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Clarence Smith Jr.e, Nicole J. Crumplera, Victor A. Davide, Stephen J. O’Briene

aBasic Research Laboratory, SAIC-Frederick, Inc., Laboratory of Genomic Diversity, National Cancer Institute, Frederick, MD 21702, USA
bNLM/NCBI/IEB, National Institutes of Health, Department of Health & Human Services, Bethesda, MD 20894, USA
cNLM/NCBI/CBB, National Institutes of Health, Department of Health & Human Services, Bethesda, MD 20894, USA

dAdvanced Biomedical Computing Center, National Cancer Institute, Frederick, MD 21702, USA
eLaboratory of Genomic Diversity, National Cancer Institute, Frederick, MD 21702, USA

Received 17 March 2005; accepted 25 May 2005

Available online 21 July 2005
Abstract

The genomes of nonhuman primates are powerful references for better understanding the recent evolution of the human genome. Here we

compare the order of 802 genomic markers mapped in a rhesus macaque (Macaca mulatta) radiation hybrid panel with the human genome,

allowing for nearly complete cross-reference to the human genome at an average resolution of 3.5 Mb. At least 23 large-scale chromosomal

rearrangements, mostly inversions, are needed to explain the changes in marker order between human and macaque. Analysis of the

breakpoints flanking inverted chromosomal segments and estimation of their duplication divergence dates provide additional evidence

implicating segmental duplications as a major mechanism of chromosomal rearrangement in recent primate evolution.

Published by Elsevier Inc.
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Introduction

Comparative genome analysis of mankind_s primate

relatives is important for a comprehensive understanding

of those genetic aspects that make human biology unique

and for applying primate animal models to inform inves-

tigations of human disease [1]. The rhesus macaque

(Macaca mulatta) is of particular importance as a major

nonhuman primate model for studies ranging from cardio-

vascular disease to AIDS vaccine research. Nonhuman

primates like the macaque also provide useful outgroup

species for interpreting recent chromosomal changes in the
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human genome and illustrating the underlying genomic

mechanisms operative in karyotypic evolution [1–4].

Primate chromosomes and genomes have been exten-

sively studied using molecular cytogenetic approaches.

Chromosome painting of nearly 50 primate species with

human flow-sorted chromosome probes has revealed the

general patterns of synteny conservation and translocation

events distinguishing different primate lineages [5–9]. In

addition, there has been limited molecular analysis of

intrachromosomal rearrangements in distantly related pri-

mate genomes [10], and most of these have largely focused

on only a few chromosomes [3,4,11–15]. A few of these

studies have suggested a potential role for segmental

duplications in primate chromosomal rearrangements

[4,12,15,16].

We previously constructed and characterized a radiation

hybrid panel as a mapping tool for the rhesus macaque, and

as a resource for uncovering chromosomal rearrangements
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in recent primate evolution [17]. Here we have exploited

this tool by constructing a first-generation comparative map

between the rhesus macaque and human genomes. By

comparing the order of conserved chromosomal segments

with other mammalian genomes we determined those inter-

and intrachromosomal rearrangements that occurred in the

human lineage since divergence from Old World Monkeys

25 million years ago (Mya) [18]. Examination of the human

DNA sequence content at hominoid-specific chromosomal

breakpoints extends our insights into the mechanism and

timing of primate chromosome rearrangements.
Results

Map construction

A total of 1094 STS markers were designed and

genotyped in the 5000-rad macaque RH panel. STS markers

were from a variety of sources: Macaca fascicularis

expressed sequence tags (ESTs) (N = 420), Macaca (any

macaque species) or Papio (baboon) mRNAs from Gen-

Bank (N = 285), comparative anchor locus-derived STSs

[17] (N = 35), human microsatellites previously optimized

and positioned on a baboon linkage map [10] (N = 320), and

newly developed M. mulatta microsatellites (N = 34). Of

these, 292 were dropped for one of the following reasons:

weak amplification, high hamster background amplification,

excessively high retention frequency (>70% and not

predicted to reside on the selectable locus chromosome),

and linkage to multiple chromosomes with high LOD

scores. The remaining set of 802 markers was used to

construct the final RH map, containing 441 MLE-consensus

markers (see Methods). Because of the strong conservation

of synteny observed between human and macaque genomes

using chromosome painting, we assigned markers to

chromosome linkage groups assuming complete conserva-

tion of synteny between macaque and human genomes.

