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Center for Genomic Epidemiology

Three questions -
from a bacterial genome sequence, can we compute:

1. What is it?

(e.g., E. coli, S. aureus)

2. Have we seen this before?
(S. aureus strain M1 from Hvidovre hospital)

3. How do we treat it?
(Gylcopeptides, such as vancomycin or teicoplanin;

- NOTE: don’t use p-lactames)
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Proc. Natl. Acad. Sci. USA
Vol. 93, pp. 10268-10273, September 1996
Evolution

A minimal gene set for cellular life derived by comparison of

complete bacterial genomes

ARCADY R. MUSHEGIAN AND EUGENE V. KOONIN*

National Center for Biotechnology Information, National Library of Medicine, National Institutes of Health, Bethesda, MD 20894

Communicated by Clyde Hutchinson, University of North Carolina, Chapel Hill, NC, May 17, 1996 (received for review March 11, 1996)

470 genes

256 genes

1709 genes

2 genomes
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ABSTRACLY ‘The recently sequenced genome of the para-
sitic bacterium Mycoplasma genitalium contains only 468 iden-
tified protein-coding genes that have been dubbed a minimal
gene complement [Fraser, C. M., Gocayne, J. D., White, O.,
Adams, M. D., Clayton, R. A., et al. (1995) Science 270,
397-403]. Although the M. genitalium gene complement is
indeed the smallest among known cellular life forms, there is
no evidence that it is the minimal self-sufficient gene set. To
derive such a set, we compared the 468 predicted M. genitalium
protein sequences with the 1703 protein sequences encoded by
the other completely sequenced small bacterial genome, that
of Haemophilus influenzae. M. genitalium and H. influenzae
belong to two ancient bacterial lineages, i.e., Gram-positive
and Gram-negative bacteria, respectively. Therefore, the genes
that are conserved in these two bacteria are almost certainly
essential for cellular function. It is this category of genes that
is most likely to approximate the minimal gene set. We found
that 240 M. genitalium genes have orthologs among the genes
of H. influenzae. This collection of genes falls short of com-
prising the minimal set as some enzymes responsible for
intermediate steps in essential pathways are missing. The
apparent reason for this is the phenomenon that we call
nonorthologous gene displacement when the same function is
fulfilled by nonorthologous proteins in two organisms. We
identified 22 nonorthologous displacements and supple-
mented the set of orthologs with the respective M. genitalium
genes. After examining the resulting list of 262 genes for
possible functional redundancy and for the presence of ap-
arently parasite-specific genes, 6 genes were removed. We
suggest that the remaining 256 genes are close to the minima
gene set that is necessary and sufficient to sustain th
existence of a modern-type cell. Most of the proteins encod

y ry
homologs but seven key proteins of DNA replication do not. We
speculate that the last common ancestor of the three primary
kingdoms had an RNA genome. Possibilities are explored to
further reduce the minimal set to model a primitive cell that
might have existed at a very early stage of life evolution.
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Toward Automatic Reconstruction
of a Highly Resolved Tree of Life

Francesca D. Ciccarelli,>”?3* Tobias Doerks,* Christian von Mering,* Christopher ]. Creevey,*
Berend Snel,* Peer Bork™”t

We have developed an automatable procedure for reconstructing the tree of life with branch
lengths comparable across all three domains. The tree has its basis in a concatenation of 31
orthologs occurring in 191 species with sequenced genomes. It revealed interdomain discrepancies
in taxonomic classification. Systematic detection and subsequent exclusion of products of
horizontal gene transfer increased phylogenetic resolution, allowing us to confirm accepted
relationships and resolve disputed and preliminary classifications. For example, we place the
phylum Acidobacteria as a sister group of 5-Proteobacteria, support a Gram-positive origin of
Bacteria, and suggest a thermophilic last universal common ancestor.

31 genes

191 genomes

SCIENCE VOL 311 3 MARCH 2006
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Genome update: the 1000th genome - a cautionary tale

There are now more than 1000 sequenced prokaryotic genomes deposited in public
databases and available for analysis. Currently, although the sequence databases
GenBank, DNA Database of Japan and EMBL are synchronized continually, there are
slight differences in content at the genomes level for a variety of logistical reasons,
including differences in format and loading errors, such as those caused by file transfer
protocol interruptions. This means that the 1000th genome will be different in the
various databases. Some of the data on the highly accessed web pages are inaccurate,
leading to false conclusions for example about the largest bacterial genome
sequenced. Biological diversity is far greater than many have thought. For example,
analysis of multiple Escherichia coli genomes has led to an estimate of around 45 000
gene families — more genes than are recognized in the human genome. Moreover, of
the 1000 genomes available, not a single protein is conserved across all genomes.
Excluding the members of the Archaea, only a total of four genes are conserved in all
bacteria: two protein genes and two RNA genes.

