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Previous approaches to comparing gene and chromosome organization between two genomes have been based on
genetic maps or genomic sequences. We have developed a system to align an FPC-based physical map to a genomic
sequence based on BAC end sequences and sequence-tagged hybridization markers and to align two FPC maps to one
another based on shared markers and fingerprints. The system, called SYMAP (Synteny Mapping and Analysis
Program), consists of an algorithm to compute synteny blocks and Web-based graphics to visualize the results. The
approach to calculating the anchors (corresponding elements on the respective maps) maximizes the inclusion of
anchors with different rates of divergence. Chains (putative syntenic sets of anchors) are computed using a dynamic
programming algorithm, which includes off-diagonal anchors that result from map coordinate errors and small
inversions. As the gap parameters (the distances allowed between anchors in a chain) can vary over different data
sets and be difficult to set manually, they are automatically computed per data set. The criterion for a chain to be
acceptable is based on the number of anchors and the Pearson correlation coefficient. Neighboring chains are
merged into synteny blocks for display. This algorithm has been tested with three data sets that vary in the number
of BAGCs, BAC end sequences, hybridization markers, distance between anchors, and number and antiquity of
genome duplication events. The Web-based graphics uses Java for a highly interactive display that allows the user to

interrogate the evidence of synteny.

[SYMAP software is freely available at http:/ /www.agcol.arizona.edu/software/symap.]

Comparative genomics is useful for elucidating the function of
genes, for studying evolutionary history, and for ordering and
editing contigs (physical and sequence). Conserved regions be-
tween divergent genomes may be computed by aligning genetic
maps or comparing genomic sequences. The availability of com-
pleted sequences for a few model organisms and the need for
many additional sequences to reveal biological diversity creates a
new need that is intermediate between these two extremes, spe-
cifically the comparison of a physical map for an as-yet-
unsequenced genome to the completed genomic sequence of a
model organism. By such comparisons, fully sequenced models
might be used to reduce the amount of de novo work needed to
bring additional related genomes to a high degree of closure. Our
system, called SYMAP (Synteny Mapping and Analysis Program),
focuses on this emerging need by aligning FPC contigs (Soder-
lund et al. 1997) to a sequenced genome based on BAC end se-
quences (BES) and hybridized markers with known sequence.
The first published comparison between an FPC map and
genome sequence was by Gregory et al. (2002), who aligned the
mouse map to the human sequence using BESs. They manually
merged FPC contigs based on adjacent alignments to the human
genome; that is, when the end clones of contigs overlap slightly
but not enough to be detected by the FPC algorithm, the dual
evidence of their proximity on the human sequence and the
manual inspection of the candidate overlapping fingerprints jus-
tified merging of contigs. Besides aiding in merging contigs, the
mouse-human alignment provided insights into the evolution-
ary history before the mouse was sequenced. This approach was
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used by Bowers et al. (2005) who aligned the sorghum FPC map
to the rice sequence, and by F. Wei (pers. comm.) who used the
SyMAP alignment of the maize FPC map to the rice sequence to
aid in the manual editing on the maize map.

Assembly problems using only the whole-genome shotgun
(WGS) approach are likely to increase as progressively larger ge-
nomes are tackled. This is especially a problem with plant ge-
nomes, where many are large, recent polyploids and highly re-
petitive; for example, hexaploid wheat is 17,300 Mb and 95% of
all cultivated wheat is hexaploid (for review, see Feldman 2001),
and maize is a 2400-Mb paleopolyploid with ~58% repetitive
elements (Messing et al. 2004).

If a genome G, exists that is recently diverged from a com-
pletely sequenced genome Gy, the following scenario can pro-
vide an excellent resource: (1) build a fingerprint map for G,; (2)
BAC end sequence the clones from the map; (3) hybridize se-
quenced markers to the map; (4) align the FPC map to the se-
quence of Gy using the BES and sequenced markers; (5) use the
alignment as supporting evidence in decisions to manually
merge FPC contigs; (6) if the genomes are very recently diverged,
anchor the FPC contigs by the alignment to the Gy chromo-
somes, obviating the need for a genetic or radiation hybrid map;
(7) if the G, genome has draft sequence, many of the sequence
contigs can be anchored by aligning them to sequence on the
FPC map or aligning them to the sequence of Gy and then plac-
ing them on the homologous FPC segment.

This resource contributes comparative data for ordering and
anchoring of BACs, location of gene-based markers on the map,
and early insights into evolutionary history. It also provides the
foundation for BAC-by-BAC sequencing of either targeted re-
gions or the entire genome and aids in the annotation of the
sequenced genome, since gene-based homologies will confirm
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hypothetical gene annotations and BES homologies can aid in
determining conserved functional sites.

