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Rhodobacter sphaeroides 2.4.1 is a facultative photoheterotrophic bacterium with tremendous metabolic diversity, which
has significantly contributed to our understanding of the molecular genetics of photosynthesis, photoheterotrophy,
nitrogen fixation, hydrogen metabolism, carbon dioxide fixation, taxis, and tetrapyrrole biosynthesis. To further
understand this remarkable bacterium, and to accelerate an ongoing sequencing project, two whole-genome
restriction maps (EcoRIl and Hindlll) of R. sphaeroides strain 2.4.1 were constructed using shotgun optical mapping. The
approach directly mapped genomic DNA by the random mapping of single molecules. The two maps were used to
facilitate sequence assembly by providing an optical scaffold for high-resolution alignment and verification of
sequence contigs. Our results show that such maps facilitated the closure of sequence gaps by the early detection of
nascent sequence contigs during the course of the whole-genome shotgun sequencing process.

Rhodobacter sphaeroides is an «-3, purple, nonsulfur photosyn-
thetic eubacterium, which has significantly contributed to our
understanding of the molecular genetics of photosynthesis and
other important bioenergetic processes. This highly versatile or-
ganism can grow aerobically or anaerobically in the presence or
absence of light, while using external electron acceptors such as
hydrogen or reduced organic compounds. Furthermore, this bac-
terium has tremendous metabolic diversity, as it can oxidize a
variety of compounds such as organic acids, sugars, polyols, and
methanol, and toxic compounds such as formaldehyde. It can
also reduce organic or inorganic compounds such as thymine,
sulfate, and toxic metal oxides, etc. (Clayton and Sistrom 1978;
Moore and Kaplan 1992; Mouncey et al. 1997; Barber and Dono-
hue 1998). Besides their bioenergetic versatility and metabolic
diversity, it is believed that this group of bacteria («-3 subdivision
of the Proteobacteria), and in particular an R. sphaeroides-like
organism, may have been the ancestor of the primitive mito-
chondrion (Yang et al. 1985). Evidence supporting this view
comes from the findings that this bacterium has two aminolevu-
linic acid synthases (Shamin type) and a benzodiazepine-like re-
ceptor (Neidle and Kaplan 1993; Yeliseev and Kaplan 1995),
which share a high degree of sequence and functional homology
with mammalian mitochondrial proteins.

R. sphaeroides presents a uniquely rich set of metabolic and
phylogenetic questions that require detailed answers through a
concerted effort to establish the fundamental genomic underpin-
nings for this organism. As such, the sequencing of the R. sphae-
roides genome was funded by the U.S. Department of Energy
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(DOE), the National Institutes of Health (NIH), and other agen-
cies, and was carried out by two sequencing centers, the Joint
Genome Institute (JGI) and the University of Texas—Houston
Medical School (UT). JGI adopted the whole-genome shotgun
approach (Fleischmann et al. 1995) to sequence the entire ge-
nome, while UT focused on chromosome II (Mackenzie et al.
2001). Although a large number of microbial genomes have been
completed using this sequencing strategy, much optimization
remains to be done in terms of reducing the cost and effort re-
quired during the finishing stages of any sequencing project. In
this regard, physical maps guide sequence assembly, characterize
gaps, and validate finished sequence, especially when attempting
to assemble genomic regions containing repeated DNA se-
quences, as cleavage patterns can frequently discern such se-
quence elements. Entire regions of a genome might be excluded
from “completed” sequence data because of limited budgets and
the absence of physical mapping data (Sensen 1999). Although
physical maps had been constructed for R. sphaeroides, which
established the existence of a complex genome containing two
chromosomes (Suwanto and Kaplan 1989a,b, 1992; Choudhary
et al., 1994, 1997), these maps are of modest resolution (the
average fragment sizes of these maps are >150 kb). Indeed, nearly
two thirds of chromosome II lacked any physical or genetic mark-
ers, thus these maps were minimally useful as a scaffold for se-
quence assembly or as a means for assembly validation. There-
fore, optical maps (EcoRI and Hindlll) were constructed to iden-
tify gaps, characterize assembled sequence contigs, and to
ultimately validate finished sequence.

