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Methods

Optical Mapping of Plasmodium falciparum
Chromosome 2
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Detailed restriction maps of microbial genomes are a valuable resource in genome sequencing studies but are
toilsome to construct by contig construction of maps derived from cloned DNA. Analysis of genomic DNA
enables large stretches of the genome to be mapped and circumvents library construction and associated cloning
artifacts. We used pulsed-field gel electrophoresis purified Plasmodium falciparum chromosome 2 DNA as the
starting material for optical mapping, a system for making ordered restriction maps from ensembles of
individual DNA molecules. DNA molecules were bound to derivatized glass surfaces, cleaved with Nhel or BamHI,
and imaged by digital fluorescence microscopy. Large pieces of the chromosome containing ordered DNA
restriction fragments were mapped. Maps were assembled from 50 molecules producing an average contig depth
of 15 molecules and high-resolution restriction maps covering the entire chromosome. Chromosome 2 was found
to be 976 kb by optical mapping with Nhel, and 946 kb with BamHI, which compares closely to the published
size of 947 kb from large-scale sequencing. The maps were used to further verify assemblies from the plasmid
library used for sequencing. Maps generated in silico from the sequence data were compared to the optical
mapping data, and good correspondence was found. Such high-resolution restriction maps may become an

indispensable resource for large-scale genome sequencing projects.

Optical mapping is a system for the construction of
ordered restriction maps from single molecules
(Schwartz et al. 1993; Anantharaman et al. 1997). In-
dividual DNA molecules bound to derivatized glass sur-
faces and cleaved with restriction enzymes are imaged
by digital fluorescence microscopy. Resulting cut sites
are visualized as gaps between cleaved DNA fragments,
which retain their original order (Cai et al. 1995, 1998).
Optical mapping has been used to prepare maps of a
number of large insert clone types such as bacterial
artificial chromosomes (Cai et al. 1998) and most re-
cently genomic DNA (J. Lin, R. Qi, C. Aston, J. Jing, T.S.
Anantharam, B. Mishra, D. White, J.C. Venter, and
D.C. Schwartz, in prep). A shotgun mapping strategy
was developed in parallel for several microorganisms
using large fragments of randomly sheared DNA that
were mapped with high cutting efficiencies. The nu-
merous overlapping restriction site landmarks and a
measurable cutting efficiency combined together to
enable accurate contig assembly without the use of
cloned DNA (Anathraman et al. 1998). Because library
construction was obviated, it was possible to map large
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Plasmodium falciparum (P. falciparum) DNA fragments,
which are AT-rich and notoriously difficult to clone
because of deletion and rearrangement in Escherchia
coli (Gardner et al. 1998). Because cloning artifacts
were precluded, this enabled accurate maps to be gen-
erated. Furthermore, small amounts of starting mate-
rial were used, facilitating the mapping of this and po-
tentially other parasites that are problematic to culture
or clone.

Sequencing of chromosome 2 of P. falciparum was
completed recently by Gardner and colleagues (Gard-
ner et al. 1998), as part of an international consortium
sequencing the whole P. falciparum genome (Foster
and Thompson 1995; Dame et al. 1996). Existing
physical maps of P. falciparum chromosomes [chromo-
some 3; (Thompson and Cowman 1997) and chromo-
some 4 (Sinnis and Wellems 1988; Watanabe and In-
selberg, 1994)], prepared by restriction digestion, gel
fingerprinting, and hybridization of probes are of mod-
erate resolution and not ideally suited for systematic
sequence verification. To assess the feasibility of opti-
cally mapping a whole eukaryotic chromosome, we
constructed high-resolution, ordered restriction maps
of P. falciparum chromosome 2 using genomic DNA
and later compared these maps with those generated in
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silico from the sequence data. Such restriction maps
reveal the architecture of large spans of the genome
and have value in shotgun sequencing efforts because
they provide ideal scaffolds for sequence assembly, fin-
ishing, and verification. Gaps that form between con-
tigs can be characterized in terms of location and
breadth, thereby facilitating closure techniques.