To create an FPC map for the above scenario, either agarose
based (e.g., Marra et al. 1997) or High Information Content Fin-
gerprint (HICF) (Ding et al. 2001; Luo et al. 2003; Nelson et al.
2005) approaches can be used. The HICF approach is becoming
increasingly popular, since the fingerprints can be run on a se-
quencing machine so that there is little manual intervention, the
precision of the sizing is excellent, and the high information
content causes the fingerprints to assemble into significantly
fewer contigs than the agarose approach (Nelson et al. 2005).
This has enabled the fingerprinting of ~50,000 clones to be done
in 2 wk on one ABI 3730 sequencer.

Approaches to computing synteny

The general problem can be broken up into three components.
(1) Find the homologous sequences (a;, b;) where a, is the location
of a sequence on genome G, and b; is the location of a sequence
on genome Gg. The pair (a;, by) is referred to as an anchor (or gene
pair, homologous sequence, or conserved element). The anchors
are represented as an N X M matrix, where the rows are the sorted
G, locations a;. . . .a,, the columns are the sorted Gy locations
b;...b,, and a ‘1’ indicates that (a;, b)) is an anchor. (2) Deter-
mine segments S, and S from G, and Gy that share a common
ancestor, where the segments are determined to diverge from the
same ancestral chromosome if they share anchors. If the anchors
retain the same order, they are referred to as conserved (or col-
linear) segments. If rearrangements are allowed, they are referred
to as synteny blocks (or conserved synteny, collinearity with re-
arrangements, or homologous segments). As synteny blocks al-
low inversions, deletions, insertions, transpositions, and dupli-
cations, the anchors are generally grouped into chains (or clus-
ters) and the chains are merged into synteny blocks. A chain has
an orientation based on whether it has a positive or negative
slope. Anchors that group on a horizontal or vertical line are
repetitive sequences. Anchors that are computed from a genomic
sequence also have an orientation, which is whether the homolo-
gous sequence is from the top or bottom strand. (3) The output
may be simply a text file listing the alignment of G, to Gy or it
may be a graphical display.

Multiple programs exist to compute anchors from two se-
quenced genomes, for example, PatternHunter (Ma et al. 2002)
and BLASTZ (Schwartz et al. 2003). There are also multiple ap-
proaches to calculate synteny blocks, most of them taking as
input a pre-computed anchor list, gene annotations, or shared
markers from genetic maps. These different approaches to find-
ing synteny blocks all solve a similar problem, but with different
emphasis. One predominant difference is whether the anchors
are gene products or homologous sequences that may be coding
or noncoding. A second difference is the criteria for declaring
that a set of anchors represents a synteny block. Most approaches
have a function to determine the distance between two anchors,
though these vary as to how strictly diagonal the anchors must
be. For example, some algorithms use the Manhattan distance,
which emphasizes the closeness of the anchors over the diagonal
property, while others have developed specialized distance mea-
sures that emphasize the nearness of the anchors to the diagonal,
such as was done by Vandepoele et al. (2002) and Haas et al.
(2004). The following briefly summarizes some approaches for
finding synteny blocks between two eukaryotic genomes, where
the first two are the most relevant algorithms to our approach.

Vandepoele et al. (2002) developed the Automatic Detection
of Homologous Regions (ADHoRe) software, which takes as input
two lists of gene products and computes the anchors with an
all-against-all BLASTP. The anchors are split into two lists based
on orientation, and processed separately. The algorithm itera-
tively clusters anchors whose distance is less than the gap size,
and the gap size increases over the iterations until it is equal to D.
All clusters are removed that have a quality less than Q, where
the quality is computed as the coefficient of determination by
linear regression through the points in a cluster. The clusters are
post-processed by adding anchors that are not in a cluster to
nearby clusters when possible, joining the clusters into blocks,
and removing the blocks that are computed to be not significant.

Haas et al. (2004) developed the DAGchainer software,
which takes as input a file of gene pairs with their BLAST E-value
and the location of each gene on its respective genome. A di-
rected acyclic graph (DAG) is constructed, and dynamic program-
ming is used to determine the maximally scoring chains from the
DAG. Once all chains are found over a minimum scoring thresh-
old, the DAG is recreated with the coordinates reversed for the
second genomic sequence and the algorithm is run again to find
the chains in the opposite orientation.

Gregory et al. (2002) aligned mouse FPC contigs to the hu-
man minimal tiling path using mouse BESs, where they com-
puted the anchors as BES matches with unique locations on the
human tiling path of sequenced clones. Pevzner and Tesler
(2003) used the PatternHunter anchors as input, which were used
to compute a graph with an edge between each two anchors if
their Manhattan distances were within the distance D, then clus-
ters were computed from the connected components, and nearby
clusters were merged into synteny blocks. Calabrese et al. (2003)
developed the Fast Identification of Segmental Homology (FISH)
software package, which takes as input the anchor list, uses the
Manhattan distance function and dynamic programming, and
models the probability of finding a synteny block by chance.
Cannon et al. (2003) developed the DiagHunter software for
computing synteny blocks and the GenoPix2D software for dis-
playing and querying the results; DiagHunter compresses the
search matrix to reduce the span between hits in the diagonal
and uses two scoring matrixes, a left-handed and a right-handed,
for weighing anchors based on distance from the diagonal.
Hampson et al. (2003) computed maize duplications using ge-
netic maps with a program they developed called LineUp, which
detects all possible clusters of anchors and computes the prob-
ability of each cluster. Kent et al. (2003) used BLASTZ alignments
and built clusters using a k-dimensional tree; clusters were
merged on the base-level, and then the clusters were combined
into “nets.”

