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Outline

 Genome Diversity is large!
e Using the Pan-genome to make trees.

e A few words about annotation....
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News and Views
Nature 412, 597-598 (9 August 2001) | doi:10.1038/35088167

Genome sequencing: The ABC of symbiosis

J. Allan Downie and J. Peter W. Young

It is a truth universally acknowledged, that there are only two
kinds of bacteria. One is Escherichia coli and the other is not.
Anything that E. coli does is a universal truth about bacteria;

anything it does not do must be a specialization.
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When are two proteins the same??

50% length of query

Subject sequence (protein)

50% identity of match
Disclaimer - the "50-50 rule"




3 E. coli K-12 genomes
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4 E. coli genomes
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5 E. coli genomes
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28 E. coli genomes
[all so far, as of 27 Aug 2009!]

Homology between proteomes
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Homology between proteomes
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87 projects found , o e
as of 5 August, 2009 GENOME ATLAS DATABASE
NCBI Number 5S 16S 23S
Row Organism Wil o Project Replicons s;f:‘(‘;' . of |rRNA rRNA (RNA oA o AT
ID genes | count count count
1 Klebsiella pneumoniae 342 BProt GE 28471 3 5,920,257 5,768 9 8 8 B8 431
2 Salmonella enterica subsp. enterica serovar Paratyphi B str. SPB7 BProt GE 27803 1 4,858,887 5,601 8 7 7 B85 479
3 Escherichia coli O157:H7 str. EC4115 BProt GE 27739 3 5704171 5477 8 7 7 109 496
4 Escherichia coli O157:H7 EDLS33 BProtGE 259 2 5,620,522 5,449 8 7 7 100 495
5 Escherichia coli O157:H7 str. Sakai BProtGE 226 3 5594477 5,447 8 7 7 103 495
6 Escherichia coli CFT073 BProtGE 313 1 5,231,428 5379 7 7 7 B9 495
7 Escherichia coli UTIBS BProt GE 16259 2 5179971 5211 8 7 7/ B9 494
8 Klebsiella pneumoniae subsp. pneumoniae MGH 78578 BProt GE 31 6 5,694,894 5,185 9 8 8 86 429
9 Escherichia coli ED1a BProt GE 33409 1 5,209,548 5123 8 7 7 91 493
10 Escherichia coli UMNO026 BProt GE 33415 3 5324391 5,058 8 7 7 BB 493
11 Citrobacter koseri ATCC BAA-835 BProtGE 12716 3 4,735357 5,031 8 7 7 B3 46.2
12 Klebsiella pneumoniae NTUH-K2044 BProtGE 21069 1 5,248,520 5,006 9 8 8 B6 423
13 Escherichia coli SE11 BProt GE 18057 7 5155626 5,002 8 7 7 90 493
14 Escherichia coli E24377A BProt GE 13960 7 5249288 4,997 8 7 7 91 494
15 Salmonella enterica subsp. enterica serovar Typhi str. CT18 BProtGE 236 3 5,133,713 4,980 8 7 7 79 481
16 Serratia proteamaculans 568 BProt GE 17459 2 5495657 4,942 8 7 7 B85 450
17 Escherichia coli 55983 BProt GE 33413 1 5,154 862 4919 8 7 7 94 493
18 Escherichia coli SMS-3-5 BProt GE 19469 5 5215377 4913 8 7 7 90 495
19 Photorhabdus luminescens subsp. laumondii TTO1 BProt GE 9605 1 5,688,987 4,905 8 7 7 B5 572
20 Escherichia coli IAI39 BProt GE 33411 1 5,132,068 4,892 8 7 /7 BB 494
21 Escherichia coli APEC O1 BProtGE 16718 3 5497653 4,890 8 7 7 96 497
22 Escherichia coli O127:H6 str. E2348/69 BProt GE 32571 3 5069678 4,824 8 7 7 92 495
23 Salmonella enterica subsp. enterica serovar Newport str. SL254 BProt GE 18747 3 5,007,719 4,805 8 7 7 B85 478
24 Salmonella enterica subsp. enterica serovar Heidelberg str. SL476 BProt GE 20045 3 4983515 4,779 8 7 7 B5 479
25 Shigella flexneri 2a str. 301 BProtGE 310 2 4828821 4,703 8 7 7 97 493
26 Escherichia coli 536 BProt GE 16235 1 4,938,920 4,685 8 7 7 B1 495
27 Salmonella enterica subsp. enterica serovar Choleraesuis str. SC-B67 BProtGE 9618 3 4,944 000 4,666 8 7 7 B85 479
28 gilrsnfsn;dl'la enterica subsp. enterica serovar Paratyphi C strain BProt GE 20993 2 4,888,494 4,640 8 ; 7 83 478
29 ga\a/lmgggg% enterica subsp. enterica serovar Schwarzengrund str. BProt GE 19459 3 4,823,887 4627 8 ; 7 B3 47.8
30 Salmonella enterica subsp. enterica serovar Dublin str. CT_02021853 BProtGE 19467 2 4917459 4617 8 7 7 B2 479
31 Salmonella enterica subsp. enterica serovar Aqona str. SL483 BProt GE 20063 2 4836638 4614 8 7 7 B4 480
32 Shigella boydii CDC 3083-94 BProtGE 15637 6 4874659 4,557 8 7 7 99 490
33 Salmonella enterica subsp. enterica serovar Typhimurium str. LT2 BProtGE 241 2 4951371 4,554 8 7 7 B6 478
34 Salmonella enterica subsp. arizonae serovar 62:24 223:-- BProt GE 13030 1 4,600,800 4510 8 7 7 B5 486
35 Shigella dysenteriae Sd197 BProtGE 13145 3 4560911 4,508 8 7 7 B85 490
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Escherichia coli HS BProt GE 13959
Escherichia fergusonii ATCC 35469 BProt GE 33369
Yersinia pestis Antiqua BProtGE 16645
Escherichia coli str. K-12 substr. W3110 BProt GE 16351
Yersinia pseudotuberculosis IP 31758 BProt GE 16070
Salmonella enterica subsp. enterica serovar Typhi str. Ty2 BProtGE 371