These assignments were further evaluated and verified by 2-

point LOD scores (see Methods).

Of the 361 markers not in the MLE-consensus map, 198

markers that were initially removed as being too close were

repositioned relative to the MLE-consensus map using

RHMAXLIK. The remaining 163 markers that were

removed during MLE-consensus map quality checks (see

Methods) were placed into their most likely map intervals,

comparing best placement to second best placement. These

include: (1) markers with excessively high or low retention

frequency relative to the chromosomal average, (2) low 2-

point LOD scores, (3) uncertain order in the consensus map

or flips evaluation of marker order, (4) too many ‘‘2’’ vector

entries. Any plausible bins within a LOD of >2.0 of the best

placement were documented (Fig. 1).

Together these markers cover all 20 macaque autosomes,

and X and Y chromosomes (Table 1). Fig. 1 shows RH

maps for all macaque chromosomes (hereafter abbreviated
Mma-#) and the corresponding comparative map of the

human genome. Most chromosomes show a strong degree

of marker order conservation between human and macaque,

though several are rearranged in two or more blocks relative

to human. Two large macaque regions with extreme

retention frequency were found: the long arm of Mma9

with very low retention frequency for which we have no

explanation, and all of Mma17 with high retention

frequency, which contains the locus (TK1) selected for in

the original RH panel construction experiments [17]. This

resulted in multiple linkage groups per chromosome that

could not be oriented with the RH data. We have tentatively

ordered the linkage groups on Mma9 based on the

orientation of included microsatellites from these same

regions in the baboon linkage map [10], which is karyotypi-

cally colinear with the macaque genome [19].

Comparative analysis

Previous reciprocal chromosome painting studies

between human and macaque genomes identified 25

syntenic blocks, including the sex chromosomes [20]. Most

human chromosomes are syntenic to a single macaque

chromosome, with the exceptions of macaque chromosomes

2 (Hsa7 and Hsa21), 7 (Hsa14 and Hsa15), 9 (Hsa2q), 13

(Hsa20 and Hsa22), and 15 (Hsa2p). Examination of

conserved marker order (i.e., conserved segments) within

chromosomes revealed several chromosomes that require

multiple inversions or translocations to transform the

macaque-conserved block order in to the human genome

order (Fig. 1). Using a rule where we required conserved

segments (in this case due to inversions) to be supported by

at least 2 MLE-consensus markers positioned at LOD � 3.0

and/or concordant marker order in the baboon linkage map,

we were able to define 51 blocks of conserved order

between macaque and human genomes. We estimate that a

minimum of 23 rearrangements can convert one genome

into the other (Table 1). This estimate is at best a lower

bound of the true number of rearrangements between the

two genomes as small micro-inversions, though probably

not exceedingly common between these close relatives,

likely escaped detection given the resolution limits of RH

mapping.

For each human chromosome we compared the order and

orientation of conserved segments in macaque with other

outgroup genomes to determine the polarity and ancestral

form of each chromosome. Using the human genome as a

reference, a human-specific break is diagnosed by a

conserved segment break in all other species at the same

position in the human genome (Fig. 2). A macaque-specific

break would be a break only in macaque but no other

species. Using this approach we were able to discern which

rearrangement events preceded the macaque–human diver-

gence, which were unique to the macaque lineage, and those

that were unique to the human lineage (Table 1). For those

unique to the human lineage we refined the ancestral
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Fig. 1. Comparative maps between each macaque chromosome and conserved segments in the human genome, from NCBI Build 33 (right). Each chromosome

subfigure displays the macaque STS markers (left), their positions in the macaque RH map (center), and blocks of conserved order with the human genome

(right). The human chromosomes are identified by numbers inside of the blocks, and the orientation and order of the blocks are denoted by the end coordinates