In addition to the computational packages described above,
there are numerous other Web sites that display synteny data. For
example, Gramene (Ware et al. 2002) can interactively align
many different types of maps from different plant organisms.
NCBI (Wheeler et al. 2003) and Ensembl (Hubbard et al. 2005)
both have displays of comparative maps shown with shared
genes and block alignments. Byrne and Wolfe (2005) developed
a Yeast Genome Order Browser (YGOB) to compute and view the
syntenic relations found in various sequenced species of yeast.

SyMAP provides both synteny computing algorithms and a
Web-based graphical display. The algorithm takes into account
the properties of aligning an FPC map to a sequence, such as the
fact that there are many tiny false inversions due to map and BES
ambiguities. It is sensitive to duplicated regions and anchors that
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have various divergence rates. Since the two genomes being com-
pared may have very different lengths, different gap parameters
are used for two genomes. There are various parameters that are
difficult for the user to determine the best values; hence, our
algorithm computes values for the data set-dependent param-
eters, and we have optimized all other parameters on three di-
verse data sets. The SyMAP Web-based graphics is extremely ver-
satile, allowing the user the ability to manipulate and filter the
map in order to adjust the view.

Methods

Properties of FPC to genome synteny

Our goal was to align the Zea mays, Sorghum bicolor, and Sorghum
propinquum FPC maps to the Oryza sativa genomic sequence. All
three FPC maps contain hybridized markers with known se-
quence, and many of the contigs have been anchored to chro-
mosomes using genetic markers. Rice is ~420 Mb, sorghum is
~740 Mb, and maize is 2400 Mb. The three genomes share a
common ancestor that had a duplication event ~70 million years

Rage {in3

ago (Mya), with a common maize-sorghum ancestor diverging
from rice ~42-47 Mya (Paterson et al. 2004), then diverging from
one another shortly before a subsequent genome duplication
specific to maize ~11 Mya (Swigonova et al. 2004). The properties
of our data set, which are generally applicable to many plant
genomes, are described in the following paragraphs.

Since rice and maize both have ancient duplications, a
maize FPC contig can align strongly to one rice chromosome
and have weaker synteny with another chromosome, or even
another location on the same chromosome. Further, since maize
has a second, more recent duplication, two maize contigs may
align to the same segment of a rice chromosome (for example,
see Fig. 1).

Genome duplication followed by diploidization often re-
sults in the loss of one gene from a duplicated pair (e.g., Paterson
et al. 2004). Consequently, two chromosomes may have diverged
from the same ancestral chromosome, but have many nonho-
mologous genes between anchors. This is evident in Figure 1,
where the marker names shown in blue are retained in both
maize segments and the marker names shown in red are only
retained with detectable homology in one segment.

Maize 931
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Figure 1. Two maize chromosomes aligning to rice chromosome 3. Blue marker names are found in both maize segments, while red names indicate
markers that have been deleted or diverged beyond recognition in one segment. Note, most marker names are not shown because the list continues
beyond the end of the blocks. The green lines are marker synteny and the purple lines are BES synteny.
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Maize has six times as much nuclear DNA as rice, mainly
due to the expansion of transposon families and the remnants of
the second duplication. Therefore, two regions may have di-
verged from the same chromosome, resulting in a series of con-
tiguous anchors, but the distance between the anchors can vary
greatly and will usually be significantly larger in maize than in
rice.

Since the BESs and markers in the FPC map do not cover the
genome, there will be many possible anchors that cannot be
detected. Therefore, there will be many genes in rice that do not
appear to have a homologous sequence in maize. Moreover, the
hybridized markers in FPC will contain false positives and false
negatives.

When comparing an FPC contig with a genomic sequence,
the FPC coordinates are converted to an approximate basepair
length by multiplying the number of consensus bands in the
contig by the average size of a restriction fragment, where a con-
sensus band (CB) is an approximate restriction fragment. Regions
where the average restriction fragment size is greater or less than
the overall average will appear condensed or expanded in rela-
tion to the genomic sequence.

In FPC contigs, markers are given the location of the largest
stack of clones for which they hybridize. The fingerprint coordi-
nates are approximate, where the precision of their coordinates
directly correlates with the precision of the data (Soderlund et al.
2000). The approximate coordinates cause off-diagonal anchors
to appear in synteny chains, which would otherwise be strictly
diagonal. In addition, the order of the BESs for a clone is not
known and the BESs are assigned arbitrarily to an end of the
parent clone. Incorrect assignment of an end also causes off-
diagonal anchors, as illustrated in Figure 2.