RESULTS
P. falciparum Chromosome 2 DNA Sample

A chromosome 2 gel slice was used as starting material.
Despite the AT-rich nature of the P. falciparum genome
(80-85%), melting of low-gelling-temperature agarose
inserts did not affect the integrity of the DNA and the
chromosomal DNA was competent for optical map-
ping. Previously, we mounted DNA molecules by sand-
wiching the sample between an optical mapping sur-
face and a microscope slide, followed by peeling the
surface from the slide. DNA molecules were stretched
and fixed onto the surface. This method works very
well with clone types such as bacteriophage, cosmid,
and BAC (Cai et al. 1995, 1998); however, larger ge-
nomic DNA molecules tend to form crossed molecules.
We improved this approach by adding the sample to
the edge formed by the placement of a surface onto a
slide. The liquid DNA sample spreads into the space
between the surface and the slide by capillary action.
Consequently, DNA breakage was minimized, mol-
ecules tended to elongate in the same direction, and
crossed molecules were also minimized (see Fig. 1).

Nhel and BamHI Maps for P. falciparum Chromosome 2

The genomic DNA was mapped with either Nhel (Fig.
1A) or BamHI (Fig. 1B). Fragment sizes were calculated
by comparison with comounted A bacteriophage DNA
(48.5 kb). P. falciparum DNA has an AT content of 80—
85% and N bacteriophage DNA has an AT content of
50%. The YOYO-1 fluorochrome used for DNA staining

- S!ZIHQ standard: 1. -
_A bafterlophage DNA :

Slzmg standard: -
bacteriophage D_NA ’.B__

:

intercalates preferentially between GC pairs with in-
creased emission quantum yield (Netzel et al. 1995). A
correction factor was therefore applied to each frag-
ment size to correct for this massively different fluoro-
chrome incorporation. \ bacteriophage DNA was used
also to determine areas on the surface where cutting
efficiency was highest. Cutting efficiencies were > 80%.
Maps were obtained from individual molecules of [B50
kb. Consensus maps were assembled from 50 mol-
ecules generating an average contig depth of 15 mol-
ecules. Chromosome 2 was found to be 976 kb by op-
tical mapping with Nhel, and 946 kb by optical map-
ping with BamHI (average size 961 kb). There were 40
fragments in the Nhel map, ranging from 1.5-115 kb,
with average fragment size 24 kb (Fig. 2). There were
30 fragments in the BamHI map ranging from 0.5-80
kb, with average fragment size 32 kb (Fig. 2). Each
fragment size in the consensus map was averaged from
10 to 15 fragments. Although P. falciparum chromo-
some 2 migrates as a distinct band by PFGE, we found
the gel slice to contain only 60% chromosome 2-spe-
cific DNA. The remaining optical mapping data was
rejected.

Integration of Optical Maps and Sequence Data

The chromosome 2 sequence assembled by Gardner
and colleagues shows chromosome 2 to be 947 kb
(Gardner et al. 1998) versus 976 kb by optical mapping
with Nhel and 946 kb with BamHI. The optical restric-
tion maps were compared to restriction maps predicted
from the sequence, and there was very good correspon-
dence between the two, indicating that there were no
major rearrangements or errors in the assembled se-
quence (Table 1). The optical map included all frag-
ments above 500 bp predicted from sequence. The
overall agreement between these maps and the se-
quence was therefore excellent, with the average frag-
ment size difference below 600 bp (relative error 4.3%)
for the Nhel map. The average fragment size difference
for the BamHI map was 1.2 kb
(relative error 5.8%). However,
there were several notable differ-
ences. Large differences in size
for the fragments at each end of
the chromosome were noted
(Tables 1 and 2). This is because
the sequence for these subtelo-
meric regions is still under con-
struction. PCR products span-
ning subtelomeric gaps are being
sequenced currently. The optical
map sizes were larger than those

o 100 200 Kb 300 400 500 600 0 100

Figure 1 Typical P. falciparum chromosome 2 molecules and their corresponding optical
maps. (A) digested with Nhel (B) digested with BamHI. Maps derived from the two BamHI-

digested molecules in (B) can be aligned.
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Map from sequence
Consensus optical map

> Nhe| contig

rarely done in the absence of se-
quencing. Figure 3 shows a com-
parison of a multi-enzyme map
generated by optical mapping
with that predicted from se-
quence. The maps are in com-
plete agreement across the whole
length of the chromosome.
Given even small amounts of se-
quence (0100 kb), maps can be
linked and verified readily.

