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Yersinia pestis
20,000 years in the making

Yersinia pestisa harmless looking rod-shaped gram negative bagcte
causes Bubonic and Pneumonic plague and led tonslbf deaths.
(Perry and Fetherston, 1997)




Yersinia pestis
20,000 years In the making

Y. pestievolved fromY. pseudotuberculosiass than 20,000
years ago (Achtmaet al. 1999)




Yersinia pestis
20,000 years In the making

Y. pestisadapted to blood-borne infections by transposon koats of various
genes. The high copy-number of transposons medjatesmic rearrangement
and deletion by homologous recombination (uniakrs




Yersiniagenome seqguencing

9 genomes finished as of July 2007:

Organism

Pathogenesis

Genome Size

Accession

Reference

Y.pestis Antiqua

plague

4,702,289nt

CP000308

Chain et al.(2006)

Y.pestis Nepal516

plague

4,534,590nt

CP000305

Chain et al.(2006)

Y.pestis 15-70(PestoidesF)

plague

4,517,345nt

NC_009381

unpubl.

Y.pestis CO92

plague

4,653,728nt

AL590842

Parkhill et al.(2001)

Y.pestis KIM

plague

4,600,755nt

AE009952

Deng et al.(2002)

Y.pestis 91001

avirulent

4,595,065nt

AEO017042

Song et al.(2004)

Y.pseudotuberculosis IP32954

enterocolitis

4,744,671nt

BX936398

Chain et al.(2004)

Y.pseudotuberculosis IP31758

enterocolitis

4,721,828nt

NC_009708

Eppinger et al. (2007)

Y.enterocolitica 8081

enterocolitis

4,615,899nt

AM286415

Thomson et al.(2006)

 Few SNPs betwegmestisgenomes
— Low number of SNPs means ambiguous phylogeny
* Yersiniahave many transposon insertions and genome reamamije
— Are rearrangements useful phylogenetic characters?




Yersiniagenome alignment computed with Mauvi

/8 locally collinear blocks, covering ~93.3% of k@enome

The Nadeau-Taylor random breakage model agreegyedmetrically
distributed block lengths

Rearrangement breakpoints occur in repeat regions
Alignment computed with Mauv@arling et al.2004)

FREE SOFTWARE: http://gel.ahabs.wisc.edu/mauve




From arrangement to phylogen

Encode homologous segments as a signed gene-oatiex:m
Y pestis  KIM: 1, 2, 3, 4,5, 6,7, 8, 9...

Y pestis Cc092: 1,-4,-3,-2, 5, 6, 7, 8, 9...

Y pestis 9001: 1, -4,-3,-7,-6,-5, 2, 8, 9 ...

Y pseudotb : 7, 3, 4,-1,-6,-5, 2, 8, 9...

An inversion acts to reverse a contiguous segioietiie chromosome
A set of inversions can transform one gene oml@nbther

The BADGER software (Largett al.2002, 2005) can cosample unrooted

phylogenies, ancestral genome arrangements, aacsion histories
using Bayesian MCMC




BADGER: inversion phylogenies the
Bayesian way

BADGER’s model of evolution(Largetet al.2002, 2005)
Genomes are a circular chromosome
All inversions equally likela priori
All topologies equally likelya priori
Branch lengths (b) are gamma distributed
Per-branch event counts ~ Poisson(b)

» Favors parsimonious topologies
o Can’t sample directly so use MCMC
e Use Metropolis-coupled MCMC to avoid getting stuckocal minima

Ran BADGER:
1,510,000 steps, subsampling every 50 steps, 10000n
Converges after about 1,000 steps
50 parallel heated chains, temperatures 1.0-1.18
Modified BADGER to report full arrangement histesi




Results: a consensus networ

A consensus of 30,000 sampled tree topologies:

SplitsTree consensus network contains splits wigth2>Bayesian p.p.
Seven parsimonious topologies exist, each conf@nsversions
The (C0O92,Antigua) and (KIM,Nepal516) clades agréé Whainet. al2006




Bacterial chromosome dynamigsts known)

Many bacteria have circular chromosomes

Replication starts at the origi®(i) and proceeds simultaneously in both
directions towards Terminu3¢r) Rocha 2004

Inversions containin@ri or Ter can disrupt replichore balance




Visualizing the inversions

 Rearrangements along the branch leading. foesti©91001
« Maximuma posteriori(MAP) estimate of events
e Origin at top, terminus at bottom




Historic replichore balance

77.9% of sampled arrangements are within 20% dépebalance (ter 0.4,0.6)
95.6% within 40% of perfect balance

Perfect balance is selected folSalmonellgLiu et al.2006)
Our observed pattern suggests that imbalanced genomes make ‘thielcell




Degree of imbalance in each lineag

Imbalance largely confined . pseudotuberculosesdY. pestidPestoides F




Beyond balance

* 46.3% of inversions act within a single replicharel don’t affect
balance. Are they under different selective pressuan inter-

replichore inversions@es)

Length
distributions
are different
(KS test)

Within-replichore inversions tend to be very short, < 250 kbp
Less disrupting to coding strand bias, Chi sites, dosage, AIMS...




Breakpoint re-use along the chromoso

o If every inversion event uses new breakpointst ldock endpoints are
created, each of which is used once

» |If breakpoints are re-used, then some block emipavill be re-used

Origin of replication is at extreme left and right
\Black == Transposon at breakpoint
Conclusion: Rearrangemerntdtspots exist near the origin




Selection orOri andTer configuration

In 8 of 9 moderrYersinig Ori andTer have the same
orientation: “canonical OriTer configuration” (mauve)
— p-value 0.07, binomial, prob=0.5

Do ancestra¥ersiniaprefer canonical OriTer®ntestable
Does canonical OriTer correlate with balance?

Kolmogorov-Smirnov test, d=0.49=0.0015




Episodes of imbalance

 When a genome becomes unbalanced, how long does it take
to recover?

— Measure time in mutation events

e Conclusion: Balance is recovered “slowly” and fewer
episodes of imbalance occur in original versus permuted data




Summary of findings

Discovered how to quantify selection on genome arrangement
- many findings agree with previous resulté&incol

Hotspots of rearrangement exist near the origin of replication

Canonical OriTer configuration correlates with balance

Bayesian inference of rearrangement history works

Future directions:
|dentify ancient niche-change in all microbes

Use rearrangement phylogeny to derive verticadit@nce in
naturally competent microbes suchNsssseria

Synthetic biology? (optimize gene order for sytithgenomes)
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