Though the orientation of a homologous sequence on the
rice genome is known, it will not be known for the homologous
marker or BES; however, the two BESs for a clone should have
opposite orientations relative to the rice genome, as one BES is
from the top strand of the BAC and the other is from the bottom
strand. If a clone’s BESs have the same orientation, this may
indicate an inversion with the breakpoint lying somewhere
within the clone.
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Figure 2. Incorrectly ordered BESs, false-positives, and inversions. (A) A
set of overlapping clones is aligned to the genome based on BESs. The
crossed lines may be a result of misplaced BESs, false-positives, or inver-
sions. They may also be a result of incorrect clone endpoints (data not
shown in this example). (B) Shows the effect on the matrix. The x's are
the incorrectly ordered BESs and the o is a false positive.

FPC contigs may be anchored to a region on a chromosome
or they may not be anchored. A genetic map or radiation map is
generally used to determine a set of markers that are ordered
along the chromosomes. These markers are hybridized to the
clones in the FPC map and the contigs can be anchored based on
this information. While many plant genomes have genetic maps,
if the markers have not been integrated into the FPC map, the
FPC contigs will be unanchored.

The SyMAP software

SYMAP consists of the synteny block algorithm and the graphical
display. The synteny block algorithm consists of the anchor
finder, chain finder, and postprocessor. The task of filtering noise
is accomplished partly by the anchor finder and partly by the
chain finder; the more noise that can be filtered by the anchor
finder, the easier it is for the chain finder to distinguish the
syntenic anchors from the noise.

The anchor finder

The anchor finder first runs RepeatMasker (www.repeatmasker.
org) on the BESs, and then BLAT (Kent 2002) is used to align the
FPC sequences (BESs and markers) to the genome sequence using
the nucleotide/nucleotide search mode at low stringency. BLAT
combines separate HSPs into one hit, eliminating the need to
postprocess the hit data to join hits from different exons (or
nongenic hits that have a gap due to an insertion), as is necessary
with BLAST (Altschul et al. 1997).

As using a low-stringency cutoff generates many align-
ments, only the top F1 (default 2) alignments for an FPC se-
quence are assigned as anchors, and then any anchor is removed
that has a score within F2% (default 25%) of any of the remain-
ing alignments (in other words, alignments must stand out from
the “background” of false positives). Taking the top F1 hits
avoids using a strict cutoff that can miss more highly divergent
anchors and allows the chain finder to include weaker hits if they
occur in chains and to ignore them otherwise. F1 can be in-
creased if ploidy or duplications result in a larger expected num-
ber of valid alignments per marker or BES.

To reduce vertical and horizontal lines in the anchor matrix,
two additional filters are applied. (1) FPC markers that hybridize
to more than F3 contigs (default 10) are not used, and (2) sections
of the pseudomolecule of length F4 (default 10kb) that are hit by
an excessive number of anchors (more than four standard devia-
tions above average) are not used.

The chain finder

The input to the chain finder is a set of anchors (u,, ug) where u,
is the location on the FPC map of genome G, and uy is the
location on the genomic sequence of Gg. The set of anchors may
be from a single contig for unanchored contigs or from a set of
neighboring contigs for anchored contigs. Since there may be a
large difference in the two genome sizes, they have different pa-
rameters; letting x signify A or B, t, is the gap unit length and M
is the maximum allowed gap size. These parameters are auto-
matically determined, as explained in the next section.

A weighted directed acyclic graph (DAG) is constructed,
where the set of nodes are the anchors and the set of edges (u, v) is:

E={(u,v)|lus — VoAl =M, and 0 = up — vy = My}
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The distance function is the weight associated with each
edge and is defined as:

D(u,v) =lluy = val/ty +|ug — vgl/tg |

This scaled Manhattan function is necessary since the aver-
age distance between anchors may be different for the two ge-
nomes. A dynamic programming (DP) algorithm is repeatedly
executed to find the maximal scoring chains, where the score of
a chain is defined as the number of anchors minus the sum of the
edge distances. Defining P(v) as the set of nodes u for which
(u,v) € E, the DP function is

Node(v) = 1 + Max(0, Max,,c p, (Node(u) — D(u,v)))

where 1 is the anchor score for a; and b;, which effectively counts
the anchors in a chain. In matrix notation (see Fig. 2B), the
neighborhood of (a;, b)) that the DP can investigate is bounded
byu, = M, and uy — My, and the array is traversed in row order.
The two-way range of the A neighborhood allows for the incor-
poration of off-diagonal anchors due to incorrect FPC coordi-
nates, erroneous BES assignments, and small inversions. It also
simultaneously computes chains with negative and positive
slopes.