Salmonella enterica subsp. enterica serovar Enteritidis str. P125109 BProt GE 30687
Shigella boydii Sb227 BProtGE 13146
Salmonella enterica subsp. enterica serovar Paratyphi A str. BProt GE 30943
AKU 12601 T
Salmonella enterica subsp. enterica serovar Gallinarum str. 287/91 BProt GE 30689
Escherichia coli str. K-12 substr. MG1655 BProtGE 225

Pectobacterium carotovorum subsp. carotovorum PC1 BProt GE 31289
Escherichia coli BL21 BProt GE 28965
Enterobacter sp. 638 BProt GE 17461
Yersinia pseudotuberculosis PB1/+ BProt GE 28745
Escherichia coli BL21(DE3) BProt GE 30681
Yersinia pestis CO92 BProt GE 34

Yersinia pestis KIM BProtGE 288

Escherichia coli ATCC 8739 BProt GE 18083
Escherichia coli str. K-12 substr. DH10B BProt GE 20079
Yersinia pseudotuberculosis YPIII BProt GE 28743
Dickeya zeae Ech1591 BProtGE 31295
Yersinia pestis biovar Microtus str. 91001 BProt GE 10638
Yersinia enterocolitica subsp. enterocolitica 8081 BProt GE 190

Yersinia pseudotuberculosis IP 32953 BProtGE 12950
Shigella flexneri 5 str. 8401 BProtGE 16375
Yersinia pestis Nepal516 BProt GE 16646
Salmonella enterica subsp. enterica serovar Paratyphi A str. ATCC 9150 BProt GE 13086
Escherichia coli BW2952 BProt GE 33775
Shigella flexneri 2a str. 2457T BProt GE 408

Yersinia pestis Pestoides F BProtGE 16700
Yersinia pestis Angola BProt GE 16067
Dickeya dadantii Ech703 BProt GE 33069
Edwardsiella ictaluri 93-146 BProt GE 34853
Proteus mirabilis Hl4320 BProt GE 12624
Erwinia tasmaniensis Et1/99 BProt GE 20585
Sodalis glossinidius str. morsitans BProtGE 16309
Candidatus Hamiltonella defensa S5AT (Acyrthosiphon pisum) BProt GE 31259
Wigglesworthia glossinidia endosymbiont of Glossina brevipalpis BProt GE 274

Candidatus Blochmannia pennsylvanicus str. BPEN BProtGE 13875
Candidatus Blochmannia floridanus BProt GE 443

