74 9] 3670 primers
A 23ttt (Tab. 1). ToEVs®: 7. onnurineus NA1TY] BA¥Y DNAES PCR (94T
, 55T 1%, 727C 234, 35 cycles)S AF&3to] FH319 01, 1% agarose gel= 213}

Gene Primer Sequence  (5'-3") PCR product
size (bp)

TON_0003 F GACCATGATTACGAATTGGATCCTTTCCCGAATG 999
R CGGAGGTGGGATATCCCGGATCGCGTATCACCTA

TON_0092 F GACCATGATTACGAATTGGATCCACCTCTGCCC 999
R CGGAGGTGGGATATCCCGGATCGCCATCACCAAA

TON 0153 F CTCTAGGTGATATATAGTGA 1730
R CCGTCGCATAGGCACTTTAC

TON_0200 F CTCCGCGGATGTGGGAGTGG 780
R GTCCGAGGACGATAACCCTA

TON_0261 F ACTGCCCCCGTTGGTGGTGA 460
R CGAGGGTCTATGGCTATCAT

TON_0297 F TCGCTGGTTGGTGATATAAG 987
R GCGGTAGGAGAATTCCAGGT

TON_0328 F GACCATGATTTACGAATTGGATCCAGGTACTCCCT 999
R CGGAGGTGGGATATCCCGGATCACCAATCACCTC

TON_0399 F TCTGGGGGTGTTGAAATGAA 1260
R GTAAAAGAGGAAAGAAGCTC

TON_0469 F GACCATGATTACGAATTGGATCCTTAATGAAGAC 999
R CGGAGGTGGGATATCCCGGATCAGAGCATCGAAT

TON_ 0494 F GAAGAAACGCCCGGGTGGTGGTG 760
R CGCACCAAAGTAGTAGACGC

TON_0544 F TGAACACATTTGGAGGGATG 1270
R GAAAAATAGAGGTGAAGCAG

TON_0598 F GTTGAATTCTGTTAGGGTGG 1030
R AGTTGGGAGAAAGGAAAGGC

TON_0650 F ATAACTCCGTAGGTGATACC 710
R GGTTCACTGGAGGGAACTTT

TON_0702 F GACCATGATTACGAATTGGATCCTTTATTGGGCT 999



TON 0746

TON 0828

TON_0878

TON 0945

TON_0999

TON 1051

TON_1100

TON 1141

TON_1197

TON 1283

TON_1329

TON 1399

TON 1453

TON_1508

TON 1582

TON_1638

TON_1690

TON 1750

TON 1801

XM ®TM XM AWM AWM AWM F”TM ™M AW AW AWM AWM AW R”TM IT AT AT AWM AT R

CGGAGGTGGGATATCCCGGATCGATCGTTTCTTC

TGTTTCCTGGAGGGACATAA
TGAGTTTTGTGGCCCTCAAC

GCTCGATGATAAGTGAGGTT
TGATAGGCAGACCCGTTGCC

TCAAAAGTTCTCGGAGGGGT
TGGGCAGAACAAACCTCATT

AACGTTTCCAGGTGGTGGAG
TCATCGCCGGGATTCCCTCT

GACCATGATTACGAATTGGATCCTCTCCTACTTC
CGGAGGTGGGATATCCCGGATCTGGTATCCCTCC

TCGAAATGAACCCCGGTGGT
TTGAACTCGACCATGCTCTC

AGCCGGCCGGTTGGGGGTGT
GTCGACGCTCGAGAGCTGGT

ATAAGGGAGGAGGTAGAATG
CGAGGCGGTAAGGAGTATTT

AAGCTAAGGGTGGGTTAGAT
CCTCGCATCGGCAAGGAACT

GACCATGATTACGAATTGGATCCTCGACTGTTGT
CGGAGGTGGGATATCCCGGATCAGGAACACCCCC

GACCATGATTACGAATTGGATCCCCCGACGTTGC
CGGAGGTGGGATATCCCGGATCTGCCCATGGGTG

TTTTAACTTCAGGTGGAATC
TGAAGGTCAGATGGGCGAGC

AGGGCTGTTGTTGGGGGATT
CTTACCGAGGGGATACAGGT

GACCATGATTACGAATTGGATCCTTCTCCTAACT
CGGAGGTGGGATATCCCGGATCTTTTCTCACCGA

AAGAATTCGATTCTTGGACATTATCGAGGAGCA
AACTGCAGTATGCTATTACCGCCGAGAACACCA

GTCCCTCAGCCTAATTTCAG
TATGTATCAATAACATGGGG

CTAACCTTTTCGGTGGTCAT
TGTCTTAAAAAGGTTATCAG

TCTTCGGGTGAGGCTAATGG
CTTGTCTCCGAGCACCGCTA

GCTGGATATTAACGGCCATG
TAATTAACGCTTTCCCTCAA

684

1900

930

1050

999

810

970

810

1149

999

999

650

1340

1000

500

530

640

1140

810



TON_1851

TON 1886

TON_1979

o "™ R

