
large broadening (FWHM 290 meV) to which
the inhomogenous distribution of the dot sizes
strongly contributes (;170 meV). Additional-
ly, the luminescence is expected to be broad-
ened by electronic states as a result of a high
density of ion-induced surface defects of these
uncovered dots, seen in the HTEM image (Fig.
3) as a ;2-nm-thick amorphous layer.

With respect to the potential of this tech-
nique for device fabrication, ion-induced de-
fects have to be considered. These defects are
sources for nonradiative recombination and
therefore strongly deteriorate the optical and
electrical properties. They must be reduced be-
fore devices can be fabricated. Possible meth-
ods are chemical etching, annealing, surface
passivation, and overgrowth of the dots, meth-
ods which are performed ideally in situ. Over-
growth of the dots appears feasible because
they exhibit a thermal stability up to 450°C.

The demonstration of regular dot forma-
tion on GaSb surfaces presented here may lay
ground to extend the theory for ripple forma-
tion to normal incident ion sputtering. The
formation mechanism for the nanometer-
scaled dots relies only on the sputtering pro-
cess and the diffusive transport on surfaces;
therefore, we conclude that this mechanism
should be universal and transferable to other
materials. This conclusion is supported by
experiments on InSb and Ge where the same
dot formation as reported here for GaSb was
observed (16). The successful demonstration of
dot formation on Ge may open the way to
produce nanostructures on the technologically
important group IV semiconductor materials.
The technical application of the produced nano-
structures could include quantum dots for quan-
tum devices and for black surfaces for optoelec-
tronic and photovoltaic applications.
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KDR Receptor: A Key Marker
Defining Hematopoietic Stem

Cells
B. L. Ziegler,*1 M. Valtieri,*2,3 G. Almeida Porada,4

R. De Maria,2,3 R. Müller,1 B. Masella,2 M. Gabbianelli,3

I. Casella,2 E. Pelosi,3 T. Bock,1 E. D. Zanjani,4 C. Peschle2,3†

Studies on pluripotent hematopoietic stem cells (HSCs) have been hindered by
lack of a positive marker, comparable to the CD34 marker of hematopoietic
progenitor cells (HPCs). In human postnatal hematopoietic tissues, 0.1 to 0.5%
of CD341 cells expressed vascular endothelial growth factor receptor 2
(VEGFR2, also known as KDR). Pluripotent HSCs were restricted to the
CD341KDR1 cell fraction. Conversely, lineage-committed HPCs were in the
CD341KDR2 subset. On the basis of limiting dilution analysis, the HSC fre-
quency in the CD341KDR1 fraction was 20 percent in bone marrow (BM) by
mouse xenograft assay and 25 to 42 percent in BM, peripheral blood, and cord
blood by 12-week long-term culture (LTC) assay. The latter values rose to 53
to 63 percent in LTC supplemented with VEGF and to greater than 95 percent
for the cell subfraction resistant to growth factor starvation. Thus, KDR is a
positive functional marker defining stem cells and distinguishing them from
progenitors.

The hierarchy of human hematolymphopoietic
cells is defined by functional assays. HSCs with
extensive self-renewal capacity are assayed in
vivo for their capacity to xenograft nonobese
diabetic–severe combined immunodeficiency
disease (NOD-SCID) mice and sheep fetuses
(1–3). These models are surrogates for a syn-
geneic transplantation assay. Primitive HPCs
with limited self-renewal potential are identi-
fied in vitro as high–proliferative potential col-
ony-forming cells (HPP-CFCs) (4). Lineage-
committed HPCs with no self-renewal activity
are also defined in vitro by clonogenic assays as
colony-forming units (CFUs) or burst-forming
units (BFUs) (1, 5). Dexter-type LTC, consist-
ing of a liquid phase on irradiated BM stroma,
identifies LTC-initiating cells (LTC-ICs, gener-

ating HPCs assayed in secondary culture) (6)
and cobblestone area–forming cells (CAFCs,
generating hematopoietic colonies recognized
as “cobblestone areas” in LTC stroma) (7).
Depending on the LTC duration, LTC-ICs rep-
resent primitive HPCs (5- to 8-week LTC) (8)
or highly quiescent putative HSCs resistant to
retroviral gene transfer (12-week LTC) (9) (see
below).