Microbiology, 156:603-608, (2010).

The Vanishing Set of Conserved “Core” Genes

1996 - 256 conserved proteins, based on 2 genomes
2006 - 31 conserved proteins, 191 genomes

2010 - 0 conserved proteins, 1000 genomes

omes listed at NCBI and more than
twice as many genomes (2307) listed
as ‘in progress’; the Genomes Online
Database (GOLD) web pages (see
below and link in Table 1) boast more
than 6400 microbial genome sequen-
cing projects.

The 1000th genome(s)

In principle, there should be a list
where one could go to find the 1000th
genome; however, as several genomes
are processed and submitted on an
almost daily basis to databases, deter-
mining the 1000th genome is not as
easy as might appear at first. Table 1
lists the set of genomes for the various
databases. According to GOLD (which

Bioinformatics for Molecular Biology - MBV-INF 4410 course, Biotechnology Centre of Oslo
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human chimp chicken worm yeast

99%

28%

23,621 genes 19,829 genes 18,529 genes 19,404 genes 5,885 genes
19,568 orthologs 14,080 orthologs 10,673 orthologs 1,647 orthologs
C. botulanium C. botulanium C. botulanium C. botulanium C. botulanium

type A, strain ATCC 3502 type A, strain ATCC 19397 type A, strain Kyoto type C, strain Ecklund type E1, strain BoNT E Beluga

90%

40% 29%

3606 genes 3553 genes 3874 genes 2801 genes 3760 genes
3202 orthologs 2974 orthologs 1126 orthologs 1092 orthologs
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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!
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Abstract

Background: The size of the core- and pan-genome of bacterial species is a topic of increasing interest due to
the growing number of sequenced prokaryote genomes, many from the same species. Attempts to estimate these
quantities have been made, using regression methods or mixture models. We extend the latter approach by using
statistical ideas developed for capture-recapture problems in ecology and epidemiology.

Results: We estimate core- and pan-genome sizes for 16 different bacterial species. The results reveal a complex
dependency structure for most species, manifested as heterogeneous detection probabilities. Estimated pan-
genome sizes range from small (around 2600 gene families) in Buchnera aphidicola to large (around 43000 gene
families) in Escherichia coli. Results for Echerichia coli show that as more data become available, a larger diversity
is estimated, indicating an extensive pool of rarely occurring genes in the population.

Conclusions: Analyzing pan-genomics data with binomial mixture models is a way to handle dependencies between
genomes, which we find is always present. A bottleneck in the estimation procedure is the annotation of rarely
occurring genes.
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onl coli K-12 genome
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34 Vibrio genomes

272%
1,946/7,165

27.1% 312%
196417245 214316862

275% 31.1% 325%
1971/7179  2,163/6,948  2,385/7,336 %Q

263% 31.5% 326% 358% N
1893/7,208  2169/6,884  2405/7,380  2,018/5637

280% 304% 331% 359% 387% ?c
1962/7016  2098/6893  2415/7.299  2,049/5713  2,143/5536

287% 323% 317% 364% 383% 321%
194416766  2164/6,706  2,323/7.337  2055/5647  2,156/5631  1,846/5747

282% 330% 336% 7% 388% 321% 340%
1960/6957  2137/6467  2410/7.181  1,968/5677  2,162/5566  1.873/5828  1963/5771

276% 24% H3% 373% 37.9% 325% 337% 350% A ¢
1965/7122  2155/6649  2377/6932  2045/5477  2,110/5560  1,873/5769  1977/5865  1949/5561 6Q

277% 318% 338% 387% 403% 306% 42% 348% 403%
1965/7,093  2169/6817  2403/7,116  2021/5225 2,167/5378  1,777/5804  1983/5797  1967/5647  2326/5771

278% 321% 333% 374% 416% 333% 325% 353%
1967/7064  2173/6,778  2418/7252  2,032/5428  2,140/5139  1863/5593  1896/5827  1972/5581  2339/5873  2,291/5971

257% 322% 385% 67% 406% 344% 353% 336% 404% 380% 417%
1850/7198  2173/6,752  2420/7.225  2048/6585  2,159/5323  1846/5360  1981/5619  1884/5612  2345/5808  2,307/6,067  2,852/6,116