Buchnera aphidicola str. APS (Acyrthosiphon pisum) BProt GE 245

Buchnera aphidicola str. 5A (Acyrthosiphon pisum) BProtGE 31225
Buchnera aphidicola str. Tuc? (Acyrthosiphon pisum) BProt GE 31223
Buchnera aphidicola str. Schizaphis graminum BProtGE 312

Buchnera aphidicola str. Bp (Baizongia pistaciae) BProtGE 256

Buchnera aphidicola str. Cc (Cinara cedri) BProtGE 16372
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2,58 & W
4, 564 77% 76% 6% 02% PO
6%, s
. o, 298/5,335 457 5,900 386 /5,101 168 /4,604 11/4413 St
2, % £
%y, of
Yoy 129% 47% 0% s4% 369 02%
;"éz“‘y 812/6,310 283 /6,086 4635123 387 /4,585 161 /4,440 10/4,587
%
29% 118% 53% 36% 02%
1436/5997  86/7010 28315313 1654608 1174404
26% 215% 130% 56% 99% 87% 53 % 3
2,080/ 6,390 1,453 /6,664 816/ 6,266 295/5,248 451/4,570 386 /4,433 381/4,590 158 /4433
b 29% 0. 4% 1445 625 106% 79% 88%
N 2284/6913  2163/6992 14475921 880/6,130 2954732 465/4,381 366 /4,626 387 /4,403
A
¥ 348% 260 % 148 % 6.6% 6.7 % 39%
2072/6237  1513/5809 841/, 302/4,552 355,758
23% 6% 0% 259% 153% 59% 63% 925 6%
1,956 / 6,684 2,304 6,866 2,245 /6,069 1,316 /5,513 8445499 280/ 4,747 368 (5,796 390/ 4,256 62 /4,
4% 2545 265% 3645 . 83%
2,086 /6,647 1,894 7,444 1,781/6,719 2,425/ 6,659 1,648 /6,288 1,465 /5,184 302/ 4,542 163
s14% 3L3% 284% 27% 253% 3629 2%66% 150% s0% 107% 70%
2,140/ 6,814 2,244 /7,165 1,901 /6,689 1,922/ 6470 1,754 (6,945 2,039/5,631 1,436 /5,401 827 /5,509 293/5,902 453 /4,239 392/5,637
3% B1% 4% 29% 365% 102%
2,294/7,331 2,191/ 6,492 2,028/6,455 1,834/6,129 3,329/5,008 2,103 /5,761 1,470/5,180 456 [ 4,461
296% 425 4% 250% 2%9% B9% 4% 26% 6%
2,220/ 6,649 2,245/7,573 269 /6,636 2,261/ 6,380 1,620/ 6,482 1,742/6,032 2,188 6,454 2,167 /5,502 1474 /6,511 303 /4,622 459/ 5 4,281
3045 309% 28% 355% 251 25% 2%69% 385% %25 2%6% 8% 52% 79%
2,072 /6,808 2,251/7,292 2,243/6,838 2,310/ 6,501 1,649/6,577 1,805/ 6,066 1,688/6,275 2,342/6,078 1,989/ 7,051 1,446 /5,053 825/5,580 303/5.778 370/ 4,709
284% 6% 6% 257 % 469% 2%8% 300% 277% 2.3% 122% 69%
% 2,189/ 6,996 2,116 /7,448 2,261/6,536 2,502 6,481 10/ 6,664 2,515/, 1,801 /6,261 1,790/ 0 2,130/7,691 824/6,738 302/4,385
2,
S 1% 200% 9% 287% i 0% 0% 250% #2% 59% 28% 151% 60% 995
G awelow  2ariien 2171665 1907665 | 266S[509% 2072060 1563 /6006  Lsi7/7am 2079626 1S71/5810  149)6i a5 w0/4ms 456/ sens
%
R 4% 337% E 356% 30 3585 0% 4% 278% 338% 204 283% 2
'Y 2626/6200  2395/7,102 2,22 2296/6446  1907/6351  2209/6162  2124/6250  2162/5781  1995/7182  1787/5802  2161/6398  2025/6899  1430/5061 297 /4,780
w06% 360% 9% 0% 274% #3% 28% 8% 274% 0% 208% 356% 246
2,651/6,536 2,520/ 6,998 24086358 2429/6,572 1,786 /6,512 2,232/5.828 2,112/ 64 2,234/5,903 2,004 7,317 1,954 /5,744 1,793 /6,020 1,980/ 5,555 1,368 /5,556
a6 7% w02% 6% 2855 2% 5% 354% 2%9% 340% 319% 257% 4% 025 %1% 135%