In order to accept a chain as valid, it must meet one of four
conditions based on the following variables: n is the number of
anchors; r, is the approximate linearity of the anchors in the
chain as measured by the Pearson correlation coefficient; r, is the
correlation of all the anchors in the chain’s bounding rectangle;
and d, is the average density of anchors in the chain along the

saves the chain for final output. If the gap parameters were set
once and used for all chains, the SyMAP algorithm to find all
acceptable chains would be as follows:

for each (C € dp_chains)
if (acceptable(C)) cull_chain(C)

As described in the next section, this loop is modified to
optimize the t, parameter for each chain.

An option exists to keep the best chain for each contig, even
if the chain does not pass the acceptance test; this option pro-
vides a way to suggest a location for small contigs that may have
too few anchors to reach the threshold.

Setting gap parameters

The chain finder depends on gap parameters that are difficult to
manually set, as their optimal values depend on the average dis-
tance between anchors in a chain as well as extraneous (false-
positive) anchors near the chain, both of which vary from chain
to chain. For example, one chain may contain a strong primary
synteny, while another chain within the same chromosome pair
may contain only secondary syntenies resulting from more an-
cient duplication events. Also, one chain may be located in a
region of sparse background noise, while another may be found
in a region of high noise. In order to use the optimal gap param-
eters for each chain, the chain finder is called within a loop in
which these parameters are varied and the resulting chains

respective axes. The parameter N (de-
fault 10) is the minimum number of an-
chors in a chain. The four conditions are
tested in the acceptable function, as
shown in Figure 3A. The conditions re-
quire chains to be more precisely linear
the closer they are to the minimal num-
ber of anchors N. The r, test serves to
exclude cases where the DP may pick out
a highly linear chain through a region of
random false-positive anchors. The last
condition makes an exception for dense
chains, which may have a lower correla-
tion due to errors in the assignment of
BES ends or clone ordering within a con-
tig, especially if they are short. When
comparing the four conditions to deter-
mine how many chains were accepted
by each for the rice/maize data set, the
conditions are overlapping, with the
third being satistied the least (23%) and
the fourth being satisfied the most
(81%). Using the SyMAP graphics, we
were able to adjust the parameters for
the acceptable function until the
chains closely matched those deter-
mined by human inspection.

The dp_chains function runs mul-
tiple iterations of the DP, each time re-
moving the highest scoring chain, until
no chains remain. The function then re-
turns the list of (nonintersecting) chains.
The function cull_chain removes the
anchors of a chain from the DAG and

A The acceptable function
it(n=z 2N &r,=.94 &r,=.7) or
Mz15N & r;=2.96 & r,=.8) or
M= N& r=.988& r,=.9)or
Mz N& rnz.8 & rnz.7&d,s M,/15)
)return TRUE

B The chain-finder function

1. Compute S, asthe accumulative length of all the contigs in the FPC map (in
CB units). Compute Sg as the sumof all pseudomolecule lengths.

2 SetM, = S,/(Sqrt(n)), where nis the totalnumber of anchors. This
approximates the mean distance expected between anchors randomly
distributed over the two-dimensional region of the dot plot.

3. Initialize t, = M,/2.
4. Foreach chromosome/chromosome or contig/chromosome pair:

while (t, = 1){
foreach (C € dp_chains())
if (acceptable(C)) cull_chain(C)
I, =t,/2, h, =ty t Iy
while (h, -1, >1){
found = FALSE
foreach (C € dp_chains())
If (acceptable(C)){
found = TRUE
break

X=

}
if(found)l, =t, else h, =t,
t = [(hy +1)/2]
}
}

Figure 3. (A) The acceptable function determines whether a candidate chain qualifies. (B) The
chain finder function adjusts the parameters to detect candidate chains. It calls the dp_chains,
which is the dynamic programming function to find candidate chains, and it calls cull_chain, which
removes anchors of the chain from the DAG and saves the chain for output.
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checked for quality. The parameters that maximize the chain
length while retaining satisfactory quality are used.

Specifically, the parameters M, and My, are set to reasonable
default values and then t, and t; are optimized according to the
algorithm shown in Figure 3B. Note that larger values of t, and ty
give rise to longer chains, but possibly of lower quality (i.e., in-
cludes spurious anchors). Since the goal is to find the longest
possible chains of good quality, the gap parameters start with
high values and are gradually lowered. When an acceptable chain
is found, a binary search is performed to locate the highest gap
parameters to ensure finding the longest acceptable form of the
chain. Note that the binary search is not
exhaustive (this would be too time-
consuming) and may occasionally miss
the optimal t, for a chain, particularly if
several chains are present at the same pa-
rameter values; however, it is a signifi-
cant improvement over using one global
t, value.