Map Confirmation
by Southern Blotting

To confirm the optical maps in-
dependently of sequence data,
pulsed-field gels of total P. falci-

i
0 200 400 600 800 1000
kb
[] |

1200 parum DNA digested with Nhel or
BamHI were run and blotted.
Plasmid clones used as sequenc-
ing templates provided the
probes to analyze the Southern
blots. Restriction fragment sizes
of the blots closely compared in
size to the fragments determined

Map from sequence
Consensus optical map

by optical mapping and those

predicted from the preliminary

_/

sequence. Probe PF2CM93 hy-
bridized to a 7.5 kb band gener-
ated by Nhel digestion and PFGE.
The fragment size predicted from
sequence information was 7.6
kb. The corresponding fragment
size from the optical map was
also 7.6 kb (Table 1). The same
probe hybridized to a 41-kb band
generated by BamHI digestion
and PFGE. The fragment size pre-

> BamH | contig

(=]
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Figure 2 High-resolution optical mapping of P. falciparum chromosome 2 using Nhel (A) and
BamHI (B). The underlying contig used to generate the consensus map is shown. The map

predicted from sequence information is shown for comparison.

sity measurements falsely caused by crossed molecules.
Currently, we combine length measurements with
fluorescence intensity measurements to improve on
our sizing of these fragments. Chromosome 2 maps
using these new measurements show no exceptional
errors (not shown; Jing et al., in prep). The map was
used to facilitate sequence verification. Optical maps
can also be used at the earlier sequence-assembly stage
to form a scaffold for assembly of contigs formed from
sequencing. Linking of single-enzyme maps produces a
much higher resolution multi-enzyme map that is rich
in information. Smaller contigs can be placed confi-
dently on a multi-enzyme map. Nowadays, mapping is

900

1000 dicted from sequence informa-
tion was 41.3 kb. The corre-
sponding fragment size from the
optical map was 40.8 kb (Table
2). Probe PF2NA66 also gener-
ated data with fragment sizes that were very similar
(Tables 1 and 2). By using the same probe on DNA
digested with the two different enzymes, the optical
maps were oriented and linked with one another.

DISCUSSION

We have generated a high resolution Nhel and the
BamHI optical restriction map of P. falciparum chromo-
some 2, which was used in sequence verification. De-
spite the fact that chromosome 2 is resolved easily by
PFGE, we found the chromosome 2 gel slices to contain
only 60% chromosome 2-specific DNA. The balance
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Table 1. Comparison of Nhel Optical Map
with Restriction Map Predicted from Sequence