Although HSC identification is still elusive,
recent observations have suggested a role for
VEGFR2 (Flk1 in mice) in murine embryonic
hematoangiogenesis. Targeted gene disruption
studies indicate that Flk1 is required for initia-
tion of hematolymphopoiesis and vasculogen-
esis (10), implying that Flk1 may be required
for generation of hemoangioblasts, that is, the
hypothetical stem cells for both hematolympho-
poietic and endothelial lineages (11). Other
studies also suggested the existence of embry-
onic Flk11 cells with hemoangiogenic potential
but did not allow identification of prenatal re-
populating HSCs (12). We identified KDR as a
major functional marker for postnatal HSCs.

In postnatal life, KDR is expressed on en-
dothelial cells (13), and the mRNA can be
detected in HPCs and megakaryocytes (14, 15).
We used a high-affinity monoclonal antibody
(mAb clone 260.4) that binds the extracellular
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KDR domain to monitor KDR expression by
flow cytometry on cells from BM, normal pe-
ripheral blood (PB) or mobilized peripheral
blood (MPB), and cord blood (CB) (16). Only
0.1 to 0.5% of CD341 cells $95% pure from
these tissues were KDR1 (Fig. 1A, top), as
confirmed by reverse transcriptase polymerase
chain reaction (RT-PCR) analysis (Fig. 1A,
bottom right). The CD341KDR1 cells, essen-
tially lin2 (,10% CD45RA1; ,5% CD131,
CD331, CD611, and CD191), are at least in
part positive for early progenitor and stem cell
markers, namely, CD382, Thy-11, and kitlow

(Fig. 1B). The published HSC-enriched frac-
tions (for example, CD341382, CD341Thy-
11, and CD341 kitlow; see below) comprise #1
to 2% of KDR1 cells.

VEGF treatment of human HPC culture or
normal mice inhibits or stimulates hematopoi-
esis (17), possibly through growth factor (GF)
release by accessory cells. In our studies, VEGF
addition in 90 to 95% purified HPC culture (18)
mildly stimulated multipotent CFU (CFU-
Mix), HPP-CFCs, and LTC-ICs (19). Thereaf-
ter, we purified CD341 cells and separated
CD341KDR1 versus CD341KDR2 fractions
(Fig. 1A, bottom left) (16). Both subsets were
functionally analyzed. Upon addition of differ-
ent GF combinations (20), we observed that PB
lineage-committed HPCs (BFU-E and CFU-
GM) were essentially restricted to the KDR2

fraction (Fig. 2A, left). Similar results were
obtained for BM and CB (19). HPP-CFCs were

present in both KDR1 and KDR2 fractions.
Their frequency in secondary cultures was
more elevated in the former population (Fig.
2A, right). Similar results were obtained for
BM and CB (19). In Dexter-type LTC (Fig.
2B), we evaluated the HPCs generated by LTC-
ICs in 5-, 8- and 12-week LTC seeded with PB
(Fig. 2B, left panel), BM, MPB, and CB cells
(19). In CD341 cell LTC, HPC production
declined from the fifth through twelfth weeks;
in KDR2 LTC, HPC production similarly de-
clined at 5 to 8 weeks, but no residual HPCs
were detected at 12 weeks. Conversely, in
KDR1/6 LTC, the HPC number was low at 5
to 8 weeks but markedly increased at 12 weeks.
An equivalent pattern was observed in BM,
MPB, and CB LTC by 6-, 9- and 12-week
CAFC assay (Fig. 2B, middle and right). Alto-
gether, lineage-committed HPCs were restrict-
ed to KDR2 cells, whereas putative HSCs (12-
week LTC-ICs and CAFCs) were restricted to
KDR1 cells; the intermediate primitive HPCs
(HPP-CFCs, 5- to 8-week LTC-ICs, 6- to
9-week CAFCs) were present in both fractions.