The optical mapping system is largely automated, and con-
structs ordered restriction maps from ensembles of genomic DNA
molecules mounted on the specially derivatized glass surface
(Meng et al. 1995; Anantharaman 1997, 1998, 1999; Aston et al.
1999a,b; Cai et al. 1998; Jing et al. 1999; Lai et al. 1999; Lim et al.
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2001). DNA molecules are imaged using fluorescence microscopy
after restriction enzyme digestion, but importantly, restriction
fragments remain ordered. Because DNA molecules are stained
with a fluorochrome, the mass of each restriction fragment is
accurately determined using integrated fluorescence intensity
measurements, which obviates the need for uniformly elongated
molecules required for length-based mass measurements. Gap-
free restriction maps of an entire microbial genome are generated
using a map assembler in a process that is similar to shotgun
sequence assembly (Anantharaman 1997, 1998, 1999).

Here, we present two genome-wide optical maps (EcoRI and
Hindlll) of R. sphaeroides strain 2.4.1 that were used as a scaffold
for sequence assembly and to validate the finished sequence.
Notably, the EcoRI optical map is a very high-resolution map
with an average fragment size of ~7 kb and represents the highest
resolution attained thus far by optical mapping for an entire
genome.

METHODS
DNA Preparation

R. sphaeroides strain 2.4.1 genomic DNA gel inserts (Schwartz and
Cantor 1984) were prepared from a culture grown chemohetero-
trophically at 32°C on a shaker using Sistrom’s minimal medium
A and stored in 0.5 M EDTA (pH 8.0) (Lueking et al. 1978). Prior
to use, the DNA gel inserts were washed thoroughly overnight in
TE (10 mM Tris, 1 mM EDTA; pH 8.0) to remove excess EDTA.
The washed inserts were melted at 72°C for 7 min., and the
melted agarose was digested at 42°C for 2 h in B-agarase solution
(New England Biolabs; 100 pL of TE + 2 uL [1 Unit] B-agarase per
20 pL agarose). Suitable DNA dilutions were made from this
sample with TE using centrifugation (microfuge; rotor radius 13
cm, 6000 rpm, 30 min), to ensure uniform dilution and to mini-
mize the presence of supercoiled plasmid DNA on optical map-
ping surfaces. Lambda DASH II bacteriophage DNA (Stratagene)
was added to the genomic DNA solution (10 pg/uL). Such DNA
samples were mounted onto an optical mapping surface and ex-
amined by fluorescence microscopy to check molecular integrity
and concentration.

Surface Preparation

Glass cover slips (22 X 22 mm, Fisher’s Finest; Fisher Scientific)
were cleaned and derivatized as before (Zhou et al., 2002). Surface
properties were assayed by digesting A DASH II bacteriophage
DNA with 40 units of Hindlll and EcoRI diluted in 100 pL of
digestion buffer with 0.02% Triton X-100 (SIGMA) at 37°C to
determine optimal digestion times, which ranged from 40-120
min.

DNA Mounting, Overlay, Digesting and Staining

DNA molecules were mounted on derivatized glass surfaces by
capillary action using a microfluidic device (E. Dimalanta and
D.C. Schwartz, unpubl.). Then, a thin layer of acrylamide (3.3%
containing 0.02% Triton X-100 [SIGMA]) was applied to the sur-
face, which upon polymerization was washed with 400 pL TE for
2 min, followed by washing with 200 pL digestion buffer for
another 2 min. To set up the digestion, 200 pL of digestion buffer
with enzyme (20 pL NEB [New England Biolabs] Buffer 2, 176 nL
high purity water, 2 pL 2% Triton X-100 [SIGMA] and 2 puL NEB-
HindlIll or EcoRI; 2 units/pL) were added to the surface and incu-
bated in a humidified chamber at 37°C for 40-120 min. After
digestion, the surface was washed twice by adding 400 pL TE and
aspirated off, 2-5 min each time. The surface was mounted onto
a glass slide with 12 pL, 0.2 pM YOYO-1 solution {containing 5
parts YOYO-1; 1,1'-[1,3-propanediylbis[(dimethyliminio) -3,1-
propanediyl]]bis[4-[(3-methyl-2(3H)- benzoxazolylidene)-
methyl]]-, tetraiodide [Molecular Probes] and in 95 parts of
B-mercaptoethanol in TE 20% v/v}. The sample was sealed with
nail polish and incubated (4°C in the dark) for 20 min or over-

night for the staining dye to diffuse before checking under the
fluorescence microscope.

Image Acquisition and Processing

DNA samples were imaged by fluorescence microscopy as previ-
ously described using a 63X objective (Zeiss) and a high-
resolution digital camera (Princeton Instruments; Lim et al.
2001). Images were collected using a fully automated image ac-
quisition system developed by our laboratory (Autocollect). Co-
mounted A DASH II DNA molecules were used to estimate the
digestion rate and to provide internal fluorescence standards for
accurately sizing the DNA fragments (Anantharaman et al. 1997;
Marra et al. 1997; Lin et al. 1999). The image files were processed
to create maps using previously described software (Lim et al.
2001).