Map
predicted
Optical from Relative
map sequence Difference difference Hybridizing
(kb) (kb) (kb) (%) probe
71.8 66.597 5.24
114.5 115.147 0.63 0.6
10.3 10.226 0.02 0.2
3.4 3.359 0.07 2.1
7.9 7.856 0.05 0.6
24.7 23.684 1.03 4.4
6.8 4.933 1.88 38.0
16.5 14.553 1.97 13.6
3.2 2.875 0.30 10.3
0.177
11.5 11.425 0.10 0.9
4.1 3.768 0.30 7.9
63.8 63.252 0.50 0.8
10.0 10.018 0.01 0.1
6.7 6.431 0.27 4.2
8.9 9.248 0.31 3.3
28.7 27.327 1.34 4.9
4.3 4.357 0.07 1.6
7.6 7.581 0.01 0.01 PF2CM93
11.0 10.588 0.44 4.2
60.5 60.324 0.21 0.4
12.3 11.935 0.40 3.3
4.1 3.964 0.12 3.0
58.2 57.925 0.25 0.4
5.5 5.381 0.07 1.3
0.363
1.6 1.546 0.02 1.5
23.4 22.405 0.96 4.3
35.1 34.171 0.91 2.6
18.1 17.156 0.93 5.4
3.1 2.947 0.16 5.4
24.9 25.138 0.28 1.1
40.8 40.107 0.73 1.8
20.8 20.176 0.59 2.9
25.1 24.476 0.62 2.5
77.3 75.172 2.15 2.9 PF2NA66
16.6 16.637 0.07 0.4
48.0 45.683 2.30 5.0
9.4 8.546 0.88 10.3
20.1 18.986 1.15 6.0
23.9 23.192 0.75 3.2
32.1 14.897 5.65
976.5 934.513 0.60 4.3

was contaminated with DNA molecules from other
chromosomes. Consequently, a portion of the optical
mapping data was rejected. Should we have mapped
other chromosomes using the same strategy we could
not predict the acquisition of concise data from chro-
mosomes, which are less resolvable by PFGE, such as
chromosomes 5-9.

To check the fidelity of the optical maps indepen-
dently, Southern blotting of chromosome 2 DNA was
performed. Sequenced small-insert clones were used as
probes, enabling the optical maps to be cross-checked
against the sequence. In all, the optical maps were veri-
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fied against sequence data and Southern blot analysis,
and were found to be very accurate. A more directed
operation would be to use sequence-templates as
probes for hybridizations to generate a series of an-
chors for sequence assembly. Such templates would be
placed precisely onto the optical map, in terms of
physical distance (kb) and would be critical for finish-
ing genomic regions of high complexity; namely, tan-
dem or inverted repeats of high homology and short
sequence length. This approach would also readily as-
semble data acquired using different techniques and
would allow the placement of very short sequence con-
tigs onto a map. For example, STS markers or ESTs
could be assigned to restriction fragments on a whole
genome optical map.

Optical maps of entire chromosomes should also
find utility at the sequence-assembly stage in which
numerous large contigs are formed, but have unknown
order along a chromosome. Traditional approaches to
establish contig order rely, in part, on combinatorial
PCR, or sequence alignment with physical landmarks,

Table 2. Comparison of BamHI Optical Map
with Restriction Map Predicted from Sequence

Map
predicted
Optical from Relative
map sequence Difference difference Hybridizing
(kb) (kb) (kb) (%) probe
77.1 76.648 0.42
19.9 20.955 1.07 5.09
7.5 6.81 0.65 9.52
26.1 27.054 0.95 3.52
9.9 9.831 0.11 1.15
41.0 43.295 2.28 5.26
12.4 13.647 1.22 8.92
3.7 3.754 0.02 0.67
34.8 35.985 1.18 3.28
21.1 20.22 0.91 4.51
63.6 61.785 1.80 2.92
55.9 55.217 0.73 1.32
41.3 40.788 0.50 1.22 PF2CM93
67.3 70.318 3.05 4.33
46.7 46.943 0.23 0.49
81.2 87.327 6.14 7.03
2.0 1.786 0.20 11.35
8.9 11.633 2.68 23.07
18.6 17.953 0.69 3.85
80.8 83.96 3.16 3.77
19.9 20.665 0.78 3.76
3.1 30.351 0.72 2.39
17.4 17.959 0.56 3.10
28.6 30.812 2.22 7.21 PF2NA66
52.2 49.95 2.26 4.52
2.0 1.813 0.18 9.70
249 24.79 0.07 0.28
6.0 5.315 0.65 12.28
0.5 0.621 0.12 19.48
34.8 16.346 6.93
937.2 934.531 1.25 5.86
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which are usually well defined in terms of order but
not physical distance. This is where optical maps can
streamline the final assembly process by reducing the
required number of PCR reactions, by providing an eas-
ily interpretable physical scaffold with which sequence
contigs can be aligned. The alignment process is to
simply generate restriction maps in silico from the se-
quence data and compare this with the optical maps.
When multiple enzymes are used independently and
resulting maps are aligned properly, the composite
map decreases the size of the sequence contig neces-
sary for confident alignment to the final scaffold.