The frequency of putative HSCs was eval-
uated by limiting dilution analysis (LDA) (20).
In VEGF-treated LTCs, the 12-week LTC-IC
frequency was 0.19% in PB CD341 cells [that
is, one-sixth that of the more differentiated 5- to
8-week LTC-ICs (21)]. Twelve-week LTC-ICs
were enriched by more than a factor of 300 in
KDR1 fraction (63%) but absent in the KDR2

subset (Fig. 2C, top). Similar results were ob-

tained for BM and CB KDR1 cells by 12-week
CAFC LDA (Fig. 2C, bottom). The LTC-IC
and CAFC frequency in KDR1 fraction is sig-
nificantly higher in VEGF1 (53 to 63%) than in
VEGF2 (25 to 43%) LTC (Fig. 2C), suggesting
a functional role for KDR in HSCs. Specifical-
ly, VEGF protected from apoptosis 20% of PB
CD341KDR1 cells seeded in single-cell cul-
ture in liquid phase serum-free GF2 medium
(20) (Fig. 2D, top). The LTC-IC frequency in
the starvation-resistant CD341KDR1 subset
was . 95% (Fig. 2D, bottom).

To study repopulating HSCs, we trans-
planted irradiated NOD-SCID mice with
CD341 (50,000 to 250,000 per mouse),
CD341 KDR1 (5000 to 10,000 per mouse),
and CD341 KDR2 (10,000 to 250,000 per
mouse) cells from BM, PB, MPB, or CB (22).
The mice were not treated with cytokines and
were killed after 3 months [the assay often
involves cytokine treatment and usually lasts
1.5 to 2 months (8)]. BM, spleen, and PB
were analyzed for human cells by flow cy-
tometry with human-specific mAbs. We ob-
served consistent engraftment with KDR1 or
KDR1/6 cells and essentially no engraftment
with the KDR2 fraction.

In a representative BM experiment (Fig.
3A), 250,000 CD341 cells showed engraft-
ment, whereas 250,000 double-sorted KDR2

cells did not (Fig. 3A, top left). KDR1 cells
(100 to 1600) consistently engrafted the hema-
topoietic lineages (CD331CD151 and CD141

Fig. 1. KDR expression and distribution in CD341 cells. (A) (top) KDR expression
by flow cytometry on BM, PB, MPB, and CB CD341 cells (16). Cells gated on
physical parameters were analyzed for specific and nonspecific (isotype-
matched) reactivity (.40,000 cells were acquired for analysis). Percentage of
CD341KDR1 cells is shown by numbers. The CD341KDR1 fraction size is similar
in PB (0.19 6 0.04 of CD341 cells, mean 6 SEM from five experiments), MPB
(0.25 6 0.04), BM (0.34 6 0.06), and CB (0.40 6 0.04). (bottom) (left) Standard
gates for sorting of KDR1, KDR1/6, and KDR2 CD341 cells (16). A representative
CB experiment is shown. (right) RT-PCR analysis of mRNA KDR in CD341KDR1

versus CD341KDR2 sorted BM cell populations and HEL cell line (16). KDR and
b2-microglobulin (b2m) bands are shown. (B) Electronically gated CD341 cells
(top) from BM, PB, MPB, and CB cells were analyzed for expression of KDR and
relevant early hematopoietic antigens (16). CD341KDR1 fraction cells are
CD382 (35.3% 6 1.6 to 45.6% 6 1.5 of cells, mean 6 SEM from four experiments), Thy-11 (55.6% 6 3.7 to 83.1% 6 1.7), and kitlow (c-kit) (81.5%
6 2.0 to 91.0% 6 1.6, except for PB).
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CD451, CD711GPA1, and CD451 CD411

cells in granulomonocytic, erythroid, and
megakaryocytic series, respectively; Fig. 3A,
bottom) and the B and T lymphoid compart-
ments (CD191CD201 and CD41CD81