(given in megabase pairs). The scale on the macaque RH map is in centirays5000. Markers placed with respect to the MLE-consensus map are positioned to the

right of the RH map with vertical bars showing their most likely intervals. RH markers in boldface are those that are positioned in the MLE-consensus map with

odds � 1000:1; those in italics are positioned at odds � 100:1.
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breakpoints through comparison to other species and

determined the smallest breakpoint interval using the

boundaries of the mouse- (and rat-) conserved segment

blocks (Fig. 2).
Table 1

Mapping summary of 1st generation macaque-human comparative map

Chromosome Human

homologues

Number

of loci

Number of

conserved

segments

Min. #

rearrangements

1 1 71 6 4

2 7&21 43 4 3

3 3 54 5 3

4 4 43 3 1

5 5 39 1 0

6 6 57 3 1

7 14&15 56 2 1

8 8 30 1 0

9 2q 38 1 0

10 10 32 3 1

11 11 55 2 1

12 12 34 1 0

13 20&22 36 3 2

14 9 33 4 3

15 2p 28 1 0

16 13 24 1 0

17 17 30 4 2

18 18 17 2 1

19 19 22 1 0

20 16 25 1 0

X X 32 1 0

Y Y 3 1 0

Total 802 51 23
Nearly all of the conserved blocks on human chromo-

somes 3, 7, 11, 17, and 18 are the result of recent

rearrangements in the human lineage since divergence from

a common ancestor with the rhesus macaque approximately

25 Mya ([4,12,18]; Supplemental Data). By contrast,

internal rearrangements involving macaque chromosomes

4, 6, 10, and 14 most likely occurred during the evolu-

tionary history of the Old World Monkey lineage. For some

chromosomes the data and breakpoint refinement were not

conclusive (MMA1, 13, 14) so we made no attempt to

interpret these. Because the five chromosomes which were

rearranged in the human lineage are able to be refined using

the comparative data (notably the mouse and rat genome

sequences) (Supplemental Data), we focused on these for

our breakpoint region sequence analysis.

Combining these results with recent findings on single

human chromosomes allows us to make general phyloge-

nomic scenarios for human chromosomes [21]. Fig. 2 shows

the 5 ancestral blocks of conserved order found in human,

Bornean orangutan [15], macaque and cat (as an outgroup).

One possible rearrangement scenario, consisting of three

inversions, can convert macaque chromosome 3 into human

chromosome 3. Using multiple species for comparison (Fig.

2), we refined the breakpoints boundaries on Hsa3 (human

chromosome 3 [‘‘Hsa3’’] sequence coordinates) and exam-

ined their genomic content with the UCSC Genome

Browser (April 2003 Build). Fig. 3 also shows a magnified

view of one of the chromosome breakpoints at roughly 75–

76 Mb. The breakpoint was characterized by a large number



Fig. 2. A potential evolutionary rearrangement scenario for human chromosome 3. The top portion of the figure shows human chromosome 3 genome sequence coordinates (displayed horizontally), with colored

blocks of conserved order for homologous chromosome segments in orangutan, rhesus macaque, cat, dog, mouse, and rat shown below the scale as custom track output from the UCSC genome browser. Shown

above the human scale are five boxes of conserved order that represent the ancestral segments of Hsa3. Red vertical boxes define human-specific breakpoints. (Bottom) One possible rearrangement scenario

converting the macaque chromosome into the human chromosome, estimated from the Genome Rearrangements Web Server [21]. The cat is shown as an outgroup taxon for reference. Note the second step in the

scenario (from right to left) is not an actual rearrangment, but reverses the entire chromosome to be in the same orientation as the human genome.
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Fig. 3. A close-up view of one human-specific breakpoint region (boxed in red at ¨75–78 Mb) on Hsa3 is shown to highlight the segmental duplications that populate the evolutionary breakpoint region (taken

from the UCSC browser). The small gray boxes in the breakpoint interval (¨71.4–71.6 Mb) each represent a block of sequence that is duplicated elsewhere in the human genome at least once. Red lines connect

similarities between breakpoints indicating duplications flanking conserved segments.

W
.J.

M
u
rp
h
y
et

a
l.
/
G
en
o
m
ics

8
6
(2
0
0
5
)
3
8
3
–
3
9
5

3
9
0



W.J. Murphy et al. / Genomics 86 (2005) 383–395 391
of segmental duplications (>100 kb of total duplicated

sequence). Some of these duplications are found at the other

rearrangement breakpoints on Hsa3 with similar high

densities of segmental duplications (Table 2).