The information content of a multiple restriction
enzyme map is greater than the sum of its parts (Lander
and Waterman 1988). We used the sequence data to
align the Nhel and BamHI restriction maps with respect
to each other, creating a composite map. We expected
to find a number of restriction site reversals in this
composite. That is, given our sizing errors, closely
spaced fragments in the composite map may not be
represented in the correct order, and would possibly
shift relative position. To our initial astonishment, we
found only one instance of reversal. Given this result,
we decided to evaluate its statistical significance.

One way to evaluate the quality of a composite
enzyme map is to examine how well it preserves the
order of the restriction sites. For instance, if we create
two maps, one with a restriction enzyme A and the
other with the restriction enzyme B, and combine the
two maps in correct order, it is still possible that the
sizing error in the individual fragments may create a
situation, in which a restriction site of type B appears
before A, whereas the correct order (in the sequence) is
A followed by B— restriction sites shift. Assume that
both enzymes cut at the same rate E, and the genome
(or chromosome) length is L. Then the total number of
fragments of each type is N = LE. If the sizing error in a
fragment is o (for instance 1 kb), then the maximum
sizing error occurs in the middle of the map and is
bounded by (VN/2)o (a rather conservative estimate).

Optical by — — MR -

Thus, a fragment of length I, and cuts of type A in one
end and of type B in the other end, may appear in the
computed map as a fragment whose length is a random
variable with mean ! and standard deviation
o’ = (VN)o. Thus the probability that this fragment will
appear in the reversed order is bounded by ®(//a’),
where

1 o
B(x) = —— f ey
\ 2w
Furthermore, the length of the fragment with cuts A
and B is distributed as 2Ee~ 2", Thus, a random frag-
ment of this kind has a length longer than ¢’ with

probability e~ ?*" and a simple estimate shows that the
probability of reversal is bounded by

(1 _ €—2E(r’)cp(0) + €—2E(I'CD(1)

Consider the following values of the parameters
L =980 kb, E=1/30,000, 0 =1 kb. For these values,
o' = 5.7 kb and the average fragment length (with two
enzymes) is 15 kb. The above estimate indicates that
the probability of reversal is bounded by 0.27. A some-
what better estimate can lower this value to 0.17. As
the expected number of fragments with cuts A follow-
ing B (or B following A) is (B0, one would expect to see
fewer than five reversals.

However, the composite map created by optical
mapping has only one reversal. The probability of this
situation (with fewer than 1 reversal) occurring is 01 in
40. More exactly, this probability is (1 — p)*°+30 p
(1 — p)** =0.023. This difference may signal the re-
quirement for more sophisticated analysis, or indicates
the presence of a potentially useful physical effect. A
closer examination of the data reveals that the error in
the fragment sizes in the composite map has a normal
distribution with mean, 0.02 kb and standard devia-
tion, 2.01 kb. Surprisingly, the error in the cut loca-
tions has a mean, —1.78 kb and a standard deviation,
1.82 kb, indicative of the presence of systematic (e.g.,

sequence-specific) error and
much smaller unsystematic er-

Sequence t 1 La s

ror. A recalculation of the ex-

T T T T T ™Y

Optical

pected number of reversals with
P—— the observed values (¢’ =1.82

Seguence

Optical

T kb) results in slightly more than
two reversals, making the ob-

Sequence

served number of reversals of

Optical L 1 :

only one much more likely (1 in
7 as opposed to 1 in 40). Note

Sequence - . . " 1

that as our estimate of o’ is for

5kb —

Figure 3 The use of sequence information to link single enzyme maps. The top map was
generated by normalizing the single enzyme maps to be the same size (961 kb). The resulting
multienzyme map was aligned with the map predicted from sequence. The median relative
error is 7%. The average absolute error is 1.4 kb. Upper tick marks are Nhel sites; lower tick

marks are BamHl sites.

the worst-case situation, we be-
lieve a more realistic analysis
may close the gap. On the other
hand, this may be caused by an-
other biochemical effect that we
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do not account for in our analysis. More experiments
and analyses are required to resolve this situation.