AACTAGGCTTGGTGATGTCC
CTCCAATATCTCTTTAGGTG

GACCATGATTACGAATTGGATCCCGGCTATTTGA
CGGAGGTGGGATATCCCGGATCGTTCTCACCTAG

TCCGGTTGATCCTGCCGG
GGTTACCTTGTTACGACTT

910

999

1500
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1. ToEVsS 3dHs3 &

EVs AATF TS 9 Fg vt 3 £7F9 X124 archaea & 1F& o]y
(Bae et al., 2006), Y™ A F+ T & AFdA 7

34 A E AES A% ¥ AFoR FA

[e}
Thermococcus sp. KBA1Z W33t} (Fig. 1).

=
THH dTE Rasd o

3, A A o2 Pyrococcus sp. NA2,

Pyrococeus 3p. NAZ (CPO026T0)

Pyrococcus abyss GEST (AL096836)-Invalid name
Pirococous horiicosiii o1t (BADMOL
Pyrococcus glvcovorans ALSEST (AY099168)

yogjPyrococcus flrtorus DEMIG3ST (AEMS950)

Pyrococcus woesei DSM3TTAT [(AYS19654)

L

Prrococeus yayamosii CH1T (CPO02779)

Thermococcus alcaliphilus DEMI0322T (ABOSSI21)

B Thermococeus sp. KBAL (RP299296 )
Thermococcus stettert K37 (Z75240)

Thermococcus kodakarensis KODIT (APRSSTE)
51
%3 rharmocaceus peptonaphifes JOM96537T (ABOSS12S)

Thermococeus fimicolars STSSTT (AY9176)

[

=]
2
L)

L Thermoceccus acidaminovorans DSMI1S06T (AJ29150T)

———— Tharmococcus ageragars DEMI0597T (Y08384)
]

Thermoceceus aegeaets DSMI2ZTETT (AY099171)

84
Thermogecces alcaliphilus DEMIO32IT (ABOSI121)

Thermococcus litoralis DSMS4TST (AHVEOL000035)

Palaeococeus helgesontiPIT (AT134472)

(Fig. 1) Phylogenetic tree highlighting the position of Pyrococcus sp. NA2 (A) and
Thermococcus sp. KBA1 (B) within family 7Zhermococcaceae. Bootstrap values are
based on 1,000 replicates and those above 50% are indicated at the nodes
(Felsenstein, 1985). Palaeococcus helgesonii PIIT and Thermococcus —alcaliphilus
DSM10322" were used as outgroup. Scalebar; 0.002 changes per nucleotide position.



3% 9 Thermococcales ++Z vWi%¥3dto] SEMO & AEEHS A3 Ay EVsZ F34
¥+ bud-like T+Z7F Pyrococcus sp. NA2o|AM = &2 X ko T onnurineus
NA1Y 3} Thermococcus sp. KBAlol A= #&o] Eit} (Fig. 2).

(Fig. 2) SEM image of two Thermococcalesstrains. (A) 7. onnurineus NA1' and (B)
Thermococcussp KBA1l. Arrows indicate EVs. Scalebar: 100nm.

EVs %% NAl' #FHt KBAl #5004 o o] #AF F Aoy F F9
vesicle B2 Thermococcus 5 5 ¥ A ARZ NAIT #F5 AgsAh
1 ol NALT #F7F EFstz o7 oln B 9851, genomic, proteomic 477}
Hags o] vt sty] golslr] wiFolth (Bae et al, 2006; Lee et al., 2008; Yun et
al., 2011). negative staingtr TEM A} olstH EAE FH O ZHE budding® vesicle
S A& £ gAYt (Fig. 3-A, B). Lumen-like 7% & bud’} RAE ZTHOZRE =
=50 (Fig. 3-A) HFT 42 BAXZRY 79 3oz "Holx yriA #rt (Fig.
3-B). Vesicle®] budding ¥+ #AHolA electron dense body (EDB)7} EA|¥=Z5E
vesicle® ol ¥+« % #AFZIT F+ AAT (Fig. 3-0).