Optical Map Assembly

Individual molecule restriction maps were overlapped by align-
ing restriction sites based on fragment sizes using specially writ-
ten software Gentig (Anantharaman 1997, 1998, 1999; Lai et al.
1999; Lin et al. 1999; Lim et al. 2001). Briefly, Gentig assembles
single-molecule restriction maps into a genome-wide map contig
using a greedy algorithm with limited backtracking for finding
an almost optimal scoring set of map contigs in order to avoid
the high computational complexity that would occur in attempt-
ing to find the optimal assembly. Bayesian inference was used to
estimate the probability that two distinct single-molecule restric-
tion maps could have been derived from the proposed placement
while subject to various data errors such as sizing errors, missing
restriction sites (missing cuts), and false cut errors. A Bayesian
approach required fine tuning of these parameters and a known
prior statistical distribution of error sources. These parameters,
such as standard deviation, digestion rate, false cut, and false
match probability, can be reestimated from the data using a lim-
ited number of iterations of Bayesian probability density maxi-
mization. After these parameters are correctly estimated from the
data, the best offset and alignment between a pair of maps can be
computed by an efficient dynamic programming algorithm.

DNA Sequence Assembly

DNA sequence trace files of the whole-genome were generated by
the DOE microbial genome project and chromosome II-specific
files were generated by UT. Assembly of the whole-genome data
set by the DOE generated 195 contigs ranging in size from ~0.5-
100 kb. Scaffold sequence data (not to be confused with the op-
tical scaffold data also described in this work) also supplied by the
DOE, indicated sequencing subclones that had insert ends that
assembled into two contigs. This information permitted the de-
duction of a tentative contig order and orientation around chro-
mosome I and II, which was cross checked by optical mapping.
PCR primers were then designed to the contig ends, and PCR
products spanning the contig gaps were generated then se-
quenced and included in subsequent rounds of assembly.

The possession of chromosome II (~0.9 Mb)-specific se-
quences permitted an initial assembly of this replicon indepen-
dently from the whole-genome sequence data set. The in silico
map of chromosome II was then checked against the optical map
for accuracy. Assembly of chromosome I (~3.0 Mb) was then
undertaken as a part of a whole-genome assembly, which in-
cluded the now complete chromosome II DNA sequence. This
method was used to “encourage” the assembler into aligning
trace files derived from chromosome II with the completed chro-
mosome II sequence. In this way, all trace files not assembling
with the chromosome II sequence must by default be derived
from chromosome I or plasmids, which were then closed and
finished in a targeted approach described above. All assemblies
were made using the Phred, Phrap, and Consed package (Gordon
et al. 1998). On average, the redundancy of the DNA sequence
coverage of chromosomes I and II was about sevenfold and about
ninefold, respectively. Regions that misassembled, as described
here, consisted of areas of low sequence coverage (2-3 X), that
arose as a consequence of locally high %G+C composition with
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strong secondary structure. These regions, which were repeated
at several places in the genome, proved highly recalcitrant to PCR
and additional sequencing efforts.

Optical Maps Versus In Silico Maps

The EcoRI and HindllI optical maps of R. sphaeroides 2.4.1 genome
chromosome I and chromosome II were aligned separately with
the in silico EcoRI and HindlIl maps of chromosome II and seven
sequence contigs of chromosome I using Gentig. The possible
misassembled parts of the chromosome I sequence contigs were
removed in order to estimate the optical errors compared to the
sequence in silico maps. The missing fragments and the false cuts
or missing cuts were determined based on these alignments. The
relative error associated with each consensus map fragment in
the optical maps was calculated by the following formula: (| in
silico map fragment size) — (optical map fragment size |)/(in
silico map fragment size) X 100%, and was plotted against in
silico map fragment masses to visualize the relationship between
fragment size and the relative error.

RESULTS

Acquisition of Data and Construction of Optical Maps
Whole-genome shotgun optical mapping (Anantharaman 1997,
1998, 1999; Lai et al. 1999; Lin et al. 1999) was used to construct
the restriction maps presented here, a mapping approach that
bears many similarities to whole-genome shotgun sequencing
(Fleischmann et al. 1995; Marra et al. 1997; Soderlund et al.
1997). The advantages afforded by this approach accrue mainly
from the use of genomic DNA as the source of single molecules,
which obviates the needs for libraries, PCR, or separations. As
with shotgun sequencing, a large set of optical maps (vs. “se-
quence reads”) is used to multiply cover any given region to
establish continuity and accuracy of the physical maps across a
genome.