Similar analysis of the other breakpoint regions on Hsa3

and other human chromosomes revealed a similar pattern

(Table 2). For example, the analysis of human chromosome

11 identifies a single inversion that distinguishes it from its

macaque homologue (Fig. 1). Focused analysis of the

human-specific breakpoint regions with macaque, cat, dog,

mouse, and rat genomes also shows a large percentage of

segmental duplications at these breakpoints. Many of the

duplicated copies map to the breakpoint that defines the

opposite end of the conserved segment (Table 2). A

comparable analysis of Hsa7 is consistent with the para-

centric inversion breakpoints identified by Müller et al. [4]

and their correlation with segmental duplications, while

Hsa17 shows a similar pattern (Table 2).

If chromosome rearrangements are really facilitated by

duplicate copies flanking an inverted segment, then the

estimated divergence time of the duplicated sequences

should correspond to or predate the origin of the lineage

containing the rearranged chromosome. We tested this by

calculating divergence times using the pairwise sequence

divergence of duplicated segments (>10 kb) flanking the

rearranged segments (Table 2). Applying this approach to

breakpoint duplications on Hsa3 and Hsa11, the estimated

duplication ages are roughly 12 Mya or greater for both sets

of rearrangements on both chromosomes. This is consistent

with the rearrangements occurring coincident with or after

divergence of the human branch from orangutan roughly 12

Mya [22]. We note that one of the duplications on Hsa11

produces a divergence estimate of approximately 10 Mya,

which is younger than the human–orangutan divergence.

This inconsistency may be explained by either imprecision

associated with the divergence estimation, or that this

rearrangement event actually occurred after the human–

orangutan divergence in the lineage leading to humans,

chimpanzees, and gorillas. The breakpoint data from Hsa17

also supports a duplication driven rearrangement hypothesis

for this chromosome, as two breakpoint pairs (36 + 45.9 and

36 + 60.7Mb) contain recent duplications in the 5–6 Mya

range. While we cannot determine the exact timing of these

rearrangements in the human lineage without additional

primate genome maps, we can predict that these Hsa17

inversions occurred sometime after the orangutan–human

divergence (<12 Mya), and possibly (given the diver-

gence estimate) after the human/chimp divergence from

gorilla 7–8 Mya.

We further applied our approach to previously reported

duplications flanking rearrangement breakpoints on other

human chromosomes. For the duplication pair on human

chromosome 18, previously hypothesized to have facilitated

the inversion that distinguishes humans from all other

primates and mammals examined so far [12], we estimate

that the duplication occurred roughly 3 Mya (Table 2),
consistent with the inversion occurring after the human–

chimpanzee divergence 5–6 Mya [18]. We also examined

seven duplications in the breakpoints identified by Müller et

al. [4] for the paracentric inversion in human 7 that

distinguishes orangutan and macaque from humans and

great apes (Table 2). We find that six of the duplications

predate the human–gorilla divergence (7–8 Mya), suggest-

ing that they accumulated prior to the inversion that

occurred in the human/chimpanzee lineage and may have

facilitated the rearrangement [4].
Discussion

We have presented the first ordered whole genome map

of the rhesus macaque based on 802 markers distributed

across all chromosomes. This map serves as a first step

toward future mapping and sequencing efforts, to aid in

long-range sequence scaffold assembly and interpretation of

the detailed syntenic conservation between human and

macaque genomes. Our results support the majority of

rearrangements observed in an ordered autosome compar-

ison of baboon and human [10], confirming a strong degree

of genomic conservation between baboon and macaque at

the G-banding level [19], while refining many of the

breakpoint boundaries.

By comparison to other mammalian genome maps we

were able to identify those rearrangements that have

occurred during the past 25 million years of human

evolution. These comparisons revealed a striking corre-

spondence between evolutionary breakpoint regions and

accumulation of segmental duplications. In fact, all of the

breakpoint regions that occurred in the human lineage

since it diverged from Old World monkeys contained �10

kb of duplicated sequence. The idea that duplications

might have provided the substrate for nonallelic homolo-

gous recombination has been recently proposed for human

chromosomes 7 and 18 [4,12] and other primate chromo-

some rearrangements [16]. Our findings further extend this

observation to nearly all recent, large-scale chromosome

inversions in the human genome that occurred in the last

25 million years.