(Fig. 3) TEM images of 7. onnurineus NA1T cells negatively stained. (A) A vesicle
protruding from the parent cell surface, early stage. (B) Avesicle bud almost pinched
off from the surface of parent cell, about to be released as an EV. (C) Vesicles
connected to the parent cell as a chain. The highly electron-dense cytoplasmic
materials appear as a dark color inside the cell and EV. Arrows indicate ToEVs.

Scalebar: 1um.

EVsE «g&d AAs7] kel As 2 WA 7]=d bret Zo] 1519 T0
onnurineus NA1Y #FvwjFA S centrifuge® RAZE A AsI, A5HE membrane
filter  system< o] &3]  F=39 i,  CsCl-density  gradient  equilibrium
ultracentrifugation  WHo=  AHAASAT.  CsCl-density  gradient  equilibrium
ultra—centrifugation 23 Z+7} buoyant densitieszt 1.2434 and 1.2648 ¢ cm™® ¢! band B
o C& Altt (Fig. 4). =3 F 7le] 57} bandsE WAl (100-150L) & 4
Ao Fo] wlg Ao E AFoAE HIAARE ALY F glddth FUtE aEE
band A% band BRUTF 7FH 3 p*=1.1899 %<, band D= band CHT} F7% p*=12828
= dER Stk



(Fig. 4) CsCl density gradient ultracentrifugation profile of ToEVs produced by
Thermococcus onnurineus NA1T.

Arrows indicate the position of four EV bands.

Bands B, C¢ ToEVsE negative stain & TEMO & ##3s A Fefdrz zo)l=
, & zta 9lA] ¢Fo} virus-like T-F 9

FAT & glo] 3 T RFS 23 U, tail
T

2ol 7h s & 5 AR (Fig. 5).



(Fig. 5) TEM images of ToEVs negatively stained. (A) ToEVs in bandB. (B) ToEVs
in bandC. ToEVs were suspended in TBT buffer, adsorbed to a carbon-coated grid
and negatively stained for 30s with 2% uranylacetate. Scalebar: 100nm.

#A% AAF bands B, Co MAFE gNanoZ =43 A3 Zzk 27 x 10, 3.7x
10" L= g5, band B:CY Ml & ¢F 230 % vt ¥ 7] bands® EVs
A71¢9F A4E gNano, TEM F7H# W o= F8sto] Hlug Ay A7]9 X+
120-550 nm, 80-210 nm= Z}7} e Y (Fig. 6). B S gNanoZ =743 EVse =
71 BE7F TEMWEH SA A6l w8 oz 2 1o & Holuh, T-test (P>0.05) A3 F
g Aole gle Ao A, Band B ToEVse Z7] ¥+ band Cg‘r
f 9 AR A OS2 gNano= Q1% ATE F bands® vesicle ZL7] H gk &3
140 nm= YES T gNano®H e 43 & vesicle Aol =53 Azto] Aok %E}L
Holth, 13y vesicleo] aggregate® ™ gNanoi= 3+ 7§ 9] vesicle® <123}, FA 3
st A719F ASFE YEtdY AR E GASHE #AHA 02 ym membrane filterZ &3}
st woll e &78tal gNano®™H o &2 Al¢dt Ao A= TEM AieA ##3 4+ 3
¥ 200 nm Kt} F vesicleo] 7l WERT. 53] gNanoZ A3 A7[EE Ao
A1 200 nm HEt & 2-370¢] peaks7t YEFE AL 2-37] 52 ©E vesicles©]
aggregate® o] UEtd Ao FAIG, ez & Aol 210 nm By A2
7)ol =AXR Az g3kt v vesicle aggregation©] 4 ZFEH gNano =
AA = HAag7E 95 ow, olet e AP “Eek shaking¥ non-ionic
detergent 18]S %3} vesicle2 disaggregations kA & 4= At} gNano #| ZA}
o] Hxo| ot 2 AFo|A A}E3d NP150 nanoporeZ 75-300 nm =719 JAE