CD31, respectively) and natural killer (NK)
cells (CD161CD561; Fig. 3A, bottom). A dose
response was observed for all engrafted cell
populations, specifically CD451 cells (Fig. 3A,
top right). Although T cell precursors require
specific cognate interaction for maturation, hu-
man CD31CD41CD81 and CD31CD21 cells
have been generated in NOD-SCID mice BM
after injection of CD341CD382 (2, 23) or
CD342lin2 cells (24). The in vitro BM micro-
environment is permissive for T cell develop-
ment and may recapitulate thymic maturation
(25). Human T cell precursors may thus devel-
op in NOD-SCID mice BM. The presence of
contaminant mature T cells in the transplanted
CD341KDR1 cells can be excluded, in view of
the lack of human T lymphocytes in mice re-

ceiving large numbers of CD341KDR2.
After injection of 5 to 250 BM KDR1 cells,

a dose-dependent multilineage engraftment was
monitored (Fig. 3B). All mice were repopulated
by 250 and 50 cells, whereas five of six and
four of six mice injected with ten and five cells,
respectively, were engrafted, on the basis of
flow cytometry analysis (Fig. 3B, top left) and
HPC assay validated by PCR of human alpha
satellite DNA in the scored colonies (Fig. 3B,
bottom). LDA indicated 20% of repopulating
HSCs in CD341KDR1 cells (Fig. 3B, top
right). This value is similar to the LTC-IC and
CAFC frequency in VEGF2 BM LTC (see
above), indicating that repopulating HSCs and
12-week LTC-ICs and CAFCs are closely re-
lated. Because CAFC and LCT-IC frequency
rose from 25 to 42% in VEGF2 to 53 to 63% in
VEGF1 LTC, the repopulating HSC frequency
may similarly rise in VEGF-treated mice.

CB cells (200 to 10,000 CD341KDR1 or
10,000 to 200,000 CD341KDR2 CB cells)

were xenotransplanted into NOD-SCID mice in
five independent experiments. Human cells
were virtually absent in mice transplanted with
double-sorted KDR2 cells. In contrast, KDR1

cells consistently generated human CD451

cells in BM, PB, and spleen in a dose-depen-
dent pattern [for example, mice receiving 1000
to 10,000 cells showed 27.2 6 7.1% (mean 6
SEM) human CD451 BM cells, whereas ani-
mals treated with 200 to 800 cells showed
3.75 6 1.5% CD451 BM cells]. In a represen-
tative experiment, mice transplanted with 6000
CD341KDR1 cells (Fig. 3C) showed in BM
abundant human CD341 progenitors; precur-
sors of the erythroid, granulomonocytic, and
megakaryocytic lineages; and B and NK cells.
The modest CD3 expression may reflect the
low T cell generation potential of CB HSCs.

Repopulating HSCs were also assayed in
fetal sheep (26–28). In a representative ex-
periment, CD341 cells were purified from
two BM samples. The CD341 population and

Fig. 2. In vitro HPC and HSC assays of CD341KDR1 cells. (A) HPCs in PB CD341KDR1/6 (open columns)
and CD341KDR2 (solid columns) cells, assayed in cultures supplemented with a restricted (left) or large
(middle) spectrum of HGFs (20). Primary (open columns) and secondary (solid columns) HPP-CFC
colonies in PB CD341KDR1 and CD341KDR2 cells (right). Mean 6 SEM from four independent
experiments. (B) (left) PB CD341, CD341KDR1/6, and CD341KDR2 cell LTC. At 5, 8, or 12 weeks,
supernatant and adherent cells were assayed for HPCs. (middle and right) BM and CB CD341KDR1 and
CD341KDR2 cell LTCs analyzed for CAFC-derived colonies at 6, 9, and 12 weeks. Mean 6 SEM from
three experiments. (C) LDA of 12-week LTC-ICs and CAFCs. (top) (left) LTC-IC frequency in PB CD341,
CD341KDR1/6, CD341KDR1, and CD341KDR2 cells. Mean 6 SEM from five VEGF1 or three VEGF2

separate experiments. (right) Representative LDAs for CD341 and CD341KDR1 cells [LTC-ICs: 0.19%
and 73%, respectively; 100 wells for the lowest cell concentration (1 KDR1 cell) and decreasing well
numbers for increasing cell concentrations (50, 20, and 10 with 2, 5, and 10 KDR1 cells respectively)].
(bottom) CAFC frequency in CD341KDR1 and CD341KDR2 cells from BM (left) or CB (right). Mean 6
SEM from three experiments. **, P , 0.01 when compared with VEGF2 group. °°, P , 0.01 when
compared with other groups. (D) (Top) Starvation of PB CD341KDR1 or CD341KDR2 cells in single-cell
FBS2 liquid phase culture supplemented or not with VEGF: percentage of cells that had survived at day
21 (mean 6 SEM from three experiments). (Bottom) Minibulk (2 3 103 cells/ml) PB CD341KDR1

