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staying healthy in the face of bubonic plague

"Der Doktor Schnabel von Rom" engraving by Paul 
Fürst. The beak is a primitive gas mask, stuffed with 
substances such as spicesand herbsthought to ward 

off the plague.  Source: wikipedia



Yersinia pestis: 
20,000 years in the making

Yersinia pestis, a harmless looking rod-shaped gram negative bacterium, 
causes Bubonic and Pneumonic plague and led to millions of deaths. 
(Perry and Fetherston, 1997)



Yersinia pestis: 
20,000 years in the making

Y. pestisevolved from Y. pseudotuberculosisless than 20,000 
years ago (Achtmanet al.1999)



Yersinia pestis: 
20,000 years in the making

Y. pestisadapted to blood-borne infections by transposon knockouts of various 
genes.  The high copy-number of transposons mediates genomic rearrangement 
and deletion by homologous recombination   (universal)



Yersiniagenome sequencing

9 genomes finished as of July 2007:

• Few SNPs between pestisgenomes
– Low number of SNPs means ambiguous phylogeny

• Yersiniahave many transposon insertions and genome rearrangements 
– Are rearrangements useful phylogenetic characters?

Thomson et al.(2006)AM2864150.484,615,899ntenterocolitisY.enterocolitica 8081

Eppinger et al. (2007)NC_0097080.464,721,828ntenterocolitisY.pseudotuberculosis IP31758

Chain et al.(2004)BX9363980.544,744,671ntenterocolitisY.pseudotuberculosis IP32954

Song et al.(2004)AE0170420.54,595,065ntavirulentY.pestis 91001

Deng et al.(2002)AE0099520.514,600,755ntplagueY.pestis KIM

Parkhill et al.(2001)AL5908420.554,653,728ntplagueY.pestis CO92

unpubl.NC_0093810.774,517,345ntplagueY.pestis 15-70(PestoidesF)

Chain et al.(2006)CP0003050.434,534,590ntplagueY.pestis Nepal516

Chain et al.(2006)CP0003080.394,702,289ntplagueY.pestis Antiqua

ReferenceAccessionterGenome SizePathogenesisOrganism



Yersiniagenome alignment computed with Mauve

Rearrangement breakpoints occur in repeat regions
Alignment computed with Mauve (Darling et al.2004)

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

78 locally collinear blocks, covering ~93.3% of each genome

The Nadeau-Taylor random breakage model agrees with geometrically 
distributed block lengths



From arrangement to phylogeny

Encode homologous segments as a signed gene-order matrix:
Y pestis KIM:   1,  2,  3,  4,  5,  6,  7,  8,  9 …
Y pestis CO92:  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 segment of the chromosome
• A set of inversions can transform one gene order to another

• The BADGER software (Largetet al.2002, 2005) can cosample unrooted
phylogenies, ancestral genome arrangements, and inversion 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 likely a priori
– All topologies equally likely a priori
– Branch lengths (b) are gamma distributed
– Per-branch event counts ~ Poisson(b)

• Favors parsimonious topologies
• Can’t sample directly so use MCMC
• Use Metropolis-coupled MCMC to avoid getting stuck in local minima 

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



Results: a consensus network

A consensus of 30,000 sampled tree topologies:

SplitsTree consensus network contains splits with > 0.2 Bayesian p.p.
Seven parsimonious topologies exist, each contains 79 inversions
The (CO92,Antiqua) and (KIM,Nepal516) clades agree with Chain et. al2006



Bacterial chromosome dynamics (what’s known)

Many bacteria have circular chromosomes

Replication starts at the origin (Ori) and proceeds simultaneously in both 
directions towards Terminus (Ter)

Inversions containing Ori or Ter can disrupt replichore balance

Rocha 2004



Visualizing the inversions

• Rearrangements along the branch leading to Y. pestis91001
• Maximuma posteriori(MAP) estimate of events
• Origin at top, terminus at bottom



Historic replichore balance

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

Perfect balance is selected for in Salmonella(Liu et al.2006)

Our observed pattern suggests that imbalanced genomes make the cell “sick”



Degree of imbalance in each lineage

Imbalance largely confined to Y. pseudotuberculosisand Y. pestisPestoides F



Beyond balance

• 46.3% of inversions act within a single replichoreand don’t affect 
balance. Are they under different selective pressure than inter-
replichore inversions? (yes)

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

Length 
distributions 
are different
(KS test)



Breakpoint re-use along the chromosome

Origin of replication is at extreme left and right
Red == Ribosomal RNA, Black == Transposon at breakpoint
Conclusion: Rearrangement “hotspots” exist near the origin

• If every inversion event uses new breakpoints, four block endpoints are 
created, each of which is used once

• If breakpoints are re-used, then some block endpoints will be re-used



Selection on Ori and Ter configuration

• In 8 of 9 modern Yersinia, Ori and Ter have the same 
orientation:  “canonical OriTer configuration”  (mauve)
– p-value 0.07, binomial, prob=0.5

• Do ancestral Yersiniaprefer canonical OriTer?  Untestable

• Does canonical OriTer correlate with balance?

Kolmogorov-Smirnov test, d=0.4,  p=0.0015



Episodes of imbalance

• When a genome becomes unbalanced, how long does it take 
to recover?
– Measure time in mutation events

• 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 results in E. coli

Hotspots of rearrangement exist near the origin of replication

Canonical OriTer configuration correlates with balance

Bayesian inference of rearrangement history works

Future directions:
• Identify ancient niche-change in all microbes
• Use rearrangement phylogeny to derive vertical inheritance in 

naturally competent microbes such as Neisseria
• Synthetic biology? (optimize gene order for synthetic genomes)
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