L

1l
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5 A 2= 120 nm 3 2719 vesicle geldd 4 ¢l
AAd o o3t AA vesicle A5 °F 5% HE7F o] A 7]
2 e, gNanool SA4 A= oF 5% sl == WHF F A< #aH7)
o o
1

=

gNano ¥ ¢ ©dS Momen-Heravi et al.
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&0 B0 100 120 140 160 1EQ 200 220 240 260 180 300

EVs diameter (nm)

(Fig. 6) Size distribution of ToEVs estimated by gNano and TEM. —e—:
gNano/ToEVs of band B; —c—: gNano/ToEVs of band C; --#&-: TEM/ToEVs of
band C. The figure depicts the diameter of vesicles (nm) vs. normalized counts of

vesicles (%). The size distribution of ToEVs bigger than 300nm is not presented.

Bands B, C¢ 3#d4EHF ToEVsY FE SYBR Gold EMHES o]&3sty
epifluorescence microscopy WH O &2 A3t A3 gNanoZ A3 & vesicle = WH]|
SYBR GoldZ @M% vesicles 2 H &2 77} 58% + 6 %, and 81 £ 4 % (=3)=
LHERSE T

2. ToEVs®e A3 3tz 574

ToEVs7k DNAE 3fratal A=AE testdt?] §18te] band C ToEVsZHE DNAS
F=39 Y. ToEVsZHH F%3% DNAE DNase, RNase & ¥ electrophoretic &
A& sk (Fig. 7).



DNasel - + =
RNaseA = - +
4

(Fig. 7) Electrophoretic analysis of ToEV nucleic acids without or with DNase and
RNase treatment. Lane 1: 1 kb DNA ladder, lane 2: no treatment with DNase and
RNase, lanes 3 and 5: Nucleic acids of ToEVs treated with DNasel, lanes 4 and 5:
Nucleic acids of ToEVs treated with RNase A. White arrows indicate two rRNAs in

lanes 2 and 3.

>

ToEVsZHH F& AAS AA5E DNase, RNase A #3slA &2 74 DNA,
RNA bandsE <9 $ AqAey (lane 2), F7HA 3425 2% A3 H =
bandE ¢l & 4 ¢lAt} (lane 5). T3 DNase, RNase 3 7FA| vk A= g3 A$ 7z
7k RNA (lane 3) %2 DNA band (lane 4)& &A1& = AA. o] Z3+= ToEVsZt
DNA, RNAE gstal &S AlAbetaL Sl Aol
Vesiclesol A &2 3F DNA+= vesicle W Ho| packaging ¥ 49 <F %
H A & FHo 2dE free DNAOA fdlE 4 Ut o 23

kol EVs Wil packaging ® AF-AAE &g Hsto] w=FAATE ToEVsel
pUC19 DNAE #7F &2 537l & 45l DNase I& Ags]e] 2 Z3E Bkt
(Fig. 8). pUC19 DNAZE H7}3 A& DNase [& A stx &1, ToEVsY = A

(O

‘



g8 4 AUt (lane 3). 2
o

& sl (lane 2, 4).

(Fig. 8) Agarose gel electrophoresis of DNA extracted from ToEV with/without
plasmid DNA as a contaminant. Lambda/HindIll DNA ladder (lane 1) and 1kb DNA
ladder (lane 5) were used as markers. The purified EVs alone (lane 2) and EVs
mixed with pUC19 DNA (lane 3, 4) were untreated (lane 3) or treated (lane 2, 4)
with 10 uM of DNase I for 16 h at 37°C. After heat inactivation of DNase I, DNA
was extracted using a vRD kit (Geneall). The three bands in lane 3 are EV DNA
(upper) and pUC19 DNA (middle and lower).

T. onnurineus NA1" genomeol| /] EVs® packaging ¥ vesicle Wl 21 DNA9 size
& 5487 9AAstel DNA +& % AAS &9 1 % agarose gel= 33t (Fig.
9). 3% endonuclease® 7] vesicle DNA9 Hg3dtx L& HA99 gel
electrophoresis 72l mobility zFo]7} $le FHo=z 1 Fo] vesicle DNAT linear
double strand form o2 JrFc) o]e} Z2 Ao mFo] ToEVse DNA sizev
°F 14 kb2 FHAHAT. o AV|= EAMEJ] T

(1,848 kb)ell #H]&l 1009 1XHt} 22 A7]¢ DNAE packaging A7+ A& & F
AT,

' onnurineus NA1'¢] genome size



234 kb
!' * =3 €10 kb
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(Fig. 9) Size estimation of DNA from ToEVs. Lane 1: Lambda/HindIIl DNA ladder,
lane 2: Total nucleic acids isolated from ToEVs, lane 3: 1 kb DNA ladder. Molecular
sizes are indicated in kb. Lower two discrete bands in lane 2 represent RNA bands

as shown in Fig. 4.