starvation culture supplemented with VEGF: LDA of LTC-IC frequency in the ;25% cells surviving on
days 5 and 25.
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the CD341KDR1/6 versus CD341KDR2

fractions were then injected in the fetuses of
eight pregnant sheep. Primary recipients re-
ceiving KDR1/6, KDR2, or unseparated
CD341 cells (four, three, and two fetuses per
group, respectively) were killed on day 60
after transplant. Human CD341 cells from
primary fetuses treated with KDR1/6 cells
were transplanted into secondary fetuses.
Other fetuses injected with KDR1/6 or
KDR2 cells were born.

In primary recipients, transplantation of
CD341 cells (1.2 3 105 per fetus) consistently
induced engraftment. BM analysis indicated the
presence of differentiated (0.30% CD451 cells,
mean value) and undifferentiated (0.17%
CD341 cells) human hematopoietic precursors;
in clonogenic assay, 6.8% of CFU-Mix/BFU-E
and 5.2% of CFU-GM of all colonies were of
human origin. A small number of KDR1/6

cells (3 3 103 per fetus) consistently engrafted
with impressive multilineage expression for the
differentiated compartments (1.78% CD451,
0.16% GPA1, and 0.34% CD31 cells) and the
undifferentiated one (0.32% CD341 cells; the
human HPC frequency was elevated, that is,

9.3% CFU-Mix and BFU-E and 16.2% CFU-
GM). Eighty times as many KDR2 cells (2.4 3
105 per fetus) did not engraft, as indicated by
consistent absence of CD341 and CD31 cells;
only a few differentiated hematopoietic precur-
sors were detected (0.7% CD451 cells), togeth-
er with a few late CFU-GM (2.4%) giving rise
to small colonies. We estimated that a total of
.108 CD341 and CD31 human cells were
generated per fetus by KDR1 cells, whereas no
CD341 and CD31 cells were generated by
KDR2 cells (Fig. 4, top and middle).

Four secondary recipients received human
BM CD341 cells, derived from primary fe-
tuses treated with KDR1/6 cells. After 2
months the secondary recipients were killed
and showed multilineage engraftment (Fig. 4,
bottom).

At 3 weeks after birth, both sheep trans-
planted with KDR1 cells in fetal life showed
persistent multilineage engraftment at BM lev-
el. One sheep featured extremely abundant hu-
man CD451 cells (23.9%). Conversely, the
sheep transplanted with KDR2 cells showed no
engraftment.

These fetal sheep results, confirmed in other

experiments, indicate that the KDR1 fraction is
enriched for HSCs giving rise to multilineage
engraftment in primary, secondary, and born
recipients. Positive results in secondary recipi-
ents successfully compare with those observed
by follow-up of primary transplanted fetuses
for long periods after birth (28). Conversely,
the KDR2 fraction does not engraft and con-
tains only HPCs giving rise in primary recip-
ients to differentiated precursors and a few
late CFU-GM.

The in vivo assay results indicate HSC re-
striction to the KDR1 subfraction of CD341

cells, thus in line with the in vitro observations.
Previous studies in NOD-SCID mice and fetal
sheep showed that HSCs are enriched in diverse
CD341 cell subfractions [CD382 (2, 23, 27),
kitlow, Thy-11, or Rhodamine (Rho)dim (28)],
but engraftment was also observed at lower
level for the complementing subfractions [that
is, CD381 (2, 23, 27), kit2, Thy-12, or Rho-
bright (28)].