Genomic DNA molecules were randomly broken into large
fragments (200 -1,600 kb) during the course of sample prepara-
tion. Such fragments were elongated and bound to optical map-
ping surfaces for digestion by two restriction endonucleases
(EcoRI and Hindlll) in separate experiments and then imaged by
fluorescence microscopy using Autocollect (see Methods). Maps
derived from individual DNA molecules were then assembled
into whole-genome consensus maps using the Gentig map as-
sembler (Anantharaman 1997, 1998, 1999; Lai et al. 1999).

The EcoRI mapping began with the collection and process-
ing of 576 molecules. In total, 256 of these molecules were as-
sembled into two circular maps covering two distinct chromo-
somes (I and II); a statistical summary is presented in Table 1.
Both maps were circularized without gaps and a typical restric-
tion fragment reported within the consensus map was computed
from a number of congruent molecules—37 (chromosome I) or
12 (chromosome II). Similar digestion rates were calculated for
chromosome I (82.6%) and chromosome II (84.48%). The aver-
age fragment size of the EcoRI optical maps was 6.49 kb for chro-

Table 1. Optical Mapping Data of R. sphaeroides 2.4.1. Genome

mosome I, and 6.93 kb for chromosome II, which represents the
highest resolution optical maps thus far reported. Figure 1 shows
the finished EcoRI maps (consensus maps) of the R. sphaeroides
chromosomes and the underlying single-molecule maps used to
construct the consensus map.

The precision of the EcoRI whole-genome maps (sizing error
per single restriction fragment) was estimated from the standard
deviation calculated from the sets of like restriction fragments
used to calculate each position within the consensus maps (these
maps report the average mass of each fragment set). Accordingly,
the average standard deviation about the mean fragment size was
1.18 kb for chromosome I and 1.02 kb for chromosome II, based
on the final circularized consensus maps.

The same methodologies and analyses were used to con-
struct the Hindlll optical map. Here, a total of 464 digested DNA
molecules were imaged and processed to construct two separate
maps (Table 1), with a total mass of 104.87 Mb, representing
~26 X coverage of the R. sphaeroides 2.4.1 genome. The average
standard deviation, computed from all of the consensus map
fragments, was 2.21 kb for chromosome I and 3.53 kb for chro-
mosome II, based on the finished map contigs. Finally, both
chromosomes were sized at 3.19 Mb and 938 kb, for chromosome
I and II, respectively. These values were based on the summation
of all restriction fragments comprising the HindIIl consensus
maps.

The correctness of a completed circularized map was statis-
tically evaluated by the same Bayesian inference scheme, which
underlies Gentig (see Methods). In essence, a series of hypoth-
esized map alignments supplied by the map data set were statis-
tically evaluated with prior probabilities that model common
experimental error. As such, the false positive probabilities for
the circularization of the maps reported here were 0.02515 and
0.00188 for the chromosome I and II EcoRI maps, while similar
values were obtained for chromosome I (0.02012) and chromo-
some II (0.00607) Hindlll maps (Table 1). Placing these values
into an experimental context—from previous optical maps we
have found that when the false-positive probabilities for the cir-
cularization were <0.05, reliable map closure was assured. Finally,
the restriction patterns generated by both EcoRI and HindIII were
apparently random, hence no specific restriction patterns or
structural features were discerned.

Assessment of Optical Mapping Errors

To assess the errors and accuracy of the EcoRI and HindIll maps,
comparisons were made between optical mapping and sequence
data (Fig. 2). The relative sizing error was shown by the plot of
the optical map fragments against the corresponding in silico
map fragments based on the alignment of optical maps with in
silico maps constructed from the available sequence data of chro-
mosomes I and II (Fig. 2A-H). The error bars in Figure 2A, C, E,
and G indicate the standard deviation about the means of the
restriction fragment sizes used to calculate consensus map frag-

Data collection Contigged molecules
Circular  Average Average Circularization
# Mass # Mass Contig contig  fragment fragment false

Enzyme Chromosome Molecules (Mb) Molecules (Mb) rate (%) size (kb) size (kb) size SD (kb) probability
EcoRl Chrl 576 270.3 232 116.82 47.67 3107 6.49 1.18 0.02515

Chr Il 1 24 12.05 890 6.93 1.02 0.00188
Hindlll Chr 464 250.5 152 93.10 41.85 3190 17.78 221 0.02012