=AM ToEVs7t T onnurineus NA1T AlFEoA AAA RS &2slr] 93]
ToEVsZ4EH 16S rDNAE FE3to9] 16S rRNAE  codingsl= TON_1979
biochemical marker® S3* A7l % sequencedt ZA¥ EVse REAXQ 2 16S
rDNA sequence= zta JAt). o] #Z& WA X archaeal cellZ5-E vesicleo] A
HRes sheldt Autolrt, watA vesicleo] EAZEZRE FE 7] Aol bud’t =&
2 u lumen T*Z°] DNA7} packaging®+ A2 FAH3T. ZAXZHE ToEVs®
packaging 2 W genome?] oJ® 7} 4% 02 packaging HEAE FAdH7] ¢
stol 7. onnurineus NA1' genomeo ZHE] AA3 <k 50 kb 7+2 2 36 biochemical
sequence markers®| paired primersE& ©]-&3le] FE3F ToEVs DNAE S35t 36
70e] makers % band C¢] DNA9l 3 7§ marker (TON_0544)2 A3k 35 7N
markers’} A4S & = AT (Fig. 10). o]¢F & 235 vE band B ¢ ToEVs
oA FJAN T AAE AYUY (Fig. 11). ¢ o]9p 22 Ayt BA¥A T
onnurineus NA1" 57} genome’ol ¥W3l7F doju} vesicled] 1 FEo] Ady &S
A5 F2A35l7] 98t ToEVsE A4kst ZA Xl gDNALE FAlo 22 biochemical
makersE 13 Ay} BE F&Eo] EAGASS WAl Felskdet (Fig. 12).
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(Fig. 10) Gel electrophoresis of the amplicon products for g-DNA from parent cells
(A); and from ToEV band C (B); using paired primers for 36 different biochemical
markers. Lane 8 of the lower panel (B) in a circle indicates no band was found. Lane
1, 100 bp DNA ladder; lane 2, TON_0153; lane 3, TON_0200; lane 4, TON_0261; lane
5, TON_0297; lane 6, TON_0399; lane 7, TON_0494; lane 8, TON_0544; lane 9,
TON_0998; lane 10, TON_0650; lane 11, TON_0746; lane 12, TON_0878; lane 13,
TON_0945; lane 14, TON_1051; lane 15, TON_1100; lane 16, TON_1141; lane 17,
TON_1197; lane 18, TON_1399; lane 19, TON_1453; lane 20, TON_1638; lane 21,
TON_1690; lane 22, TON_1750; lane 23, TON_1801; lane 24, TON_1851; lane 25,
TON_0003; lane 26, TON_0092; lane 27, TON_0328; lane 28, TON_0469; lane 29,
TON_0702; lane 30, TON_0828; lane 31, TON_0999; lane 32, TON_1283; lane 33,
TON_1329; lane 34, TON_1979; lane 35, TON_1508, lane 36, TON_1582; lane 37,
TON_1886.



(Fig. 11) Gel electrophoresis for PCR products of 7. onnurineus NA1' gDNA and
bandB ToEV DNA amplified by specific primers. Lanel: 10kb DNA ladder, laneZ2:
TON_0494, lane3: TON_0544 (band C ToEVs deletion region), lane4: TON_0598, laneb:
TON_1979 (16S rDNA).

1: TON_0003
2: TON_(092
3: TON_0328
4 TON_(469
5: TON_0702
6 TON_0828
T: TON_0999
#: TON_1283
% TON_1329
10: TOX_1979
11: TON_1508%
12: TON 1582
13: TON_1886

A= negative control, B= NA1 gDNA, C= band B ToEVs DNA, D= band C ToEVs DNA

(Fig. 12) Gel electrophoresis for PCR products of 7. onnurineus NA1T gDNA (B), and



DNA from ToEV bands B andC (C, D in Fig), with negative control amplified by

specific primers.