In conclusion, HSCs are in the CD341

KDR1 cell fraction, whereas lineage-commit-
ted HPCs are restricted to the CD341KDR2

subset. The 20% repopulating HSC frequency

Fig. 3. Engraftment of BM or CB CD341KDR1 cells in NOD-SCID mice.
(A and B) Graded numbers of BM CD341KDR1 cells were injected;
positive and negative controls received CD341 and CD341KDR2 cells,
respectively. Percentage of human cells is indicated. (A) Repopulating
activity of 1600 to 100 CD341KDR1 cells in recipient mice BM. (Top)
Human CD341CD451 cell engraftment (left) and CD451 cell dose
response (mean 6 SEM, three mice per group; r 5 0.99) (Right).
Dose-dependent engraftment was also observed in recipient PB and
spleen (for example, 800 CD341KDR1 cells generated 38.4 6 5.0%
and 15.0 6 1.1% CD451 cells, respectively). (Bottom) Expression of
human hematolymphopoietic markers (see text) in a representative
mouse injected with 1600 CD341KDR1 cells. (B) HSC frequency in
CD341KDR1 cells. (Top right) Human CD451 cells in BM of mice
injected with 250, 50, 10, or 5 CD341KDR1 cells (3, 9, 6, and 6 mice
per group, respectively) (mean 6 SEM, r 5 0.99). (Left) LDA of HSC
frequency (20%). (Bottom left) Human HPCs in the four engrafted
mice injected with five cells (mean 6 SEM). (Right) PCR analysis of
alpha satellite DNA [867– base pair (bp) band] in all scored colonies
from a representative mouse in the five-cell group (lane 13, human
DNA positive control; lane 14, no template control; lane 15,

DNA from BM mononuclear cells of nontransplanted mouse; M.W.,
molecular weight marker). (C) A representative mouse receiving 6000
CB CD341KDR1 cells: informative human hematolymphopoietic
markers (see text).
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in CD341KDR1 BM fraction is .100 times as
elevated as that in CD341382 BM or CB cells
(2), as confirmed in our laboratory (19). This
difference is readily predicted by comparing
HSC activity and phenotype. Because
CD341KDR2 cells do not comprise HSCs but
represent 98 to 99% of CD341CD382 cells
(Fig. 1B), it follows that the HSC frequency in
CD341CD382 cells is far lower (that is, ,2%)
than that in CD341KDR1 cells. The VEGF
effects on CD341KDR1 cells suggest that
KDR plays a functional role in HSCs. Prelim-
inary observations indicate that transfer of Flk1
gene into PB CD341KDR2 cells partially res-
cues the HSC phenotype (19).

Large numbers ($105) of BM or CB
CD342lin2 cells engraft fetal sheep and NOD-
SCID mice with multilineage hematopoietic ex-
pression (3, 24). We observed in BM and CB
that #1% CD342lin2 cells are KDR1 (29), the
total number of CD342lin2KDR1 cells was
#50% that of CD341KDR1 cells, and a dis-
crete number of CD342lin2KDR1 cells en-
grafted NOD-SCID mice with multilineage ex-
pression, but the relative stem cell activity of

the CD341KDR1 fraction is more elevated.
The stem cell activity in the CD341KDR1

fraction was predominant, in line with studies
indicating that human HSCs with long-term
engraftment capacity are CD341 (30).

Murine studies suggested that embryonic
Flk11 cells have hemoangiogenic potential
but did not identify prenatal repopulating
HSCs (10, 12). Our observations in humans
identify postnatal CD341KDR1 and CD342

KDR1 repopulating HSCs. The CD342

KDR1 and CD341KDR1 phenotypes might
define the postnatal and prenatal HSC-he-
moangioblast.

Purification of CD341 HPCs has facilitated
studies on early hematopoiesis (1, 5). Isolation
of KDR1 HSCs offers an opportunity to eluci-
date the cellular and molecular phenotype and
functional properties of HSCs and HSC subsets.
These issues are of pivotal importance for a
large array of biotechnological and clinical
challenges, such as HSC transplantation, in
vitro blood cell generation for transfusion, and
HSC gene therapy.
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Whole-Genome Shotgun Optical
Mapping of Deinococcus