Chr I 6 22 11.77 938 24.10 3.53 0.00607

2144 Genome Research
www.genome.org



R. sphaeroides 2.4.1 Optical Map

S 4
2
o5

Figure 1 Whole-genome EcoRI optical map contigs of chromosome | and Il of R. sphaeroides 2.4.1. (A) Chromosome | circular map contig. The
outermost multicolored ring shows the consensus map calculated by Gentig. The consensus map was built from the shown underlying maps, obtained
from individual DNA molecules, and represented here as multicolored arcs. Congruent restriction fragments, shown in the consensus map are denoted
by common color; the color coding scheme is random to enhance contrast. Missing cuts are displayed as fragments that span across one or more cut
sites in the consensus map. (B) Chromosome Il circular map contig; display scheme is the same as (A).
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Figure 2 Comparisons of the Hindlll and EcoRI optical maps of R. sphaeroides chromosome | (Cl) and chromosome Il (Cll) to sequence data. (A) (Cl
EcoRl), (C) (ClI EcoRl), (E) (CI Hindlll) and (G) (ClI Hindlll) are the plots of optical map fragment sizes versus the in silico map fragment sizes from finished
sequence. The error bars represent the standard deviation of optical map fragment size on the means. (B) (Cl EcoRl), (D) (Cll EcoRl), (F) (CI Hindlll), and
(H) (Cll Hindlll) show plots of the absolute error of optical fragment size versus sequence.
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ments shown in Figure 2. The average absolute error was 1.18 kb
for the chromosome I EcoRI map, 1.02 kb for the chromosome II
EcoRI map, 2.10 kb for the chromosome I HindIIl map, and 3.53
kb for the chromosome II HindIIl map, relative to the in silico
maps. Generally, a high degree of correspondence was found
between optical map fragment sizes and the in silico map frag-
ment sizes, and the trend line is almost identical to the diagonal
line.

Scatter plots were done to show details of how the relative
fragment sizing error (Joptical map fragment size—corresponding
in silico map fragment size|/corresponding in silico map frag-
ment size X 100%) varied with restriction fragment size (Fig.
2B,D,F,H). Overall, relative sizing errors were expectedly found to
be inversely proportional to the restriction fragment size (Meng
et al. 1995). From this analysis, the average relative sizing error
for the EcoRI chromosome I optical map was 13.39% for frag-
ments <3 kb, 6.46% for fragments 3-5 kb, and 3.38% for frag-
ments >5 kb. While the EcoRI chromosome II optical map
showed a range of average relative sizing errors of 16.34% for
fragments <3 kb, 7.81% for fragments 3-5 kb, and 5.71%
for fragments >5 kb. A similar assessment of the chromosome I
Hindlll map showed average relative sizing errors of 6.0% for
fragments <5 kb and 1.69% for fragments >5 kb. Likewise, the
Hindlll map of chromosome II presented the following statistics:
7.74% for fragments <5 kb and 3.97% for fragments >5 kb.

Alignments of Optical Maps to In Silico Maps

The above analyses deal solely with the optical fragment sizing
errors, however, it is informative to assess such errors in the con-
text of map alignments between optical maps and the in silico
maps (from available sequence data). Such comparisons facilitate
sequence assemblies and validate finished sequence. The align-
ment of the EcoRI optical map of chromosome I with the corre-
sponding in silico maps of seven sequence contigs (Fig. 3A; con-
tigs 125 and 103 were graphically combined) produced overlaps
between the in silico restriction maps that were then carefully
compared with the optical map. This comparison revealed errors
as strings of in silico fragments at the distal ends of four sequence
contigs (Fig. 3A; 103, 125,183, 215, and 217), which sufficiently
differed (>50%) from each other and the optical map to be noted
(Table 2). Accordingly, the putatively errant fragments in the
contig 103 were eliminated to enable its seamless joining with
contig 125 at the O position (Fig. 3A). This is represented in Figure
3A as a single, continuous sequence contig.

To further confirm these errors we then analyzed the same
set of in silico maps against the HindIII optical map of chromo-
some I. If two separate enzyme maps show discrepancies in the
same region, then it is probable that the sequence data is prob-
lematic. This analysis showed errors in the in silico map at the
same positions originally flagged by the EcoRI optical map at
contigs 183, 215, and 217 (Table 3). Although sequence contig
103 presented no HindIll restriction sites, its size of 19.12 kb
spanned the gap between sequence contig 125 and 222. Given
this finding and the EcoRI data allowed us to confidently insert it
at the beginning of sequence contig 222. Further comparisons in
the problematic regions showed that the EcoRI map alignments
revealed additional discrepancies, and these problematic regions
are defined as loci 1-4 (L1 to L4) as shown in Tables 2 (EcoRI) and
3 (HindIIl).