Postprocessor

The BESs initially are arbitrarily assigned
to a clone end, which causes lines to in-
correctly cross (or not to cross for inver-
sions) in the display. After a chain is ac- e
cepted, the BESs are reassigned. For
clones with two BESs that are part of a
chain with a negative slope, the BESs are
assigned an end so that their lines cross,
and if the slope is positive the ends are
assigned so that the lines do not cross.
Once all of the paired BESs are fixed, the
single BESs are adjusted based on the

LN E—
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The display

SyMAP has a versatile CGI/HTML and Java display that allows the
user to observe the synteny from different views, and drill down
into a view to see details. The FPC map to genomic sequence
alignment (FPC=SEQ) has the following six views: dot plot, ge-
nome blocks, chromosome blocks, close-up chromosome, close-
up contigs, and table view. All views, except the table view, are
illustrated in Figure 4. The dot plot gives a global view of the
anchors (Fig. 4A,B), where each square represents the anchors
between the two corresponding chromosomes. It shows the an-
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nearest BES hit that is part of a pair or
the nearest marker hit. E

A chain may have embedded inver-
sions, which would cause incorrect BES
assignments in these regions, as the
overall slope was applied to the inverted
region as well. To overcome this prob-
lem, the chains are scanned for unusu-
ally large gaps, and these gaps are evalu-
ated as possible inversion breakpoints.
BES reassignment is then carried out on
the uniformly sloping subchains be-
tween successive breakpoints.

The last step creates blocks from
the bounding rectangles of the chains,
(optionally) merging chains into one

L

|

block if they are near each other. Chains
may be near each other in a chromo-
some pair if there were gaps too large
for the DP to cross, which may be due
to large inversions, deletions, or inser-
tions. Chains are merged into one block
if the separation between them is small
compared with the size of the larger
chain. The merging of chains aids
in viewing the blocks and is not neces-
sarily biologically relevant (see Discus-
sion).

T e e e s

Figure 4. The SyMAP displays. (A) Java dot plot of two whole genomes, where the vertical axis is the
FPC contigs and the horizontal axis is the sequenced genome. Each square represents the anchors
shared by the two chromosomes. Clicking on a square zooms in on it. (B) From the square, a region
can be selected which turns it yellow. Clicking a yellow region displays the close-up shown in E.
(C) CGl/Perl display of the blocks aligned to the sequenced chromosomes. The blocks are color coded
to indicate what FPC chromosome they are from. Clicking on a sequenced chromosome will show the
close-up. (D) CGl/Perl display of the close-up of a sequenced chromosome, where the numbers in the
small rectangles are contig numbers. Selecting a block will display the close-up. (E) Java close-up of the
block. Purple lines are BESs. Green lines are markers. Select a contig to show the close-up. (F) Java
close-up of the contig. The displays E and F have filters for the three tracks. The Block and Contig filters
allow marker and clone names to be filtered on different properties. The Hit filter allows the lines
between the anchor points to be filtered on different properties. The sequence filter allows the anno-
tation, framework markers, and gaps to be made visible/invisible.
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chors that are output from the anchor-finder algorithm and
places a red rectangle around the computed synteny blocks. From
this view, it is easy to see the duplications in both genomes (see
Fig. 5). Additionally, if anchors are not used in blocks, the user
can visually determine whether they should be part of the block.
The dot plot and close-up views are Java displays that have com-
plete support for zooming, stretching, clipping, and filtering. The
views can be filtered on attributes of the contig display, the hits
that are shown, and the sequences. For example, the sequence fil-
ter allows the rice gene annotations to be shown so that the user
can view what FPC sequences are aligning to predicted genes. The
table view lists all of the contigs and where they map to on the
sequenced genome. There is also a table of contigs that map to
multiple locations and a table of contigs that map to no locations.

As shown in Figure 1, SYMAP has a dual alignment display
that shows two FPCs aligned to a sequence (FPC=SEQ«<FPC).
The synteny blocks are the same as the FPC=SEQ view, and the
graphical display is almost the same, except that it is only avail-
able in the two close-up views (Fig. 4E,F) and has two more tracks
representing the second set of anchors and blocks. SyMAP also
works for aligning two FPC maps (FPC&FPC). The only differ-
ence in the algorithm is that anchors are computed from the
shared markers or fingerprint similarity, and the graphics use an
FPC track in place of the sequence track.

The Java component of SYMAP executes as an applet on a
user’s computer. Efficiency was a priority in developing SyMAP
given the large amount of data to be transferred from the data-
base server to a user’s computer over the network. To avoid re-
peatedly downloading the same data, a caching system was de-
veloped in order to reduce the amount of data transferred be-
tween the database server and the client, thus increasing

usability. The caching system relies upon Java’s soft reference
functionality, which allows objects to remain in memory as long
as the space is available. To further reduce the memory footprint
of the downloaded data, objects are stored in the cache as data
objects that are designed to minimize memory usage. Data ob-
jects are then converted to view objects upon request of a SyMAP
component.

Results

The SyMAP algorithm was tested on the maize, S. bicolor, and S.
propinquum FPC maps against the rice genomic sequence V4 (The
International Rice Sequencing Consortium 2005). As shown in
Table 1, these data sets have a range of attributes; maize has a
recent duplication, S. propinquum has less coverage and fewer
BESs than maize, and S. bicolor has more coverage than S. propin-
quum, but no BESs. The default and automatically computed pa-
rameters were used for all data sets, that is, there was no manual
adjustment of parameters from one data set to the next.

