
Frac%ona%on,	  
rearrangement,	  
consolida%on,	  	  
reconstruc%on,	  

&	  
dissec%on	  



measures	  of	  rearrangement:	  
	  
edit	  distances:	  reversals,	  reversals	  +	  
transloca%ons,	  DCJ,	  etc.	  
	  
breakpoints	  
	  
excess	  adjacencies	  
	  



excess	  adjacencies:	  
	  
1	  2	  3	  4	  5	  6	  7	  8	  9	  
	  
2	  3	  4	  6	  7	  5	  1	  8	  9	  
	  
8	  

duplicate	  genes:	  
	  
1	  2	  3	  4	  5	  6	  7	  8	  9	  6	  7	  
	  
2	  3	  4	  6	  7	  5	  1	  8	  9	  
	  
9	  

missing	  genes:	  
	  
1	  2	  3	  4	  5	  6	  7	  8	  9	  
	  
2	  4	  6	  7	  5	  1	  8	  9	  
	  
11	  

>2	  genomes:	  
	  
1	  2	  3	  4	  5	  6	  7	  8	  9	  
	  
2	  3	  4	  6	  7	  5	  1	  8	  9	  
	  
2	  3	  4	  5	  1	  8	  9	  6	  7	  
	  
9	  

>1	  chromosome:	  
	  
1	  2	  3	  4	  5	  6	  	  	  	  	  	  	  7	  8	  9	  
	  
2	  3	  	  	  	  	  4	  6	  7	  	  	  	  	  	  5	  1	  8	  9	  
	  
9	  





ancestral	  gene	  order	  reconstruc%on:	  
	  
based	  on	  the	  adjacencies	  in	  the	  descendants	  
(between	  oriented,	  or	  signed,	  genes)	  
	  
maximum	  weight	  matching	  
	  
	  
	  



	  
	  
	  
	  
	  
	  
whole	  genome	  duplica%on	  (WGD)	  
	  
frac%ona%on	  
	  	  	  	  
	  
	  
	  
	  



1 2 3 4 5 6 7 8 9!

1 2 3 4 5 6 7 8 9!
1 2 3 4 5 6 7 8 9!

1 •  3 • 5 • 7!
2   3  4• 6••9  8! 7 6 5 4 3 2 1•8 9!

fragment of!
ancestor genome!

whole genome duplication!

fractionation and rearrangement!
rearrangement!

WGD descendant! descendant unaffected by WGD!

Rearrangements:	  2	  	  	  	  Frac%ona%on:	  5	  
Rearrangements	  only:	  5	  



ancestor	  genome	  

genome	  unaffected	  by	  WGD	  

r/2	  	  rearrangements	  

WGD	  event	  

r/2	  	  rearrangements	  

d	  	  genes	  deleted	  

WGD	  descendant	  







Consolida%on	  algorithm:	  
	  
Detect	  triple	  ti	  of	  regions:	  	  	  	  	  1	  2	  3	  4	  in	  diploid,	  	  	  1	  3	  and	  2	  4	  in	  WGD	  	  descendant	  
	  
Replace	  by	  “virtual	  gene”:	  	  	  	  	  	  	  	  	  Vi	  	  	  	  	  in	  diploid,	  	  	  	  Vi	  	  	  	  and	  Vi	  	  	  in	  WGD	  descendant	  
	  
Reconstruct	  ancestor	  
	  
Recalculate	  excess	  adjacencies	  	  
	  
Add	  in	  excess	  adjacencies	  within	  all	  the	  Vi	  
	  
	  





poplar	  (WGD	  descendant)	  
	  
grape	  (unaffected	  by	  WGD)	  
	  
	  



genes in comparison grape poplar ancestor
single copies 12,494 4,282 8,631
in syntenic pairs 0 2⇥ 8212 = 16, 424 0
total 12,494 20,706 8,631
adjacency statistics before fractionation analysis
adjacencies 12,475 20,676 8,588
distinct (a) 12,475 16,165 8,588 (b)
distinct overall (c) 19,446
excess (c-a) 6,971 (55.9%) 3,281 (20.3%)
with ancestor (d) 9,390 11,094 total

excess (d-b) 802 (9.3%) 2,506 (29.2%) 3,308 (38.5%)

virtual genes after fractionation analysis and consolidation
fractionation intervals 2,462 1,888
single copies 10,674 0 81431

in syntenic pairs 0 2⇥ 10, 6742 = 21, 348 0
total 10,674 21,348 8143
adjacency statistics after consolidation
adjacencies 10,655 21,318 8,107
distinct (a) 10,655 13,309 8,107 (b)
distinct overall (c) 15,278
excess (c-a) 4,623 (43.4%) 1,969 (14.8%)
with ancestor (d) 9,079 9,844 total

excess (d-b) 972 (12.0%) 1,737 (21.4%) 2,709 (33.4%)

1 counting genes within virtual genes: 9502.
2 includes duplicate genes (not in a fractionation interval) and two copies of
virtual genes even if only one gene-containing interval was found in poplar.