Current optical mapping studies of P. falciparum
use whole genomic DNA as starting material. The chro-
mosomes are resolved at the level of data rather than as
physical entities. The data segregates into 14 deep con-
tigs corresponding to the various chromosomes. Chro-
mosome 2 can be resolved based on size and the near
complete correspondence with the data shown in this
paper (one 600-bp BamHI fragment is missing on the
whole genome map). The success of this project has
prompted the Malaria Genome Consortium to recom-
mend support of whole genome mapping to assist in
closure of chromosomes, as well as for verification of
the final assembly.

In summary, we describe the construction of an
ordered restriction map of P. falciparum chromosome 2
using optical mapping of genomic DNA. A combined
approach using shotgun sequencing and optical map-
ping will facilitate sequence assembly and finishing of
large and complex genomes.

METHODS
Parasite Preparation

P. falciparum (clone 3D7) was cultivated using standard tech-
niques (Trager and Jensen 1976). To minimize possible alter-
ations of the genome that can occur in continuous culture
(Corcoran et al. 1986), parasite aliquots were kept frozen in
liquid N, until needed and then cultivated only as long as
necessary. Parasites were cultivated to late trophozoite/early
schizont stages and enriched on a Plasmagel gradient. The
parasitized red blood cells were washed once with several vol-
umes of 10 mm Tris (pH 8), 0.85% NaCl and the parasites were
freed from the erythrocytes by incubation in ice-cold 0.5%
acetic acid in dH,O for 5 min, followed by several washes in
cold buffer. The parasites were resuspended to a concentra-
tion of 2 X 10%/ml in buffer and maintained in a 50°C water-
bath. An equal volume of 1% InCert agarose (FMC, Rockland,
ME) in buffer, prewarmed to 50°C, was mixed with the pre-
warmed parasites and the mixture wasaddedtoal X 1 X 10-
cm gel mold, plugged at one end with solidified agarose, and
was allowed to cool to 4°C. The agarose-embedded parasites
were pushed out of the mold and incubated with 50 ml of
proteinase K solution (2 mg/ml proteinase K in 1% Sarkosyl,
0.5 M EDTA) at 50°C for 48 hr with one change of proteinase
K solution and were stored in 50 mMm EDTA at 4°C (Schwartz
and Cantor 1984).

Chromosome 2 Isolation by PFGE

Uniform parasite slices were taken with a glass coverslip using
two offset microscope slides as guides. One half to one quarter
of a single slice was sufficient per lane. Parasite slices were
arranged end to end on the flat side of the gel comb. The
parasites were fixed to the comb by a small bead of molten
(60°C) agarose. The comb was then placed into the gel mold
and molten agarose [1.2% SeaPlaque (FMC) in 0.5X TBE]
poured around the parasite-containing slices. Once cooled,
the comb was removed and the space filled with molten aga-
rose. A CHEF DRIII apparatus (Bio-Rad, Hercules, CA) was