Figure 5 shows a dot plot of the maize FPC and rice genomic
sequence. The recent and ancient duplications are visible; for
example, there are four maize synteny blocks aligned to the same
region of rice chromosome 4. The block detected for rice chro-
mosome 6 and maize chromosome 6, which has multiple inver-
sions, is shown to scale in the lower right corner of Figure 5.
Visual inspection of the dot plot confirms that the algorithm
finds all of the strong synteny and rarely identifies obvious ran-
dom anchors as a chain. There are a few small blocks that are
questionable; however, when we randomized the maize anchors
and ran the algorithm, no blocks were found, implying that the
small blocks may be significant.

Figure 5. A maize FPC (19.7.2005 release) to rice genomic sequence (IRGSP V4) dot plot. The dot plot by default is drawn to fit the browser; therefore,
the maize coordinates are compressed. There is an option to show the dot plot to scale; the scaled dot plot for maize chromosome 6 and rice
chromosome 6 is shown in the lower right corner (covering the dot plots for maize 5-10 and rice 11-12).
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Table 1. Comparison between different FPC mappings

Maize S. propinquum S. bicolor
Genome Size (Mb) 2400 740 740
FPC
Clone coverage 17 X 7X 11 %
Marker every n kb 130 172 197
BES every n kb 5 44 —
Framework every n kb 1237 702 1017
SyMAP
Markers
Avg ID? 88 89 89
Number of anchors 18,076 6962 7453
Anchors in chains 6769 1547 1244
BES
Avg ID? 87 86 —
Number of anchors 23,795 4528 —
Number in chains 7585 891 —
Blocks
<1 Mb 25 0 0
>1 Mb and <3 Mb 36 3 5
>3 Mb 72 23 20
Coverage®
FPC 86% 35% 18%
Rice 85% 56% 27%

“The average percent identity.
®The percentage of the FPC map and Rice sequence in synteny blocks.

The results of SYMAP can be viewed at www.agcol.arizona.
edu/symap, where the following alignments are available:

® (FPC=SEQ) Maize, S. propinquum, S. bicolor aligned to the rice
genome sequence.

® (FPC=SEQ«&FPC) Dual alignments for any two FPC blocks
to the rice genome sequence. This includes blocks from the
same species, which can show genome duplication (as shown
in Fig. 1).

® (FPCFPC) Alignments of all three FPCs to each other. The
comparison was based on a set of markers that were hybridized
to the clones in all three FPCs (Bowers et al. 2003). There is also
an alignment of the maize FPC to itself in order to view ge-
nome duplication.

SyMAP software is freely available at http://www.agcol.
arizona.edu/software/symap.

Discussion

SyMAP consists of the algorithm to compute synteny and the
graphics to view the results. The algorithm computes anchors
from the alignment of BESs and markers in an FPC map to a
genomic sequence for the FPC=S8EQ mode and shared markers
and fingerprint similarity for the FPC&FPC mode. It then com-
putes chains of anchors using a dynamic programming (DP) al-
gorithm and merges the chains into blocks. The algorithm must
be able to handle noise from incorrect FPC coordinates, false-
positive marker hybridization, and lack of knowledge of the cor-
rect clone end for a BES. The average distance between two an-
chors can be vastly different for the two genomes being aligned.
There may be spurious anchors due to low complexity and re-
petitive sequences. Due to ancient polyploidy, a region may also
align to more than one location. This variety of problems makes
detecting synteny between an FPC map and sequenced genome a
challenging problem. The most difficult aspect of the problem
was that anchors are more likely to be syntenic the closer they are
to each other, yet maize has large distances between markers due
to duplications and transposons that should be ignored.

We initially used a strict cutoff for the alignment of the FPC
sequences against the genomic sequence, but this was not ideal
since a low cutoff resulted in too many spurious markers and a
high cutoff missed divergent markers. Hence, anchors are now
computed by taking the best alignments for each FPC sequence
regardless of the score. This allows the chain finder to use weak
hits if they occur in clusters and ignore them otherwise. By
changing our implementation in this way, the number and qual-
ity of the chains noticeably improved.