2,663 /6,398 2, 17,335 2,516/ 6,260 2,677 /6,002 1,903 / 6,680 2,065 /6,046 2,125/6,156 2,189/6,176 2, 1,989 /5,858 1,917/ 6,017 1,831/7,111 2,123/6,179 1,855/6,133 1420/ 5447 807 /5,848
2,
% 2, 02 B2 a6 7% 0 s s s 256 0% % 3% w06 299% nan
’*,,,; e 2625(6702  2536/7204  2543/6595  2251/6482  1916/6388  2180(6239  1,982/6311  2,199/5869 1607544 2002/6063  2006/6066  1988/7,025  1779/5809  1976/6 1,9426001
1% 33% 3% 52% 247% 39.6% 22% B7% 289% H0% 27% 2%5% 59% 264% 3L6% sL1% 265%
2,778/ 6445 2,502/7,512 2,542 /6463 2,265/ 6,832 1,647 /6,676 2,282/5,758 2,100/ 6,515 2,045/ 6,068 2,113/7,318 2,086 /6,137 2,041/6,233 2,037 /7,146 1,946 /5,744 1,676 /6,344 2,093 /6,623 1,897 /6,095 1,393/5254
3% 0% 39% 4% 0% 4% H3% 270% 365% 35 % 2 % 7% 279% 265 28% 3%
639 /7,260 2,507/ 6,767 2,273/6.713 1,651/7,053 2,005 / 6,077 2,203 /6,053 2,152/ 6,267 1,986 / 7,360 2,119/ 5,806 2,124/6,348 2,084 2,023/5,787 1,797 5,846 1,743/ 6,238 2,012/6,805 1,914 /5843 1,398 /5418
26% w065 7% 239% 3125 27% 7% 27% B0% s2% 2026 3% 255 312 266% 3t 4%
2,457 7,540 2,645 6,520 2,226/7,026 1,652/ 6,903 2,012/6439 2,350/5916 2,367 /5,682 2,099/7,586 1,952/5,910 2,131/6,054 2,169/7,435 2,049/5,973 1,886 /6,394 1,915/6,137 1,688 /6,354 2,040/ 6,491 1,884 /5,996
Lo 364% 342 24% 29 379% “r% 325% 36 320% 310 H6% 303% 8% 201% 279% 304% 325
2,781/ 6,690 2,469 /6,786 2,330/ 6,822 1619/7,213 2,058 /6,249 2,368/6,253 2487 /5,567 2,303 /7,09 2,064 /6,148 1,988 /6,216 2,197 /7,097 2,117 /6,112 1,908/ 6,300 1,969 /6,191 1,829/6,289 1,706 / 6,111 2,028 6,667 1,872/ 5,6
454% 3516 655 307% 240% 307% B0 25% 3% 396% 28% 279% 64 204% % 29% L% 275% 319%
, 2,831/6,231 2,818/8,022 2,789 /5,955 2,167 /7,062 1,688 /7,037 2,011/6,554 2,344/6,166 2,509/ 5,902 2,646/ 6,740 2,248 5,6; 2,103/ 6410 2,029/7,279 2,118 /5824 1,967 / 6,701 2,006 / 6,406 1,908 /6,373 1,863 /5,998 1,710/6,22; 2,015/6,308
GRS
% % 0% w03% m1% a5 221 26% 3% B0% 455 6% 286% 325 308 % 7% 2945 20% 3095 285% 8%
gl 2629/6014  2785/6912  279/7337  2420/6304  1594/7211  2,081/6383 2508/5794  2683(7059  2578/5326  2262(5860  2145/7488 1974/6399  2075/6541  1937/6591  1946/6081 18676049  1697/584  2315/595
%
3296% Ers 3L6% 257% 2095 38.1% w615 s38% 28% B8% 245 35 27% 3% 3 20% 6%
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L L /é % SO 276% 24% 3% 373% 379% 325% 337% 350%
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7‘3 27.9% 318% 342% 36.4% 416% 30.0% 31.9% 36.1% 412% 369% 433% 47.1% 3684% ) 749% 716%
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Fig. 2. GBS core genome. The number of shared genes is plotted as a Fig. 3. GBS pan-genome. The number of specific genes is plotted as a 1
function of the number n of strains sequentially added (see Materials and function of the number n of strains sequentially added (see Materials and <
Methods). For each n, circles are the 8!/[(n — 1)!-(8 — n)!] values obtained for Methods). For each n, circles are the 8!/[(n — 1)!:(8 — n)!] values obtained for