< > 7
9 6% X 336% 37, 0. 4% 361 3. 385% 412% “3% Q \’b (%) @' ,\cb
N 6 1841/7194  2079/6856 2420/7.193  2051/5545 2169/5493  1852/5547  1964/5371 1965/5413  2251/5830  2311/6004  2564/6224  2515/5683 > ‘Q & \Q
Q 1% 27% 310% 372% 307% 27% 355% 377% 7% 370% 41.9% 487% 422% AQ (}0 (%) N
> 1904/6782  2044/6887 2282/7362 2052/5516  2168/5450  1868/5705  1974/5563  1047/5165  2346/5626  2227/6026  2575/6151  2527/5781  2215/5254 & {b & o
) 269% 24% 308% 4% 400% 330% 36% 366% 429% 307% 400% 5% 416% 400% R o\0 (%) y\(ll
& 1,851/6,869 2,098 /6,481 2270/7,379 1,944 /5,645 2,171/5,428 1,872/5,667 1,982/5,732 1,961/5,354 2,314 /5,388 2,312/5,825 2473/6,185 2,539/5,707 2,225/5,354 2,421/6,055 cy &0 \(b (b
4
282% 312% 333% 318% 382% 382% 318% 357% 419% 406% 429% 28% 423% 396% \©

1949/6915  2045/6565 2327/6984  1,952/5606  2,104/5504  1,872/5641  1984/5694  1969/5522  2334/5571  2270/5592  2564/5977  2449/5718  2,236/5283  2438/6,154

27.9% 326% 21% 381% 373% 302% 350% 359% 409% 399% 441% 459% 41.3% 400%

o4 1942/6969  2153/6600 2268/7,062  1994/5228  2064/5537  1,747/5786  1985/5667  1971/5485 2343/5733  2299/5768  2,533/5743  2535/5526  2181/5277  2,440/6,094
e 2 31 12 2 X .0 X 361% 9 z 438 4
6 1941/6954  2123/6682  2394/7,002  1935/5317  2,134/5135  1,736/5791  1857/5817  1971/5458  2346/5697  2309/5932  2559/5916  2503/5310  2234/5101  2:348/6,120
320% 334% 37.7% 39.1% 336% 321% 328% 414% 393% 423% 464% 459% 414%

1909/6851  2130/6,656  2359/7,060 ~ 2026/5367 2048/5244  1805/5377  1861/5795 1843/5611  2346/5670  2314/5892  2572/6075  2534/5464 22234842  2445/5905

296% 320% 334% 37.3% 404% 31.9% 356% 331% 380% 394% 27% 452% 43% 24%
@ 76; 2295/7753  2,007/6549  2375/7115  2022/5418  2139/5293  1.743/5469  1,922/5398  1848/5585 2213/5823  2314/5868  2578/6032  2546/5633  2232/5038  2408/5683
Qo 27.9% 352% 330% 37.3% 394% 335% 2% 367% 380% 369% 429% 455% 430% 418%
6 197217061  2581/7,333  2,325/7,056  2019/5407  2,118/5370  1,845/5501  1872/5473  1906/5192  2209/5811  2208/5989  2579/6,005 ~ 2548/5599  2240/5212  2434/5818

294% 3% 464% 378% 403% 329% 3B7% 349% 418% 364% 394% 458% 434% 408%
6 2212/7,534  2276/6634  3371/7266  2001/5288  2145/5320 1824/5545 1,970/5513  1,843/5282  2.264/5418  2,186/6,003  2432/6172  2552/5568  2242/5171  2,445/5993

278 4% 9% 470% 398% 330% 49% 368% 399% 399% 39.1% 22% 436% 411%
222217979 247217184  2496/7160  2741/5827 w 2086/5245 1,831/5549  1952/5586  1951/5307  2202/5514  2238/5609  2413/6176  2409/5711  2,244/5143  2,450/5957

281% 330% 3B87% 378% 331% 352% 36.1% 420% 380% 430% 414% 41.1% 413%
v’) 2,155/7,667  2516/7,615  2880/7439  2081/5503 o o 1,804/5448  1,954/5558  1940/5373  2320/5530  2171/5707  2483/5781  2372/5735  2,153/5242  2,449/5936

295% 365% 37.0% 399% 450% 319% 353% 362% 41.1% 40.1% 40.1% 463% 412% 379%
2198/7456  2593/7105  2900/7.832 237215942  2,357/5232%" 2,074/6494  1926/5455  1940/5352  2303/5603  2293/5719  2373/5919  2464/5326  2,152/5228  2,313/6,099
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2127/7,169  2,085/6,866 ~ 2759/7,516  2259/6124  2655/6143  2040/6250  1,965/5696  2233/6219  2272/5479  2292/5756  2506/5941  2501/5451  2113/4,953  2,399/5675

283% 294% 296% 386% 402% 305% 353% 362% 439% 392% 429% 461% 43% 397%
96\ 1980/6989  2083/7082  2214/7478  2289/5931  2413/5999  2,050/6715  2,191/6211  1976/5464  2762/6293  2230/5684  2536/5906  2513/5455  2213/5001  2,303/5796