Two previous studies explicitly examined the associa-

tion between evolutionary breakpoints and the presence of

segmental duplications in human and mouse genome

sequences [23,24]. Both studies concluded that a far

greater number of human–mouse evolutionary chromoso-

mal breakpoints contain duplications than would be

expected by chance. This observation led Armengol et

al. [23] to suggest a role for segmental duplications in

chromosomal rearrangement.

Most segmental duplications in the human genome likely

arose within the past 35–40 million years during the

primate radiation [22,25]. Because the vast majority of the

human–mouse synteny blocks are due to chromosomal

rearrangements occurring in the mouse/rat lineage, primate-



Table 2

Paired Segmental Duplication (SD) content at human-specific inversion breakpoints

Human

chromosome

Breakpoint A (Mbp)a Breakpoint B (Mbp)a Number of

paired SDs

(>10kb)

Size (bp) Coordinates of

duplicate pair(Mb)

% identity

approx.

Duplication

date (Mya)b

3 0–64,290 75,057,848–75,705,918 1 27,778 63,001–90,885/75,100,445–75,1 222 96.2 12

3 15,154,959–15,236,968 75,057,848–75,705,918 1 13,373 15,166,391–15,179,763/75,392,6 –75,406,067 95.9 12

3 75,057,848–75,705,918 130,896,841–131,213,246 5 31,535 75,431,032–75,463,517/130,999 –131,031,056 94.3 23

" " 44,870 75,205,102–75,249,876/131,014 –131,059,672 94.4 23

" " 21,076 75,252,950–75,268,978/131,060 –131,081,090 95.8 13

" " 26,832 75,269,082–75,295,440/131,090 –131,117,505 95.5 15

" " 79,396 75,305,422–75,374,646/131,117 –131,196,900 93.9 �25

7 76,173,866/76,305,767 101,830,259–101,900,313 7 106,202 76,294,363–76,400,000/101,885 –101,991,816 98.6 4

" " 17,077 76,240,904–76,257,980/101,523 –101,541,135 93.6 �25

" " 11,957 76,246,024–76,257,980/101,841 –101,853,838 93.9 �25

" " 11,965 76,246,024–76,257,988/101,742 –101,754,791 93.9 �25

" " 21,109 76,268,968–76,290,076/101,523 –101,544,790 96.7 9

" " 18,669 76,273,944–76,292,612/101,736 –101,754,791 97.8 6

" " 18,669 76,273,944–76,292,612/101,835 –101,853,838 97.8 6

11 3,148,064–3,600,022 71,452,377–71,849,730 3 97,812 3,439,425–3,534,281/71,600,005 1,697,816 96.6 10

" " 39,959 3,385,220–3,424,992/71,698,563 1,738,521 95.2 16

" " 10,209 3,572,940–3,583,148/71,825,175 1,835,336 94.5 22

17 35,929,570–36,252,395 45,859,974–45,902,536 1 105,843 36,274,617–36,381,204/45,894,1 –46,000,000 98.3 5

17 35,929,570–36,252,395 60,668,108–60,759,220 5 28,218 36,013,200–36,041,643/60,668,6 –60,696,875 97.9 6

" " 15,535 36,041,346–36,057,952/60,639,1 –60,654,688 97.8 6

" " 14,861 36,066,753–36,081,569/60,681,7 –60,696,651 98.0 6

" " 24,764 36,186,043–36,211,013/60,672,1 60,696,875 97.8 6

" " 18,726 36,242,375–36,261,026/60,677,9 –60,696,689 98.2 5

18 p-terminus 18.4–18.5 1 19,469 102,547–121,692/18,408,332–1 7,800 99.0 3

a Estimated from rightmost and leftmost boundaries of adjacent mouse synteny blocks flanking the breakpoint region (April 2003 Build).
b Estimated using data from Ref. [22]: see methods.
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specific segmental duplications would not be predicted to