Core genes

Comparative Microbial Genomics group

A\
Ny _

E. coli “core genes” in 32 genomes

4000 —
3500 —

— ¢ I
3000 ~|1560 “core genes
2500 —

2000 —
| | |
10 20 30 40
n genomes

Genome Biology, 2007, 8:R267doi:10.1186/gb-2007-8-12-r267

1300

1100

100 200 300 400 500 600 700 800 900

0

CBS

counts

yewus( jo Aysianiun [ealuyos] ‘Abojolg swslsAg jo juswpedeq |

sisAjeue asuanbag jesibojoig 10} 193Ud)

i



Comparative Microbial Genomics group

'.'.' '._/— \\‘ -

’/ A\\\ 9
= \ | I — 3
N\ ;
P * €6 9 CBS|he

E. coli “pan-genome” based on 32 genomes

o
1000 — ]
I - s 1
i~ 4
800 — g ;
- s &
‘ | 1,862 gene families
~79 new genes/genome S
= 600 — (cp. 44| new genes/genome, predicted previously) o g
S - B
5 2%
= l- 2 25
g - 3 0?2
7 w0 B N .
< S
& S
200 - = ;é
e — S .
3
= | T — -

10 20 30 40

n genomes

i

Genome Biology, 2007, 8:R267d0i:10.1186/gb-2007-8-12-r267




Comparative Microbial Genomics group

7" AN
l )
\ /

N\ A4
\ - ’

9,797 unique to E. coli and Shigella
2,041

2,041 E. coli and
Shigella
core families

core
families

E. coli and Shigella
strain-specific
families

Total of | 1,838 E. coli and Shigella gene families
(32 genome sequences)

CBS

|



W

m rm rm rm

3000 4000 5000 6000

2000

1000

0

L\
.. |

K-12 MG1655

Comparative Microbial Genomics group

. coli1 K-12 MG1655 4289
. coli1 K-12 W3110
. coli1 K-12 DH10B
. col1 CFTQ73

+
# new
#genes genes pan-
4289 4057
4387 174 4197
4126 36 4278
5379 1710 5802
o
0 ——— O
o
\O—
—O0
B C —
K-12 W3110 K-12 DH10B CFTO73

core-

4057
3959

36058
3227

CBS

|



New genes

New gene families
=== (Ore genome
== Pan genome

Ecoli_K12DH10B
Ecoli_K12MG1655

15000

10000

5000

Ecoli_H10407
101-1

53638
55989
8739
CFTO073
E110019
E22
E2348

m
Q

o,
I
wn

E. f i
of - fergusonii

OE. albertii

: Ecoli

rn
Q

=X
&)
&)
o

: Ecoli
: Ecoli
. Ecoli
: Ecoli
: Ecoli

Shigella : Ecol
Ecoli
E24377A

0 : Ecoli
51 : Ecoli ED1a

53 Ecoll 1AI39
: Ecoli
0157 24 : Ecoli_LANL_ECA
25 : Ecoli_LANL_ECF
26 : Ecoli_01030slo
(e) 27 : Ecoli_0157_EC4042
(o) 28 : Ecoli_0157_EC4045
29 : Ecoli_0157_EC4076
30 : Ecoli_O157_EC4113
> 31 : Ecoli_0157_EC4115
o0 32 : Ecoli_0157_EC4196
o 33 : Ecoli_0157_EC4206
o 34 : Ecoli_0157_ECA4401
35 : Ecoli_0157_EC4486
P 36 © Ecoli_ 0157 EG4501
(o) 37 : Ecoli_0157_EC508
(o) 38 : Ecoli_0O157_EC869
39 : Ecoli_0157_EDL933
o 40 : Ecoli_O157_Sakai
(e ] 41 : Ecoli_042
0 42 : Ecoli_RS218
K-12 0P 19 Ecol8eg1
- : Ecoli
45 : Ecoli_SMS35
46 : Ecoli_UMNO026
47 : Ecoli_UTI89
48 : Ecoli_VR50
49 : Ecoli_APECO1
50 : Sflex_2457
51 : Sflex_2a301
52 : Sflex_8401
53 : Sboyd_Sbh227
54 : Sdyse_Sd197
55 : Ssone_Ss046
56 : Ealbe_TWO07627
57 : Eferg_35469T