Figure 3A also shows the high-resolution EcoRI optical map
alignments to the same chromosome I sequence data. For this
error analysis, the putative sequence misassemblies were re-
moved, and these filtered data revealed only a single false cut in
the optical map. However, given a high-resolution map, we pre-
dicted a larger number of missing fragments. Here, we identified
40 missing cuts and 68 missing fragments (out of 565 fragments

in total). Normally, optical maps do not report restriction frag-
ments <500 bp and attenuated recording of fragments <1 kb
(Meng et al. 1995). Accordingly, further analysis showed that
four out of five missing fragments for the HindIll optical map,
and 42 out of 68 missing fragments for EcoRI optical map of
chromosome I were =1 kb.

The alignment of the HindIll optical map with the corre-
sponding chromosome I in silico maps (Fig. 3A) revealed several
differences—two false cuts (present in the optical map but not in
the in silico map), four missing cuts (present in the in silico map
but not in the optical map), and five missing fragments (out of a
total of 186 fragments).

A similar analysis was then performed between the optical
maps and chromosome II sequence data. Here, the alignment of
the EcoRI optical map (Fig. 3B) showed three false cuts, nine
missing cuts, and 19 missing fragments (out of a total of 167
fragments), while the HindlIIl optical map (Fig. 3B) showed no
false cuts, no missing cuts, and one missing fragment (out of a
total of 40 fragments) in the optical map. The only fragment
missing in the HindllIl optical map of chromosome II was 0.49 kb,
and 10 out of 19 of the missing fragments in the EcoRI optical
map were <1 kb.

The Resolution of Locus 4

Closure of CI required the joining of three contigs that genome
scaffold data suggested were in the order: 125-103-222. The gaps
between the contigs were thought to be <3 kb; however, PCR
across these gaps had been a consistent failure. The assembler
had been unable to put these three contigs together but had
suggested that a region at the 3’ end of contig 125 and the 5’ end
of contig 222 showed strong, high-quality sequence alignment
with contig 103 (Fig. 4A). Although contigs 125 and 222 had
regions of poor sequence at their 3’ and 5’ ends respectively, their
in silico maps were overall in agreement (Table 2 and Fig. 4B,C)
with their optical maps. This suggested that the PCR failure did
not reside with the primers designed to the ends of these contigs.
Why then had PCR been a failure? Contig 103 had two regions of
poor quality sequence flanked by regions encoding in silico EcoRI
sites that were present/absent from the optical map, suggesting
misassembly of contig 103. After paring back the sequences at the
3" and 5’ ends of contig 103 to EcoRlI sites that existed in both the
in silico and the optical map, it assembled cleanly with contig
125. The subsequent acquisition of new sequences between con-
tigs 103 and 222 permitted CI closure. The homology between
contig 222 and contig 103 represented by the angled grey area in
Figure 4A was a “red herring” that fulfilled our preconceptions of
what this region “should look like”. The high resolution of the
EcoRI optical map suggested that our assumptions were wrong
and indicated that a large gap (~10 kb) must be reexamined be-
fore closure could be achieved. This proved to be the case.

DISCUSSION

Two whole-genome shotgun optical maps (EcoRI and HindlIl)
were constructed for the phototrophic bacterium, R. sphaeroides
2.4.1 for the purposes of validating sequence assemblies and sim-
plification of the gap closure procedures, which were ongoing
activities within the parallel genome sequencing project. Both
maps were used to check nascent sequence contigs by the align-
ment of the in silico maps with the optical data, to assess se-
quence assembly errors, to validate, and to orient sequence con-
tigs on the optical map scaffold. This process also readily char-
acterized gaps between the sequence contigs. Given that our map
and sequence comparisons were performed using unfinished se-
quence, a remarkable degree of correspondence was noted. The
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Figure 3 The alignments of the Hindlll and EcoRIl consensus optical maps with corresponding in silico maps. (A) The outer three rings show the
alignment of the in silico EcoRl optical map (outermost ring) with the chromosome | in silico maps (7 total; numbered), while the inner three circles show
the alignment of the Hindlll optical map (the outer one) with the chromosome | in silico Hindlll maps. The numbers indicate the sequence contig
number. L1, L2, L3, and L4 indicate the four loci for adjacent sequence contigs, and detailed map alignments are shown in Tables 2 and 3. Orange
arrows denote false cuts, red arrows denote missing cuts, and light blue arrows denote missing fragments (missing fragments less than 1 kb, or one of
the two fragments for missing cuts and false cuts were not shown). (B) The outer two rings show the alignment of the EcoRl in silico map with the
corresponding optical map (the outermost ring) of chromosome Il, while the inner two rings show the alignment of the Hindlll in silico map with the
Hindlll optical map (outer). Orange arrows denote false cuts, red arrows denote missing cuts, and light blue arrows denote missing fragments (missing
fragments less than 1 kb, or one of the two fragments less than 1 kb for missing cuts and false cuts are not shown).
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Table 2. Problematic Alignments Between the Eco Rl Chromosome | Optical and In Silico Maps