Table 1: Statistics on the reconstruction of the common ancestor of grape
and poplar, before and after taking into account consolidation of the frac-
tionation intervals. Of note is the decrease in the percentage of excess ad-
jacencies (in boldface), representing artifactual rearrangements when frac-
tionation is not taken into account.
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Delete	  one	  gene	  at	  a	  %me	  or	  several?	  





frac%ona%on:	  balanced	  or	  biased?	  





genome	  halving	  
	  
genome	  aliquo%ng	  



Aliquo%ng:	  	  dissec%ng	  an	  ancient	  2k-‐ploid	  (tetraploid,	  
hexaploid,	  octoploid,…)	  into	  its	  k	  cons%tuent	  subgenomes	  
	  
—	  or	  whatever	  is	  le^	  of	  them.	  
	  





Algorithm aliquote

• Parameters: hypothesized ploidy parameter k > 2, short gap reward r > 0, jump j < 0, threshold

t � 0.

• Input: n > 0 paralogy sets, each containing at most k genes. Genes distributed and ordered on C

0

chromosomes.

• Output: A number C

00 � 1 of k-tuples of regions

• Initialization:

– Each set of paralogs defines a k-tuple of regions, each region consisting of at most one fragment

made up of one gene.

– For all pairs of k-tuples of regions, calculate their clustering score.

• while there remain pairs of k-tuples of regions with positive score,

– merge the pair of k-tuples of regions with highest score,

– delete merged pairs and add the resulting larger k-tuple of regions,

– calculate the clustering score of the new k-tuple of regions with all other k-tuples

• Post-processing If the gaps between two consecutive fragments in any region is smaller than threshold

t, move the missing genes from their current location to fill in the gap. This may result in defects

in the k-partition, and it is preferable to set t to as low a value as possible if this does not cause a

proliferation of very small regions.

The initialization of the coe�cients requires quadratic time, but may they be stored to allow rapid search;

the update step proceeds in linear time since only the coe�cients involving the two clusters being combined

are a↵ected. The iteration stops when no further amalgamation has positive score, after a number of steps

less than n, so that the total running time requirement is quadratic.

Grape

The core eudicots are all descendants of an ancestral hexaploidization approximatively 125 Mya, leading

within a few million years to a remarkably diverse radiation into many orders, most of which are grouped

into the rosid and asterid subclasses. Among the sequenced core eudicot genomes that have been published,
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Ming R et al: Genome of the long-living sacred lotus (Nelumbo nucifera 
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Aliquo%ng:	  	  dissec%ng	  an	  ancient	  2k-‐ploid	  (tetraploid,	  
hexaploid,	  octoploid,…)	  into	  its	  k	  cons%tuent	  subgenomes	  
	  
—	  or	  whatever	  is	  le^	  of	  them.	  
	  
k	  	  =	  2:	  	  halving	  
	  
“prac%cal	  halving”	  
	  



The post-processing step involves some subjective judgment about how many aliquoting defects and how

many small regions are tolerable. This can of course be formalized, but it will always be dependent on the

specific problem instance and to what purposes the solution will be applied.

The comparison of Nelumbo and Vitis ancestors

We used the Nelumbo nucifera genome data accessible in the CoGe database. In comparing this genome

with itself, using the SynMap program to find synteny blocks, out of a total of 26,473 genes, there were

9262 paralogs in 4631 pairs in syntenic contexts. As mentioned in the introduction we set the parameters

to achieve a halving result of 15 pairs of ancestral chromosomes: these contained over 99 % of the genes.

The goal was to avoid concentrating too many genes in unrealistically large chromosomes, while at the same

time not identifying too many small fragments as ancestral chromosomes. As listed in Table 1 the 15 pairs

of chromosomes included six with over a thousand genes and four with less than a hundred. The remaining

five all had less than 500.

Table 1: Number of genes in first estimate of chromosome pairs.

chromosome
pair 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

genes 234 29 2717 124 1469 1839 462 195 1152 1134 2114 271 67 17 65

Only one pair of chromosomes reflected two contiguous homeologous blocks in the extant Nelumbo

genome. The remaining 14 pairs were fragmented across a total of 62 blocks, so that a single chromo-

some ancestral chromosome could project to several blocks at scattered locations on a Nelumbo chromosome

and/or to blocks on several Nelumbo chromosomes.

To improve these results, i.e., to either amalgamate or discard tiny chromosomes and possibly decompose

the largest ones into two more reasonably sized ones, we introduced a comparison with the Vitis vinifera

genome, whose ancestral chromosomal history is well-known [15]. Since there are many Nelumbo - Vitis

orthologs that have only one copy in Nelumbo, we first filled in each of the 64 Nelumbo blocks with the

single-copy genes falling into the range between the 5’-most paralog and the 3’-most paralog in that block.

Comparing Nelumbo to Vitis with SynMap, we found a total of 12,610 Nelumbo genes with Vitis orthologs

in syntenic blocks. Of these 10,162 were in both our Nelumbo blocks and in known Vitis triplicated regions.

We then compared each of the 15 tentative ancestral Nelumbo ancestral chromosome pairs to each of the

7 known Vitis ancestral triples. Only 23 of the 105 combinations shared more than one or two ortholog

8

15	  candidate	  ancestral	  chromosome	  pairs	  	  x	  	  7	  grape	  ancestral	  chromosomes	  
	  
=	  105	  combina%ons	  	  





lotus ancestor   grape ancestor   
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