3. ToEVs DNA9| &4

oA &<2l3k ORF TON_0544%F ToEVs® genomeol 4] HAEA &L A =&
DNA packaging #4 <ol 2 gene = HAEHA Lde=A= I 9131
band C ToEVsdl &Asl= A DNA 97| <ES sequencingstth. & 258 w7l 9
sequence readsE 7. onnurineus NA1' reference genome (1,847,607 bp, NC_011529;
Lee et al.,, 2008) ol assembled}Hth. o3 2E ToEVs DNA sequence RA|EZZF
B fdd Aoz s dtt. Reference genome®| reads mapping 2% T
onnurineus NA1" genome® 995 %7} &% ¢lal (HiF coverage: 246.8 X, SD: 56.4
X, maximum: 766 X) 05 %7} ¥ sequence read®t X 3HA LFAT} (Fig. 13).
ToEVs® genomeol A LAEZA & 05 % &S 3 Fovwt A5t F do|&
ca. 9,400 bpo. = NC_0115292] TON_0536-TON_0544 H-¥-o]t}. TON_0536 (875 bp)el A
TON_0544 (1221 bp) H#<¢ ORF+ hydrogenase (gamma subunit), sulfhydrogenase
(beta subunit), hypothetical formate transporter, hypothetical formate dehydrogenase

ro
Ol
o
N

(alpha subunit), oxidoreductase iron-sulfur protein, 4Fe-4S cluster-binding protein,
glutamate synthase (beta chain-related oxidoreductase) and alcohol dehydrogenase=
7h2t 3 E Qe
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(Fig. 13) (A) Coverage of T.onnurineusNA1' genome by DNA sequencing reads for
ToEVs. The mean coverage was about 247X with a 56.4X standard deviation (S.D.)
and maximum coverage of 766X. Arrow indicates the predicted chromosomal
replication origin (oriC) of 7. onnurineus NA1" at the specific genomic position of
1,508,116bp. Unrecovered region (ca. 9.4kb) of the 7. onnurineus NA1' genome is
expanded below. (B) Distribution of ToEV reads on ORFs of the 7. onnurineus NA1"

genome.

o] Axtel W3 7. onnurineus NA1' genomedl Al 2& 91X (¢F 94 kb)7} wHE-3)] A
DAEA @A E ARt fste]l thE batche wWi¥S ste] FAlgk DNAE &
olslith. W+ genome°] EAH L7 935 ToEVsZE packaging® A &S Aolzhd
A7F 9Al gelE Aoz Alg U thE batche] #YS F3 94 DNAE
3 < primersE AR&3to]l Elstgitt. A AFel A ToEV DNAC A3t d
F9 TON_0494, TON_0536- 3-region (F: 5-CGGCGTTGATACTATGTC-3, R:
5-GATGTATAAGGCGGTCTTC-3, size 200 bp), TON_0598, TON_1979¢} &3}~



U FEQl TON_0536- 5-region (F: 5-GAGATCCTTCATGGCTTC-3, R:
5-CATGTGTCACGACAATCC-3, size 500 bp), TON_05442] primersE A}-&3FA

o2 batch9 w oA 2-& band C ToEVs DNAZS sHelst Ay A A8z FU3)
A sld FE2 genome©] vesiclel AEE A kS-S UEFHT (Fig. 14). o< &
< A3+ band B ToEVsolAE HdstA &0 4 Aok (Fig. 15).

(Fig. 14) Gel electrophoresis for PCR products of ToEVs amplified by specific
primers. Lane 1: Lambda/HindIII DNA ladder, lane 2: TON_0494, lane 3: 3’-region of
TON_0536, lane 4: 5-region of TON_0536, lane 5: TON_0544, lane 6: TON_0598, lane
7: TON_1979 (16S rDNA), lane & 1kb DNA ladder. Molecular sizes are indicated.



. onnurinens NA1"T sDNA Band B ToEV DNA

(Fig. 15) Gel electrophoresis for PCR products of 7. onnurineus NA1' gDNA and
ToEV DNA from band B amplified by specific primers. Lane 1. 1kb DNA ladder, lane
2: TON_0494, lane 3: 3'-region of TON_0536, lane 4: 5-region of TON_0536, lane 5:
TON_0544, lane 6: TON_0598, lane 7: TON_1979 (16S rDNA). Molecular sizes are
indicated. Asterisk symbols on the right shoulder of bands indicate the relevant

amplicon products by specific primers.



g

Xox

=

100

EVs A

100

it 54113

EVs DNA

=]
24 9

' 5 o
IR

100

5471

Y 2 7mox 8753 7ES MEs=d FHS & Aol




A 6 &

ik
o

=t

1. Saitou N. Nei M. 1987. The neighbor-joining method: a new method for

reconstructing phylogenetic trees. Mol. Biol. Evol. 4:406-425.