180 Genome Research
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used for all PFGE (Schwartz and Cantor 1984) chromosome
separations. Gels were run with 180-250 sec of ramped pulse
time at 3.7 V/cm and 120° field angle, for 90 hr at 14°C with
recirculating buffer at (01 1/min, using Saccharomyces cerevisiae
and/or Hansenula wingei PFGE size markers (Bio-Rad). To
minimize UV damage to the DNA, gel slices were removed
from the ends of the gel, stained with ethidium bromide (5
pg/ml), and visualized by long wave (320 nm) UV light.
Notches corresponding to the individual chromosomes were
made in the agarose gel and used as guides to cut the chro-
mosome from the gel. The chromosome-containing gel slices
were stored in 50 mM EDTA at 4°C until needed. The gel was
stained with ethidium bromide to verify the chromosome ex-
cision. The genome of P. falciparum is 26-30 Mb in size, con-
sisting of 14 chromosomes ranging in size from 0.6-3.5 Mb
(Foote and Kemp 1989). PFGE resolves most of the P. falcipa-
rum chromosomes, except 5-9 which are similar sizes and
comigrate. The gel band containing Plasmodium falciparum
chromosome 2 was resolved easily, cut from the gel, melted at
72°C for 7 min and incubated with agarose at 40°C for 2 hr.
The melted agarose band was diluted in TE to a final DNA
concentration suitable for optical mapping ([0 pg/ul.

Mounting and Digestion of DNA on Optical
Mapping Surface

Optical mapping surfaces were prepared as described previ-
ously (Aston et al. 1999). Briefly, glass coverslips (18 X 18
mm?; FISHER Finest, Pittsburgh, PA) were cleaned by boiling
in concentrated nitric, then hydrochloric acid. Surfaces were
derivatized with 3-aminopropyldiethoxymethyl silane (AP-
DEMS; Aldrich Chemical, Milwaukee, WI). One surface was
placed onto a microscope slide. A DNA sample (10 pl) was
added to the edge between the surface and the slide and
spread into the space between the surface and the slide. The
surface was then peeled off from the slide. Digestion was per-
formed by adding 100 pl of digestion solution [SO mm NaCl,
10 mm Tris-HCI (pH 7.9), 10 mm MgCl,, 0.02% Triton X-100,
20 units of restriction endonuclease; New England Biolabs,
Beverly, MA] onto the surface and incubating at 37°C from 15
to 30 min. The buffer was aspirated and the surface washed
with water before staining of DNA with YOYO-1 homodimer
(Molecular Probes, Eugene, OR), prior to fluorescence micros-
copy. Comounted \ bacteriophage DNA (New England Bio-
labs) was used as a sizing standard and also to estimate cutting
efficiencies.

Image Acquisition, Processing, and Map Construction

DNA molecules were imaged by digital fluorescence micros-
copy. The optical mapping surface was scanned by the opera-
tor for individual digested DNA molecules of adequate length
and quality to be collected for image processing and map
making. Images were collected with a cooled charge coupled
device (CCD) camera (Princeton Instruments, Trenton, NJ)
using Optical Map Maker (OMM) software, as described pre-
viously (Jing et al. 1998). Images of DNA fragments were pro-
cessed using a modified version of NIH Image (Huff 1996)
which integrates fluorescence intensity for each fragment.
These values were used to assemble an ordered restriction map
for each molecule. Fluorescence intensity of \ bacteriophage
DNA standards was used to measure the size of the P. falcipa-
rum restriction fragments on a per image basis. Cutting effi-
ciences (on a per image basis) were determined from scoring
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cut sites on sizing standard molecules contained in the same
field as the genomic DNA molecules. Standard molecules were
cut once by Nhel and five times by BamHI. The map for the
entire chromosome 2 was manually assembled into contigs by
aligning overlapping regions of congruent cut sites. If there
were no overlapping regions, the molecules were considered
to be from a contaminating P. falciparum chromosome and
were discarded. Consensus maps for chromosome 2 were as-
sembled by averaging the fragment sizes from the individual
maps derived from maps underlying the contigs.

Southern Blotting of P. falciparum Genomic DNA

P. falciparum genomic DNA (10 ng) was digested with Nhel or
BamH]I, resolved by PFGE (POE apparatus, 1% gel in 0.5X
TBE, pulse time, 1 sec, 2 sec; switch time, 12 sec, 150 V, for 24
hr) (Schwartz and Koval 1989), blotted, and hybridized with
probes derived from small insert clones used for sequencing
(PF2CM93 and PF2NA66). Probes were labeled by random
priming.
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