NN aaaaaaoooNOOOIRWND—
) m
(@)
o
M
—
—

.]—n[ll]l]l]l]l]l]l]l]l]_[ll]l]l]l]lll:ll]l]l:l:ll]—_—.]_I]-:_I:l_nl:ll:ll:lI]-:I][ll:ll:ll:lnl:ln_nlz—l]l] Plot made for E. coli alliance (bY DU)

1 35 7 9 12 15 18 21 24 27 30 33 36 39 42 45 48 51 54 57 on 19 January, 2009




80000

60000

40000

20000

New genes

New gene families
=== (Ore genome
== Pan genome

3 5 7 9 11 14 17 20

T QU QU G G Qi G G GEr G Y {o e e DN 0 ) X0 I N 00 ] \S = 8

NN N NN N NN N
O~NOOTPWN—=O

Clostridium botulinum Bf

Clostridium botulinum Ba4 str. 657
Clostridium botulinum A3 str. Loch Maree
Clostridium sporogenes ATCC 15579
Clostridium botulinum A str. ATCC 3502
Clostridium botulinum A str. ATCC 19397
Clostridium botulinum A str. Hall
Clostridium botulinum A2 str. Kyoto
Clostridium botulinum NCTC 2916

: Clostridium botulinum F str. Langeland

: Clostridium botulinum B1 str. Okra

: Clostridium kluyveri DSM 555

: Clostridium kluyveri NBRC 12016

: Clostridium butyricum E4 str. BONT E BL5262
. Clostridium butyricum 5521

: Clostridium beijerinckii NCIMB 8052

: Clostridium botulinum B str. Eklund 17B

: Clostridium botulinum E3 str. Alaska E43

: Clostridium botulinum E1 str. BONT E Beluga
: Clostridium perfringens SM101

: Clostridium perfringens E str. JGS1987

: Clostridium perfringens D str. JGS1721

: Clostridium perfringens B str. ATCC 3626

: Clostridium perfringens C str. JGS1495

: Clostridium perfringens str. 13

: Clostridium perfringens ATCC 13124

: Clostridium perfringens NCTC 8239

s : Clostridium perfringens CPE str. F4969

: Clostridium tetani E88

: Clostridium botulinum D str. 1873

: Clostridium botulinum C str. Eklund

: Clostridium novyi NT

: Clostridium acetobutylicum ATCC 824
: Clostridium cellulovorans 743B

: Clostridium nexile DSM 1787

: Clostridium scindens ATCC 35704

: Clostridium hylemonae DSM 15053

: Clostridium spiroforme DSM 1552

: Clostridium ramosum DSM 1402

: Clostridium hiranonis DSM 13275

: Clostridium bartletti DSM 16795

: Clostridium difficile 630

: Clostridium phytofermentans 1SDg

: Clostridium cellulolyticum H10

: Clostridium thermocellum ATCC 27405
: Clostridium leptum DSM 753

: Clostridium methylpentosum DSM 5476
: Clostridium bolteae ATCC BAA-613

: Clostridium cellulovorans 743B

: Bacillus anthracis str. Sterne

: Escerichia Coli str. K12 MG 1655

Clostridium asparagiforme DSM 15981



E. coli and Shigella, stabilome

96

W@

—— = Escherichia coli BW2952

Escherichia coli K12 MG 1655
Escherichia coli K12 W3110

34

A

47

Escherichia coli K12 DH10B
Escherichia coli BL21
Escherichia coli B REL606
T1|5§cherichia coli BL21 DE3