provide the substrate for rearrangement in these murid

rodent breakpoints [24]. Therefore there would be no

expectation to observe duplications at the same sites of

mouse-specific breakpoints. However, these two concepts

are not mutually exclusive. While many fragile regions may

exist [26,27], and these may be prone to accumulating

segmental duplications, only those breakpoint regions that

promote a chromosomal rearrangement should fit the

additional criterion of having a duplicate sequence found

at the ends of each rearranged segment [12]. Here we show

that this is supported in the majority of the cases where

rearrangements could be reliably assigned to the human

lineage, and are further supported by molecular dating of

duplication events coincident with or preceding the phylo-

genetic age of the rearrangement. The recent completion of

the chimp genome sequence and future acquisition of other

primate genome sequences will allow this observation to be

more broadly tested in the context of duplications unique to

additional primate lineages.
Methods

Primer design

Human microsatellite primers (MapPairs) were obtained

from Research Genetics based on those markers optimized by

Rogers et al. [10]. Coding sequence primers were designed in

either 3V-untranslated regions of macaque ESTs and mRNAs

derived from GenBank. All primers were designed

with Primer3 (http://frodo.wi.mit.edu/cgi-bin/primer3/

primer3_www.cgi).

Radiation hybrid genotyping

Methods for genotyping have been described in detail

elsewhere [17,28]. Briefly, PCR-based typing was per-

formed on the 5000-rad rhesus macaque whole genome

radiation hybrid panel [17]. All STSs were optimized using

either a standard PCR protocol (10 min hot-start at 95-C
followed by 35 cycles of 95-C for 15 s, 58–62-C for 15 s,

72-C for 30 s) or a touchdown PCR protocol that lowered

the annealing temperature from 60-C to 50-C by 2-C over

10 cycles. Optimized markers were then genotyped in the

93-clone RH panel, prealiquoted into 384 well plates, using

Taq-Gold DNA polymerase (Applied Biosystems Inc.) and

scored in duplicate on 2% agarose gels stained with

VistaGreen (Amersham).

Microsatellite library construction and screening

A (dGIdT)n (dCIdA)n-enriched microsatellite library was

constructed from DNA of a male rhesus macaque and

recombinants were sequenced as previously described [29].

A software tool was developed for processing of the
sequences of recombinants which removed vector and

linker sequences, discarded clones with fewer than 10

uninterrupted dinucleotide repeats, and designed PCR

primers using Primer 3.0.

Map construction

Macaque STS-derived RH genotyping vectors were

assigned to chromosomes based on 1:1 syntenic conserva-

tion of the human and macaque genomes. We then tested

these groups using the program RH2PT in the software

package RHMAP [30] and previous syntenic predictions. An

initial LOD threshold of 12.0 was used and then subsequent

intrachromosome groups were assembled using decreasing

LOD thresholds, with 8.0 being the minimum LOD thresh-

old used for any group. For ordering, chromosomes were

broken down into two groups corresponding to the arms of

all metacentric and submetacentric chromosomes, or the

entire chromosome of acrocentric elements. In some cases

shifts in retention frequency required multiple groups/arm.

Markers within each chromosome arm or linkage group were

ordered using a reduction from the problem of RH mapping

to the traveling salesman problem (TSP) [31], as imple-

mented in the software rh_tsp_map [32].

The computations to construct the radiation hybrid map

were done using programs from the rh_tsp_map/CON-

CORDE [32,33] and RHMAP [30] software packages.

Given an input set of markers, rh_tsp_map transforms the

problem of finding the MLE ordering to an instance of the

well-studied traveling salesman problem (TSP). Using the

CONCORDE package for TSP along with QSopt optimi-

zation package (http://www.isye.gatech.edu/~wcook/qsopt),

all the TSP instances we generated were solved to

guaranteed optimality. This approach assumes that input

linkage groups are defined correctly, and we took many

precautions, as described below, to use only markers and

linkage groups that could be assigned with high confidence.

As noted previously, in a few regions (such as the Ig heavy-

chain locus region) where retention frequency is highly

variable, we used the RHMAXLIK option of RHMAP to

check that it gives the same order as rh_tsp_map/CON-

CORDE. This checking was done because RHMAP models

variable retention frequency, although it does not guarantee

an optimal map with respect to its model. Following

Agarwala et al. [32], we used three definitions of the

maximum likelihood, base_mle, extended_mle, and normal-

ized_mle, that differ in their treatment of ‘‘2’’ entries in the

vector data for defining the likelihood. During preliminary

attempts at map construction, we used the merge, map_eval

and flips programs of rh_tsp_map to identify linkage groups

for which the optimal orders differed among the three MLE

criteria, the placement of one marker was not optimal with

respect to the map defined by the remaining markers, or the

two best orders differed by LOD < 0.1. In such cases, we

dropped problematic markers, and recomputed optimal

marker orders until the two consistency criteria were met.

 http:\\www.frodo.wi.mit.edu\cgi%1Ebin\primer3\primer3_www.cgi 
 http:\\www.isye.gatech.edu\~wcook\qsopt 
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We used several tests to drop or set aside markers for

placement with respect to the MLE-consensus map because

they could not be reliably ordered as part of consensus map

construction itself. These methods were applied multiple

times iteratively, until all markers passed each test of quality.