Contig 215 Contig 217

Contig 217 Contig 183

Contig 189 Contig 125 Contig 103 Contig 222

Optical Opttical Opttical

map Locus 1 map Locus 2 map Locus 3 Locus 4
1.08 1.08 - 16.18 15.86 - 3.89 3.53 - - -

11.23 10.89 = 10.07 9.71 = 10.16 10.37 = = =
1.94 0.48 = 16.83 16.78 = 3.8 3.89 = = =
3.7 2.17 - 3.45 3.63 - 30.64 27.45 3.08 - -
2.69 13 = 2.67 2.42 15.75 1.73 - 1.71 1.14 -
2.31 0.77 1.09 8.83 5.32 8.84 24.59 - 25.17 2.01 —
2.66 24 2.61 15.14 - 14.98 3.06 - 2.83 1.05 -
1.56 0.85 0.57 = = 0.8 5.39 = 2.32 6.3 =
3.38 — 1.92 2.3 — 1.58 2.83 - — 8.38 —
3.04 - 2.01 23.21 - 22.1 9.25 - - - 1.67
1.29 = 0.79 9.39 = 8.82 5.26 = = = 5.91
2.87 — 0.94 241 — 2.6 6.33 - — - 1.97

12.08 - 12.61 5.1 - 5.01 6.5 - - - 5.99
3.41 - 243 1.21 = 1.36 10.99 = = = 10.69

— 1.41 517 — 5.03 14.85 - — - 14.39

10.21 - 10.33 4.37 - 4.22 2.39 - - - 2.51

8.26 = 8.44 15.21 = 14.88 5.35 = = = 4.93

Significant differences are bolded.

availability of two independent optical restriction maps enabled
us to confidently identify several discrepancies at the distal ends
of several chromosome I sequence contigs, and such aberrancies
may often be attributed to sequence assembly errors. As such,
assembly efforts involving the garnering of additional reads, PCR
analysis or new assembly schemes can be critically focused on
these sequence loci.

The estimated genome size of R. sphaeroides 2.4.1 strain is
4.13 Mb (3.19 Mb for chromosome I, and 938 kb for chromosome
II) based on the HindlIIl optical maps, which is very close to the
sum of all sequence contigs (4.14 Mb), meaning a mere 0.24%
difference or map error. Compared to the genome size estimate of
R. sphaeroides 2.4.1 determined by pulsed field gel electrophoresis
(PFGE; 3.05 Mb +/ — 95 kb for chromosome [ and 914 kb +/— 17
kb for chromosome II; Suwanto and Kaplan 1989b), the genome
sizing error was smaller for optical mapping than for PFGE
(1.5%-4.25% error). The EcoRI optical maps of chromosome I
and II of R. sphaeroides 2.4.1 were also highly congruent with
the in silico EcoRI maps constructed from the sequence data.
The genome size estimated from the EcoRI maps was 3.99 Mb (3.1

Mb for chromosome I and 890 kb for chromosome II), which is
still closer (3.62% error) to the size of genome sequence data
than the genome size estimated by PFGE. The differences be-
tween the two optical maps stemmed mainly from the absence of
small restriction fragments, which are <2 kb in the EcoRI optical
map.

The final maps showed some variation in contig depth (the
number of molecules aligned to a given genome locus); both the
HindlIl and EcoRI optical maps have less coverage for chromo-
some II compared to chromosome I. A possible explanation is
that because chromosome I is a much larger circular DNA mol-
ecule than chromosome II, it was more frequently sheared to
produce linear molecules, which were mapped; circular mol-
ecules may have existed in a supercoiled state, which were im-
aged as bright “balls,”—unsuitable for mapping.