! Escherichia coli BL21 DE3

Escherichia coli UMN026
Escherichia coli SMS35

39

68

97

Escherichia coli IAI1
Escherichia coli SE11
Escherichia coli 55989

Escherichia coli E24377A

Escherichia coli ATCC8739

55

83

Escherichia coli HS
Escherichia coli O157H7 EDL933
Escherichia coli O157H7 Sakai

——— Escherichia coli O157H7 TW14359
—— = Escherichia coli O157H7 EC4115

95

100

6r‘

85

a4o

100
—74
74— Escherichia coli 536

Escherichia coli IAI39
Escherichia coli UTI89
Escherichia coli S88

Escherichia coli CFT073

Escherichia coli ED1a

cle

Escherichia coli O127H6 E2348 69

Escherichia coli APECO1

Shigella sonnei Ss046

53

72

Escherichia fergusonii ATCC35469

Shigella flexneri2a 2457T

4|100
100

Shigella flexneri2a 301

Shigella flexneri5 8401

}100

Shigella boydii CDC3083 94

Shigella boydii Sb227

Shigella dysenteriae Sd197

0.20

I I
0.15 0.10

Relative manhattan distance

0.05

0.00

91

97

E. coli and Shigella, mobilome

60

94

—|98
98
4@)
94
90
90
99

38

100

98

—|98
98

4|1oo
98

—190

100

0.15

I
0.10

0.05

Relative manhattan distance

Escherichia coli BL21

Escherichia coli B REL606
gscherichia coli BL21 DE3
Escherichia coli BL21 DE3
Escherichia coli K12 DH10B
Escherichia coli K12 W3110
Escherichia coli K12 MG1655
Escherichia coli BW2952
Escherichia coli ATCC8739
Escherichia coli IAI1

Shigella sonnei Ss046

Shigella boydii Sb227

Shigella flexneri5 8401

Shigella flexneri2a 2457T
Shigella flexneri2a 301
Escherichia coli HS

Shigella dysenteriae Sd197
Escherichia coli 55989
Escherichia coli IAI39

Shigella boydii CDC3083 94
Escherichia coli 536

Escherichia coli O127H6 E2348 69
Escherichia coli SE11
Escherichia coli E24377A
Escherichia coli ED1a
Escherichia coli SMS35
Escherichia coli UMNO026
Escherichia fergusonii ATCC35469
Escherichia coli S88

Escherichia coli APECO1
Escherichia coli UTI89
Escherichia coli O157H7 EDL933
Escherichia coli O157H7 Sakai
Escherichia coli O157H7 TW14359
Escherichia coli O157H7 EC4115
Escherichia coli CFT073

0.00



Comparative Microbial Genomics group

Vibrio

91

80

Vibrio shilonii AK1

Photobacterium profundum SS9
Vibrio sp MED222

67

Vibrio splendidus LGP32

98

76

100

IDrio vuiniticus

Vi

Vibrio parahaemolyticus 16

100

Vibrio harveyi ATCC BAA1116

100

79

» Vibrio campbellii AND4

100

» Vibrio sp Ex25

7

98

» Vibrio parahaemolyticus RIMD2210633
Vibrio cholerae 1587

100

62

Vibrio cholerae AM-19226
» Vibrio cholerae MZO-2

62

» \/ibrio cholera TMA21

97
7

Vibrio cholera 12129

Vibrio cholera TM11079-80

+ \/ibrio cholera VL426

Vibrio cholerae MO10

100

88

100

Vibrio cholerae 0395
_EOVibrio cholera B33VCE

_ |56 Vibrio cholera MJ1236
56— Vibrio cholera RC9

Vibrio cholera BX330286
Vibrio cholerae N16961
Vibrio cholera M66-2
Vibrio cholera O395 TEDA

100

100 Vibrio cholerae 2740-80

Vibrio cholerae V52
Vibrio fischeri MJ11

100

100

Vibrio fischeri ES114

Aliivibrio salmonicida LFI1238

l l
0.30 0.25

l l l
0.20 0.15 0.10

Relative manhattan distance

0.05

l

I
0.00

CBS

|



Clostridium and friends

I Escherichia coli str K-12 substr MG1655
100 —t Bacillus anthracis str Sterne
L [{oo Clostridium methylpentosum DSM 5476
o glos}r!g!um {(ra]ptum DﬁM 7%\_(]3_CC 27405
I » Clostridium thermocellum
) 100 » Clostridium cellulolyticum H10
84 Clostridium p_h?{t(.)fermentans ISDg
57 Clostridium difficile 630
84 % » Clostridium bartlettii DSM 16795
. glos}r!g!um hiranonis [[))%ll\\lllI 11%%25
oo Clostridium ramosum
1 o G hroeme B3l 12,
ostridium hylemonae
1100 150 Clostridium scindens ATCC 35704