The first test of quality assumed that a good marker (vector)

assigned to one chromosome should not have high 2-point

LOD scores with markers assigned to a different chromosome

[34]. Specifically, we dropped entirely any marker that had 2-

point LOD scores > 15.0 with at least twomarkers assigned to

(a) different chromosome(s). The second test of quality

relates to the assumption of equal retention frequency in

rh_tsp_map. We identified any markers whose retention

frequency was >0.2 lower than the average for its chromo-

some and/or could not be reliably ordered when analyzed

with 2–4 nearby markers. The markers that failed the second

quality test were reserved for subsequent placement in the

best intermarker interval(s) of the final MLE-consensus map.

In the course of applying the first test for high interchromo-

some scores, we observed that many markers with isolated

high scores to another marker on another chromosome had

high retention frequency. As a third test of reliability we

dropped any marker with rf > 0.48, except those on

chromosomes Mma17 and MmaY because these two

chromosomes had high average rf. The 0.48 threshold was

sufficient to eliminate most of the remaining high interchro-

mosome scores. The fourth test of quality may be considered

a dual of the first test: a marker should not have low 2-point

LOD scores when compared to markers predicted by synteny

to be on the same chromosome and nearby. Specifically, we

dropped markers that had no 2-point scores > 3.0. The fifth

test of marker quality had three parts all related to the

reliability of marker ordering. The first part was that the three

definitions of theMLE criterion should yield the samemarker

order. The second part is that if any marker is temporarily

deleted and then placed back into the map relative to the

remaining marker, the new placement should agree with the

initial position of the marker. The third part is that no window

of 7 consecutive markers can be permuted so as to yield a

better log-likelihood or even a log-likelihoodwithin 0.1 of the

best. For preliminary maps where any of these reliability tests

failed, we tried dropping different markers until we identified

the problematic one(s). Markers identified as problematic by

either the third, fourth, or fifth test were deferred for

placement.

When constructing consensus maps, we excluded any

marker with too many ‘‘2’’ (ambiguous) vector entries, to

reduce the chance that the different MLE definitions will lead

to different optimal orders. To reduce the chance of having

different orders with similar likelihoods and regions of local

uncertainty, rh_tsp_map does not use one of a pair of

markers if they are too close to each other. In this study, we

excluded vectors with more than two ambiguities and

considered two markers too close if either their Hamming

distance or their likelihood-derived distance was <3.0.

Markers omitted either due to too many 2’s or to being too
close to another marker were set aside for later placement

with respect to the MLE-consensus map. Those markers that

were too close were mapped to their most likely positions in

RHMAXLIK after enforcing a marker order constraint for

the MLE consensus loci.

Comparative analyses

For each macaque locus, human physical positions in the

draft human sequence are based upon BLAST (http://

www.ncbi.nlm.nih.gov/blast/) analysis to the April 2003

human genome assembly (used because segmental duplica-

tion data were only available for this build at the time of

analysis). Comparative mapping data from the cat genome is

from Menotti-Raymond et al. [35]. The dog comparisons

were made to RH maps from Guyon et al. [36] and

Andelfinger et al. [37]. Orangutan data is from Tsend-Ayush

[15]. Mouse and rat conserved segments are from Bourque

et al. [38]. The Genome Rearrangements server (http://

nbcr.sdsc.edu/GRIMM/mgr.cgi [21]) was used to obtain the

minimum number of rearrangements needed to transform

pieces of the macaque genome into the corresponding pieces

of the human genome, and to identify at least some

scenarios that achieve those lower bounds. In all cases

signed data on marker order were used.

Divergence estimates for paired segmental duplications

were obtained using their percentage nucleotide sequence

identity (based on Jukes-Cantor distances in the UCSC

browser). These percentages were converted to time (in

million years) using the percent identity/divergence time

estimates given in Ref. [22], which assume a neutral rate of

evolution.
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