. Felsenstein J. 1985. Limits on Phylogenies: an approach using bootstrap.
Evolution. 39:783-791.

. Jukes T. Cantor CR. 1969. Evolution of protein molecules. Mamm. Protein
Metab. 3:21-132.

. Tamura K. Peterson D. Peterson N. Stecher G. Nei M. Kumar S. 2011.
MEGADS: molecular evolutionary genetics analysis using maximum
likelihood, evolutionary distance, and maximum parsimony methods. Mol.
Biol. Evol. 28:2731-2739.

. Deatherage BL, Cookson BT. 2012. Membrane vesicle release in bacteria,
eukaryotes, and archaea: a conserved yet underappreciated aspect of
microbial life. Infect. Immun. 80:1948-1957.

. Prangishvili D, Holz I, Stieger E, Nichell S, Kristjansson JK, Zillig W.
2000. Sulfolobicins, specific proteinaceous toxins produced by strains of
the extremely thermophilic archaeal genus Su/folobus.J.Bacteriol.182: 2985
- 2988.

. Ellen AF, Albers SV, Huibers W, Pitcher A, Hobel CF, Schwarz H, Folea
M, Schouten SM, Boekema E]J, Poolman B, Driessen AJ. 2009. Proteomic
analysis of secreted membrane vesicles of archaeal
Sultolobusspeciesrevealsthepresenceofendosomesortingcomplexcomponents.E
xtremophiles.13: 67 - 79.

. Rachel R, Wyschkony I, Riehl S, Huber H. 2002. The ultrastructure of
Ignicoccus:evidenceforanoveloutermembraneandforintracellularvesiclebuddin

ginanarchaeon.Archaea.l: 9 - 18.



10.

11.

12.

13.

14.

15.

16.

17.

18

Chiura HX. 2004. Novel broad-host range gene transfer particles in
nature. Microbes Environ. 19: 249-264.

Soler N, Marguet E, Verbavatz J-M, Forterre P. 2008. Virus-like
vesicles and extracellular DNA produced by hyperthermophilic archaea of
the order 7hermococcalesRes.Microbiol.159:390-399.

Chatterjee SN. Chaudhuri K. 2012. Outer membrane vesicles of bacteria.
Springer, Heidelberg.

Sugitate T, Chiura HX. 2005. Functional gene transfer towards a broad
range of recipients with the aid of vector particles originating from
thermophiles. Proceedings of Intern. Symp. on Extrem. and their Appli.
pl41-147.

Kulp A, Kuehn M]J. 2010. Biological functions and biogenesis of secreted
bacterial outer membrane vesicles. Annu. Rev. Microbiol. 64:163 - 184.

Manning A]J, Kuehn M]J. 2013. Functional advantages conferred by
extracellular prokaryotic membrane vesicles. J. Mol. Microbiol. Biotechnol.
23:131 - 141.

Renelli M, Matias V, Lo RY, Beveridge TJ. 2004. DNA-containing
membrane vesicles of Pseudomonas aeruginosa PAOl and their genetic
transformation potential. Microbiol. 150: 2161-2169.

Hagemann S, Stoger L, Kappelmann M, Hassl I, Ellinger A, Velimirov
B. 2013. DNA-bearing membrane vesicles produced by Ahrensia
kielensis and Pseudoalteromonas marina. J. Basic Microbiol. 53: 1 - 11.
Biller SJ, Schubotz F, Roggensack SE, Thompson AW, Summons RE,
Chisholm SW. 2014. Bacterial vesicles in marine ecosystems. Science.
343:183-186.

. Soler N, Gaudin M, Marguet E, Forterre P. 2011. Plasmids, viruses and



19.

20.

21.

22.

23.

24.

2.

virus-like membrane vesicles from 7hermococcales. Biochem. Soc.
Trans. 39: 36-44.