80

— 100

100

75 » Clostridium nexile DSM 1787
700 » Clostridium cellulovorans 743B

» Clostridium acetobutylicum ATCC 824

100 '_H: Clostridium novyi N
8 Clostridium botulinum C str Eklund
100 L. Clostridium botulinum D str 1873
» Clostridium tetani E88
{00 » Clostridium asparagiforme DSM 15981

100

» Clostridium bolteae ATCC BAA-613
vé Clostridium perfringens CPE str F4969
Clostridium perfringens NCTC 8239
9 Clostridium perfringens ATCC 13124
Clostridium perfringens str 13
89 Clostridium perfringens C str JGS1495
v Clostridium perfringens B str ATCC 3626

91 Clostridium perfringens D str JGS1721
Clostridium perfringens E str JGS1987
» Clostridium Berfringens SM101

'_HE: Clostridium botulinum E1 str 'BoNT E Beluga'
1100 Clostridium botulinum E3 str Alaska E43
Clostridium botulinum B str Eklund 17B

100

100

Clostridium beijerinckii NCIMB 8052
Clostridium butyricum E4 str BoNT E BL5262

—— Clostridium butyricum 5521

100

;—mglostridium kluyveri DSM 555
= Clostridium kluyveri NBRC 12016
55 Clostridium botulinum B1 str Okra, complete genome
3 Clostridium botulinum F str Langeland
Clostridium botulinum NCTC 2916
36 Clostridium botulinum A2 str Kyoto
oClostridium botulinum A str Hall
100—= Clostridium botulinum A str ATCC 19397
9 Clostridium botulinum A str ATCC 3502
Clostridium sporogenes ATCC 15579
Clostridium botulinum A3 str Loch Maree

166
L [0 Clostridium botulinum Ba4 str 657, complete genome
Clostridium botulinum Bf

0.20

l
0.15

l l l
0.10 0.05 0.00

Relative manhattan distance



Gene acquisition

~

Gene loss

2
Expanding
genome
\

by insertion (mobile elements including phages)
by duplication (recombinations)
by plasmid uptake

: «Eenome enrichmenz—

ent

/

by excision (mobile elements including phages)
by deletion (recombinations)
by plasmid loss

D.W. Ussery et al., Computing for Comparative Microbial Genomics, Computational
Biology 8, DOI 10.1007/978-1-84800-255-5_14, © Springer-Verlag London Limited 2009
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Whole Genome Amplification and De novo Assembly of
Single Bacterial Cells

Sébastien Rodrigue'®, Rex R. Malmstrom'®, Aaron M. Berlin?, Bruce W. Birren?, Matthew R. Henn?,
Sallie W. Chisholm'*

1 Department of Civil and Environmental Engineering, Massachusetts Institute of Technology, Cambridge, Massachusetts, United States of America, 2 The Broad Institute
of MIT and Harvard, Cambridge, Massachusetts, United States of America

Abstract

Background: Single-cell genome sequencing has the potential to allow the in-depth exploration of the vast genetic
diversity found in uncultured microbes. We used the marine cyanobacterium Prochlorococcus as a model system for
addressing important challenges facing high-throughput whole genome amplification (WGA) and complete genome
sequencing of individual cells.

Methodology/Principal Findings: We describe a pipeline that enables single-cell WGA on hundreds of cells at a time while
virtually eliminating non-target DNA from the reactions. We further developed a post-amplification normalization procedure
that mitigates extreme variations in sequencing coverage associated with multiple displacement amplification (MDA), and
demonstrated that the procedure increased sequencing efficiency and facilitated genome assembly. We report genome
recovery as high as 99.6% with reference-guided assembly, and 95% with de novo assembly starting from a single cell. We
also analyzed the impact of chimera formation during MDA on de novo assembly, and discuss strategies to minimize the
presence of incorrectly joined regions in contigs.

Conclusions/Significance: The methods describe in this paper will be useful for sequencing genomes of individual cells
from a variety of samples.

Citation: Rodrigue S, Malmstrom RR, Berlin AM, Birren BW, Henn MR, et al. (2009) Whole Genome Amplification and De novo Assembly of Single Bacterial
Cells. PLoS ONE 4(9): e6864. doi:10.1371/journal.pone.0006864

Editor: Niyaz Ahmed, University of Hyderabad, India
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