We experimented with four different algorithms as follows:
(1) the DP algorithm described above; (2) fixed-gap clustering
similar to Pevzner and Tesler (2003); (3) a sliding-window clus-
tering algorithm; and (4) a RANSAC-based line-finding algorithm
(Fischler and Bolles 1981). All algorithms gave reasonable results
on the obvious syntenies, but the DP algorithm proved to be the
most sensitive and robust for the full range of chains. The algo-
rithm is similar to DAGchainer (Haas et al. 2004), but it also
allows the dynamic algorithm to explore a neighborhood of an-
chors similar to Calabrese et al. (2003). When we constructed the
DAG according to the DAGchainer rules, which only allows
chains of one orientation, it did not incorporate off-diagonal
anchors caused by the noise in the data, and consequently,
formed multiple chains from the same cluster that had to be
merged. By building the DAG so that the DP could search either
direction on the FPC axis, the complexity of the algorithm was
greatly reduced, as it was able to handle the noise and computed
both positive and negative sloping chains in a single pass. In
addition, the DAGchainer used the score of the alignment be-
tween two sequences as the anchor score. We found for SyMAP
that it is better to use a constant 1 as the anchor score, as the
sequence match score can be weak due to divergence or high due
to conserved repeats and is not a reliable guide to the significance
of an anchor. Also, when mixing BES anchors with alignments of
short unique overgos, the resulting scores have very different
magnitudes.

Given the amount of uncertainty and the vast difference in
data set attributes, it is difficult to avoid using many parameters,
which could make tuning the parameters for different data sets
difficult; however, our algorithm largely avoids this problem by
setting most parameters to well-tested defaults and automatically
setting the gap parameters using a binary search over the param-
eter space. The most likely parameters that the user may need to
alter are N and F1, which are the minimum number of anchors in
a chain and the expected number of anchors per marker or BES
sequence (a function of duplication number and ploidy), respec-
tively. Even for these, the defaults are satisfactory for all species
tested to date, including 10 Oryza species of varying divergence
time (Wing et al. 2005) that are not currently publicly available.

The gap parameter is the most difficult parameter to set, as
it is dependent on the density of anchors, distance between an-
chors, and divergence time. The necessary gap parameter for one
chain may therefore be different from that for another chain due
to the existence of ancient and recent duplications and the vary-
ing density of genes and repetitive elements. Vandepoele et al.
(2002) has one user-defined gap parameter for the maximum gap
size D, and they allow the gap size to vary per chain by initial-
izing it to three and gradually increasing it over the iterations of
chain-finding until it is equal to D. SyMAP has independent sets
of gap parameters for the two genomes, since they can be very
different in size and attributes. The two gap parameters are the
gap unit length t and the maximum gap size M. The algorithm
determines M for each genome based on the expected average
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separation between anchors on a randomized dot plot contain-
ing the same total number of anchors. The parameter t for each
genome is initialized to a fixed fraction of these maximum sizes.
A binary search over the parameter space determines the maxi-
mum acceptable t for each chain, using acceptability criteria that
depend on the number of anchors, correlation coefficients, and
anchor density.

We tested the default and computed parameters on several
data sets where there was a large difference in the coverage, mark-
ers, and BESs. Furthermore, the recent (11 Mya) duplication of
maize and ancient (70 Mya) duplication in the common ancestor
of maize and sorghum allow these tests to cover a very wide
mixture of evolutionary histories. The maize/maize alignment
was also tested, using shared markers and the FPC/FPC mode of
SyMAP, and the duplication blocks were identified with high
accuracy. No parameter adjustment was needed between any of
these tests. Lastly, we tested these defaults on randomized
maize and S. propinquum data, observing no false-positive block
detection. The use of dynamic programming and binary search
yields a fast algorithm, where the maximum time to execute for
our data sets was 30 min on a Dell Poweredge processor 6650
with 8 GB of RAM.

A complication that occurs when aligning an FPC map using
BESs to a genomic sequence is that a BES for a clone can come
from either end of the clone, which causes the initial assignment
of the BES to a clone end to be arbitrary and leads to off-diagonal
anchors. As just discussed, the DP can handle the off-diagonal
anchors. The problem then becomes one of viewing the data,
since many lines will be unnecessarily crossed and it is hard to
detect small inversions. However, once the orientation for a
chain was fixed, the algorithm can generally assign the BES to the
correct clone end. The fact that there can be small inversions
within the chain is taken into account during the assignment.

Displaying results using a versatile and interactive graphical
interface is critical, since results need to be visually analyzed.
SYyMAP provides a complete range of views along with the ability
to zoom, clip, and filter the data. The only data that the user
cannot view are the alignments that were filtered out as noise by
the anchor finder. Due to the large number of potential align-
ments (average ~2 M for the data sets tested, resulting from the
very relaxed parameters which we used), this filtering was nec-
essary to decrease the size of the database, increase the speed of
viewing the data, decrease the potentially overwhelming amount
of data shown to the user, and supply the block finder with the
most probable set of anchors. Though Java provides the flexibil-
ity to quickly alter the view, its drawback is that it does not
always work the same on all browsers (we keep a list of browsers
that have been tested on the Help page of SyMAP).

Gregory et al. (2002) first suggested the use of synteny with
the human genome to aid in editing the mouse FPC map. We
have taken this approach further by developing a system that can
be used for any FPC map and sequenced genome from related
species. Moreover, the edited FPC map can be iteratively input
into the algorithm to update the synteny. This approach was
used as part of the editing processes for the maize and sorghum
FPC maps.
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