280% 267% 293% 336% 423% 331% 331% 363% 454% 414% 423% 57% 435% 429%
2022/7222  1,916/7,168  2244/7,665 1915/5695 2451/5795  2074/6269  2209/6672  2,179/6005  2,507/5523  2,698/6523  2475/5845  2506/5480  2200/5058  2463/5745

255% 5% 283% 325% 5% 349% 357% 2% B37% 87% 464% 451% 49% 408%
1872/7339  2335/6,762  2,095/7,406  1,919/5903  1963/5692  2,114/6,065 2219/6213  2205/6448  2670/6112  2492/5705  3,042/6,550 24445415  2242/4998  2,400/5876

261% 309% 434% 303% 339% 555% 381% 366% 408 X 432% 489% 435% 4
2254/8624 214416948  2981/6875  1795/5923  1,991/5874 | 2,683/4,838 s 2277/5979  2201/6,016 e 2680/6565 2637/6301 4 2597/6013  2994/6128  2155/4,958  2,451/5781

397%
e 267216728 &

472% 435% 409%

0 259% 301% 450% 62% 305% 524%
9 '+ 2608/5524  2547/5858  2,360/5769

2,170/8370  2581/8574  3018/6,702 ~ 2452/5307  1813/5939 | 2,666/5085 &

50% 39% 39% 23% 27% 33% 29%

X 26% 28% 23% 31%
243/4,897 200/5,078 201/5,117 88/3,822 103/3,886 111/3,378 112/3,894

96/3,691 118/4,277 103/4,463 150/4,773

28% 21% 32% 19%
121/4,337 7913683 147/ 4,662 62/3316

29%
99/3,427

24%
83/3442

21%
7213454

22% 28%
7313311 84/3,305 99/3,586
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26%
92/3593

30%
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28%
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29%
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Homology between proteomes
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o
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When are two proteins the same??

50% length of query
< >

| SEjeét sequence (protein)

50% identity of match
O proteins conserved in a thousand genomes scales poorly

Kristoffer

e B

. Query sequence (protein)

- pfam1 |

scales linearly
~ 150 protein families conserved in a thousand genomes



ST, Comparative Microbial Genomics group ICENTEREQ

Two questions for discussion:
note: I don’t know the answer to these!

1. When are two proteins the same?

2. How to visualize this, on a large scale?

What are some good visualization method would scale to
allow comparison of 10,000 or a million bacterial genomes?
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A human gut microbial gene catalogue
established by metagenomic sequencing
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S. Dusko Ehrlich® & Jun Wang"*? About the cover

To understand the impact of gut microbes on human health and well-being it is crucial to assess their genetic potential. Here
we describe the lllumina-based metagenomic sequencing, assembly and characterization of 3.3 million non-redundant
microbial genes, derived from 576.7 gigabases of sequence, from faecal samples of 124 European individuals. The gene set,
~150 times larger than the human gene complement, contains an overwhelming majority of the prevalent (more frequent)
microbial genes of the cohort and probably includes a large proportion of the prevalent human intestinal microbial genes. The
genes are largely shared among individuals of the cohort. Over 99% of the genes are bacterial, indicating that the entire
cohort harbours between 1,000 and 1,150 prevalent bacterial species and each individual at least 160 such species, which are
also largely shared. We define and describe the minimal gut metagenome and the minimal gut bacterial genome in terms of /A
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functions present in all individuals and most bacteria, respectively. .
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It has been estimated that the microbes in our bodies collectively
make up to 100 trillion cells, tenfold the number of human cells,
and suggested that they encode 100-fold more unique genes than
our own genome'. The majority of microbes reside in the gut, have
a profound influence on human physiology and nutrition, and are
crucial for human life>’. Furthermore, the gut microbes contribute to
energy harvest from food, and changes of gut microbiome may be

individuals from the United States or Japan®'®". To get a broader
overview of the human gut microbial genes we used the Illumina
Genome Analyser (GA) technology to carry out deep sequencing of
total DNA from faecal samples of 124 European adults. We generated
576.7 Gb of sequence, almost 200 times more than in all previous
studies, assembled it into contigs and predicted 3.3 million unique
open reading frames (ORFs). This gene catalogue contains virtually
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associated with bowel diseases or obesity*?.

all of the prevalent gut microbial genes in our cohort, provides a
The international MetaHIT (Metagenomics of the Human Intestinal Tract)
project has published a gene catalogue of the human gut microbiome derived
from 124 healthy, overweight and obese human adults, as well as
inflammatory disease patients, from Denmark and Spain. The data provide the
first insights into this gene set - over 150 times larger than the human gene
complement - and permit the definition of both a minimal gut metagenome and
a minimal gut bacterial genome. Credit: Roger Harris /Science Photo Library.
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