Gaudin, M, Gauliard E, Le Normand P, Marguet E, Forterre P. 2013.
Hyperthermophilic archaea produce membrane vesicles that can transfer
DNA. Environ. Microbiol. Rep. 5: 109 - 116.

Kwon SO, Gho YS, Lee JC, Kim SI. 2009. Proteome analysis of outer
membrane vesicles from a clinical Acinetobacter baumannii isolate.
FEMS Microbiol. Lett. 297: 150-156.

Bae SS, Kim Y], Yang SH, Lim JK, Jeon JH, Lee HS, Kang SG, Kim
SJ, Lee JH. 2006. Thermococcus onnurineus sp. nov., a hyperthermophilic
archaeon 1solated from a deep—sea hydrothermal vent area at the
PACMANUS field. J. Microbiol. Biotechnol. 16: 1826-1831.

Kim MS, Bae SS, Kim YJ, Kim TW, Lim JK, Lee SH, Choi AR, Jeon
JH, Lee JH, Lee HS, Kang SG. 2013. CO-dependent H, production by
genetically engineered 7Thermococcus onnurineus NAl. Appl. Environ.
Microbiol. 79: 2048-2053.

Borsheim KY, Bratbak G, Heldal M. 1990. Enumeration and biomass
estimation of planktonic bacteria and viruses by transmission electron
microscopy. Appl. Environ. Microbiol. 56:352-356.

Momen-Heravi F, Balaj L, Alian S, Tigges J, Toxavidis V, Ericsson M,
Distel R]J, Ivanov AR, Skog J, Kuo WP. 2012. Alternative methods for
characterization of extracellular vesicles. Front. Physiol. 3:354.

Patel A, Noble RT, Steele JA, Schwalbach MS, Hewson I, Fuhrman JA.
2007. Virus and prokaryote enumeration from planktonic aquatic
environments by epifluorescence microscopy with SYBR Greenl.Nat.

Protoc. 2:269 - 276.



26.

21.

28.

29.

30.

31

32.

Lee HS, Kang SG, Bae SS, Lim JK, Cho Y, Kim Y], Jeon JH, Cha SS,
Kwon KK, Kim HT, Park CJ, Lee HW, Kim SI, Chun J, Colwell RR,
Kim SJ, Lee JH. 2008. The complete genome sequence of 7hermococcus
onnurienus NAl reveals a mixed heterotrophic and carboxydotrophic
metabolism. J. Bacteriol. 190: 7491-7499.

Yun S-H, Kwon SO, Park GW, Kim JY, Kang SG, Lee J-H, Chung
Y-H, Kim S, Choi J-S, Kim SI. 2011. Proteome analysis of
Thermococcus onnurineus NA1 reveals the expression of hydrogen gene
cluster under carboxydotrophic growth. J Proteomics 74: 1926 - 1933.
Cortez D, Quevillon-Cheruel S, Gribaldo S, Descoues N, Sezonov G,
Forterre P, Serre MC. 2010. Evidence for a Xer/dif system for
chromosome  resolution in  archaea. PLoS  Genet. 6  (10):
e1001166.doi:10.1371/journal.pgen.1001166.

Prangishvili D, Forterre P, Garrett RA. 2006. Viruses of the Archaea: a
unifying view. Nat. Rev. Microbiol. 4:837-848.

Reysenbach AL, Liu Y, Banta AB, Beveridge T]J, Kirshtein JD, Schouten
S, Tivey MK, Von Damm KL, Voytek MA. 2006. A ubiquitous
thermoacidophilic archaeon from deep—-sea hydrothermal vents. Nature.
442:444-447.

Perez-Cruz C, Carrion O, Delgado L, Martinez G, Lopez-Iglesias C,
Mercadea E. 2013. New type of outer membrane vesicle produced by the
Gram-negative bacterium Shewanella vesiculosa M7': Implications for
DNA content. Appl. Environ. Microbiol. 79:1874 - 1831.

Levine SM, Lin EA, Emara W, Kang J, DiBenedetto M, Ando T, Falush
D, Blaser M]J. 2007. Plastic cells and populations: DNA substrate

characteristics in Helicobacter pylori transformation define a flexible but



conservative system for genomic variation. FASEB J. 21: 3458 - 3467.
33. Morrison DA, Guild WR. 1972. Activity of deoxyribonucleic acid
fragments of defined size in Bacillus subtilis transformation. J. Bacteriol.

1120 220 - 223.