radiodurans
Jieyi Lin,1* Rong Qi,1 Christopher Aston,1† Junping Jing,1‡

Thomas S. Anantharaman,2 Bud Mishra,2 Owen White,3

Michael J. Daly,4 Kenneth W. Minton,4 J. Craig Venter,5

David C. Schwartz1,2§

A whole-genome restriction map of Deinococcus radiodurans, a radiation-
resistant bacterium able to survive up to 15,000 grays of ionizing radiation, was
constructed without using DNA libraries, the polymerase chain reaction, or
electrophoresis. Very large, randomly sheared, genomic DNA fragments were
used to construct maps from individual DNA molecules that were assembled
into two circular overlapping maps (2.6 and 0.415 megabases), without gaps.
A third smaller chromosome (176 kilobases) was identified and characterized.
Aberrant nonlinear DNA structures that may define chromosome structure and
organization, as well as intermediates in DNA repair, were directly visualized
by optical mapping techniques after g irradiation.

Detailed, structural knowledge of whole mi-
crobial genomes is of primary importance to
many genomic studies, but this information
has been difficult to obtain. Pulsed-field gel
electrophoresis (PFGE) plus Southern (DNA)
blot analysis (1) provides primary genome
information but does not confidently size
large circular genomes and frequently ob-

scures the analysis of large episomal ele-
ments. Although an eight-enzyme restriction
map of the Escherichia coli K12 genome was
constructed in 1987 by Kohara et al. (2), this
required a laborious approach involving par-
tial digestion of 3400 phage clones followed
by Southern blot analysis. Physical maps of
the Saccharomyces cerevisiae genome were
also prepared by painstaking restriction map-
ping of clones (3). Modern microbial genome
analysis uses shotgun sequencing, followed
by finishing efforts (4, 5). Whole-genome
restriction maps may become an indispens-
able resource for large-scale genome se-
quencing projects. They facilitate sequence
assembly by providing a scaffold for high-
resolution alignment and verification of se-
quence assemblies (contigs), accurate ge-
nome sizing, and discernment of extrachro-
mosomal elements (6).

Optical mapping is a system for the con-
struction of ordered restriction maps from
individual DNA molecules (7, 8) and has
been used to prepare restriction maps of a
number of clone types, including phage
clones (9), yeast artificial chromosomes (10),
bacterial artificial chromosomes (6), and,
more recently, an entire electrophoretically

separated chromosome (;1 Mb) from Plas-
modium falciparum (11). An optical mapping
approach for whole bacterial genome analysis
is feasible because we can now mount and
map extremely large, randomly sheared DNA
molecules (0.4 to 2.4 Mb) that are digested
with high cutting efficiency (70 to 90%).
These parameters critically control the suc-
cess rate of assembling the fragments and are
well modeled by prior probabilistic (Bayes-
ian) analysis (12). The contigs covering a
whole genome were initially assembled man-
ually, or later with the Gentig algorithm (13),
which automatically computes contigs of
genomic maps.

To efficiently collect such large mole-
cules, we developed a semiautomated image
acquisition system that collects successive
images and correctly assembles them into one
large superimage while maintaining proper
pixel registration between images. A new
image analysis system was developed [Vi-
sionade (14)] that enables markup of molec-
ular images, allows for editing, and automat-
ically calculates fragment masses and cutting
efficiencies. A l bacteriophage DNA sizing
standard was used as follows. First, the total
integrated fluorescence intensity of the stan-
dard was determined to be in the correct
range. Second, the size of each genomic frag-
ment in a particular image was calculated by
dividing the fluorescence intensity of the
DNA fragment by the average fluorescence
intensity of the standards in the image and
then multiplying this by the size of the stan-
dard. The images were not used as data if the
cutting efficiency along the length of the
molecule was less than 75%.

The development of Gentig enabled the
rapid assembly of raw maps into a complete
genome-wide map in minutes rather than
months, with negligible false positives. Con-
tigs of the E. coli genome were assembled
with Gentig into a consensus map, which
both reproduced the map constructed by hand
and correlated with the map predicted by
sequence. Gentig automatically generates
contigs from optical mapping data by repeat-
edly combining the two islands that produce
the greatest increase in probability density,
excluding any contigs whose false positive
overlap probability is unacceptable. The stan-
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