Improvements in DNA mounting, image collection, process-
ing, and map assembly software have made it possible to gener-
ate a high resolution map (the average fragment size <15 kb)
using our new optical mapping system as shown before (Zhou et
al. 2002). However, when the map resolution approaches 5-7 kb,

Table 3. Problematic Alignments of the Chromosome | Hind Il Optical and In Silico Maps

Contig 215 Contig 217

Contig 217 Contig 183

Contig 189 Contig 125 Contig 103 Contig 222

Optical Optical Optical
map Locus 1 map Locus 2 map Locus 3 Locus 4
23.07 22.77 - 35.58 36.17 - 10.52 10.62 - - -
25.8 25.7 - 21.7 21.51 - 9.87 8.92 - - -
19.13 18.94 - 22.55 22.6 - 27.36 11.42 15.31 - -
2.92 1.47 - 9.81 9.44 - - - 0.54 - -
3.01 0.41 - 34.42 35.04 12.9 7.89 - 7.58 - -
3.74 2.18 - 2.61 2.87 2.11 10.34 - 10.14 - -
2.19 243 - 3.15 3.18 2.88 52.81 - 1.53 19.12 30.33
3.43 1.13 - 3.14 0.5 3.17 7.8 - - - 7.36
2.01 0.64 - 8.51 - 8.33 56.29 - - - 56.29
2.97 0.4 1.49 64.21 - 66.45 9.22 - - - 9.22
3.77 - 3.29 27.41 - 27.57 4.34 - - - 4.34
25.83 - 26.15 13.24 - 12.25 28.49 - - - 28.49
53.03 - 54.34 32.14 - 31.94 59.2 - - - 59.2

Significant differences are bolded.
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Figure 4 The melding of contigs 125, 103 and 222 after the resolution of contig 103 misassembly by optical mapping, see also Locus 3 and 4 in Table
2. (A) The three contigs 125, 103 and 222 are shown in the order suggested by sequence scaffold data. Contigs are represented by black horizontal
lines. In silico EcoRl sites are represented by vertical lines and between them the predicted in silico EcoRI fragment sizes in kb. Green areas indicate regions
of high sequence quality (10-22 -fold coverage), red areas of poor sequence coverage (2—-4 fold) and/or poor quality sequence data. Grey block 1
indicates a region of high sequence identity between the 3’ end of contig 125 and a region lying 4.5 kb from the 5’ end of contig 103. The angled grey
block indicated by a question mark (?) shows a region of high sequence identity between the 5’ end of contig 222 and a region towards the 3’ end
of contig 103. This match later proved to be spurious. The 3’ region of contig 103 is duplicated internally towards its 5" end. (B) The EcoRI optical map
covering part of the region for loci 3 and 4. The sizes in this panel are optical map fragment sizes in kb. (C) The solution to the resolution of this region.
EcoRl sites considered equivalent on the optical and in silico maps are joined by fine dotted lines. Optical mapping indicated that poor quality region
L had resulted in a misassembly at the 5’ end of contig 103. This was concluded from: 1) the presence in a region of high quality sequence of two
additional EcoRl sites (indicated by + signs); and 2) the absence of a restriction site (indicated by X). These were in conflict with the optical map data.
Removal of the sequences 5’ of and inclusive of, region L (indicated by a dotted horizontal line) permitted the melding of contig 125 and 103 at grey
region 1. The absence of an EcoRl site 3’ of poor quality region R (represented by X) suggested that region R may have given rise to a misassembly of
the 3’ end of contig 103. Removal of this region (also indicated by a dotted line) followed by resequencing in this area resulted in the acquisition of
a missing EcoRl site and permitted the assembly of the new sequence and joining of contigs 103 and 222 at grey regions 2 and 3. Note that contig 222
has a 1.97 kb EcoRI fragment; however, optical mapping suggests this fragment should be 6.33 kb (these fragments are marked *). To resolve this size
discrepancy additional sequencing of this region is currently under way.

as evidenced by the EcoRI maps presented here, a significant pro- quencing effort for the validation of sequence contigs by the
portion of restriction fragments in the map will be <1 kb, and detection of misassemblies. Such common errors, inherent to
thus poorly represented in the final consensus map using our modern whole-genome sequencing approaches are rapidly and
current DNA mounting approaches. Although high resolution confidently discerned when shotgun sequencing is combined
maps have proven utility for validating nascent sequence contigs with optical mapping.

and guiding whole-genome shotgun sequence assemblies, fur-
ther uses for such high-resolution maps are in the realm of com-
prehensive genotyping and comparative genomics, as genes are ACKNOWLEDGMENTS
highly conserved amongst different strains of the same bacterial
species or even closely related species (Moore and Kaplan 1992;
Perna et al. 2000). To meet this challenge, our laboratory is de-
veloping newer approaches to address the need for ultra-high
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