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Ordered Restriction Maps of Saccharomyces 
cerevisiae Chromosomes Constructed by 

Optical Mapping 

David C. Schwartz,* Xiaojun Li,"fuis I. Hernandez,? 
Satyadarshan P. Ramnarain, Edward J. Huff,? Yu-Ker Wang? 

A light microscope-based technique for rapidly constructing ordered physical maps of 
chromosomes has been developed. Restriction enzyme digestion of elongated individual 
DNA molecules (about 0.2 to 1.0 megabases in size) was imaged by fluorescence mi- 
croscopy after fixation in agarose gel. The size of the resulting individual restriction 
fragments was determined by relative fluorescence intensity and apparent molecular 
contour length. Ordered restriction maps were then created from genomic DNA without 
reliance on cloned or amplified sequences for hybridization or analytical gel electropho- 
resis, Initial application of optical mapping is described for Saccharomyces cerevisiae 
chromosomes. 

Construction of physical maps for eukary- ping offer the advantage of good size reso- 
otic chromosomes is laborious and difficult, lution, even for large molecules, but require 
in part because many of the current proce- preparation of DNA in bulk amounts from 
dures for mapping and sequencing DNA sources such as genomic DNA or yeast 
were originally designed to analyze genes artificial chromosomes (YACs) (2). In con- 
rather than genomes (1). The electropho- trast, single-molechle techniques, such as 
retic methods that are widely used in map- fluorescence in situ hybridization (FISH), 

make use of only a limited number of 
chromosomes (3), but have not yet attained 
a sizing resolution comparable to that of 
pulsed electrophoresis (4). Ideally, one 
would like to be able to combine the sizing 
power of electrophoresis with the intrinsic 
ordering capability of FISH in order to 
construct accurate restriction maps very 
rapidly. The methodology described in this 
report, which we refer to as optical map- 
ping, approaches this ideal by imaging 
stained, single, deproteinized DNA mole- 
cules during restriction enzyme digestion. 
This allows direct, ordered mapping of re- 
striction sites. 

In brief, a fluid flow was used to stretch 
out DNA molecules dissolved in molten 
agarose and fix them in place during gela- 
tion (4). The gelation process restrains 
eloneated molecules from relaxine to a ran- - - 
dom coil conformation during enzymatic 
cleavage. A restriction enzyme is added to 
the molten agarose-DNA mixture, and cut- 
ting is triggered by the diffusion of MgZ+ 
into the eelled mixture. which has been 

c7 

mounted on a microscope slide. Fluores- 
cence microscopy coupled with digital im- 
age processing techniques were used to 
record, at regular intervals, cleavage sites, 
which are visualized by the appearance of 
growing gaps in imaged molecules (5) and 
bright, condensed pools or "balls" of DNA 
on.the fragment ends flanking the cut site. 
These balls form shortlv after cleavage as a - 
result of coil relaxation at the new ends. 
The size of the resulting fragments was 
determined in two ways: by measurement of 
the relative fluorescence intensities of the 
products and by measurement of the rela- 
tive apparent DNA molecular lengths in 
the fixating gel. Maps are subsequently 
assembled by recording the order of the 
sized fragments (6). Averaging a small 
number of molecules rather than using'only 
one improves accuracy and permits rejec- 
tion of unwanted molecules (7). 

Laree DNA molecules can be stretched " 
out in molten agarose by flow forces and 
then rapidly fixed in place by agarose gela- 
tion, without application of electrical fields 
(4). Experimentally, the kinetics of gela- 
tion are controlled by temperature and op- 
timization of the annealing conditions. For 
our analvsis. DNA coils must be criticallv , , 

stretched: too much and the molecule be- 
comes difficult to image, too little and there 
is insufficient tension to reveal cut sites. 
Excessively stretched molecules present too 
little fluorochrome per imaging pixel, so 
that measured molecular intensities ap- 
proach background values. Additionally, 
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the fixation process has to be gentle enough 
to permit some coil slippage to reveal cut 
sites. since comoletelv immobilized mole- 
cules cannot reveal relaxation events. Tak- 
ing these and other considerations into 
account, we have practically optimized our 
fixation conditions to produce molecules 
spanning approximately 20 to 30% of their 
curvilinear contour lengths. 

How DNA molecules are entrapped by 
agarose gelation is not known. Imaged, 
stretched molecules show bright. round - ,  

pools of coil at their ends, evidence of 
chain relaxation. The pool sizes range from 
1 to 3 pm. Segmental pools are also ob- 
served to form internally, and then disap- 
pear, as local pockets of coil tension equil- 
ibrate with each other. As a DNA molecule 
relaxes within the train of contiguous gel 
pores it spans, the segmental density in- 
creases, and segments can even be seen to 

Reported size (kb) 

Fig. 1. Optical mapping sizing results for Not I 
endonuclease restriction fragments from S. 
cerevisiae chromosomes 1, 5, 8, 11, 13, and 16 
calculated as described (6, 7) and plotted 
against published results (10). The diagonal 
line is for reference. Typical fragment images 
are shown in Fig. 2. Typically, 10 to 35 frag- 
ments were imaged out of which roughly half 
were discarded because of poor focus, insuffi- 
cient initial lengths, or cut scoring ambiguities. 
(Inset) Estimate of population SD (in kilobases). 
Error bars represent 90% confidence (7) on 
means (main graph) or SD (inset). (A) Relative 
intensity determination of fragment sizes. (B) 
Relative apparent length determination of frag- 
ment sizes. 

spill over into neighboring pore spaces. The 
detailed relaxation mechanism is a complex 
one (8). Gaps appear because a molecule 
experiences an effective tension, since the 
configurational entropy of the elongated 
polymer is lower than that of the relaxed 
state. 

The first step in map construction is to 
determine the number of cleavage sites 
within a molecule by examining histograms 
of cuts per molecule and corresponding 
cleavage patterns. Because the rates of en- 
zymatic cleavage by different restriction en- 
zymes are variable, careful adjustment of 
the timing is critical. We wanted cleavage 
to occur only after molecular fixation was 
complete because premature reactions 
would disrupt attempts to order fragments. 
We solved this timing problem by pre- 
mixing the agarose-DNA solution with re- 
striction enzyme, at 37OC, and triggering 
the reaction by diffusing MgZ+ into the 
viewing field, without disturbing the gel 
(4). All possible cleavage sites did not 
appear simultaneously; instead, cuts usually 
appeared within 5 min of each other. A 
typical mounted sample contained approx- 
imately 3 to 5 molecules within a single 
viewing field, and overall roughly 50 to 
95% of them showed evidence of one or 
more cuts (9). 

The next step was to determine the size 
of the resulting restriction fragments. For 
this purpose we have developed two com- 
plementary approaches, one based on rela- 
tive fragment fluorescence intensity and the 
second on apparent relative length mea- 
surements. 

Microscoue-based intensitv measure- 
ments -are difficult to perform' because of 
their dependence on many variables, in- 
cluding camera control and illumination 
intensity. By calculating the relative inten- 
sity of two fragments (from the same paren- 
tal molecule), we allow one of the frag- 
ments to serve as an internal intensity 
reference for the other. Relative intensities 
are converted to kilobases by multiplying by 
the known or independently determined 
chromosome size (6). Figure 1A shows the 
sizes determined for a series of yeast chro- 
inosome Not I restriction fragments mea- 
sured optically and plotted against pub- 
lished values derived from electrophoresis- 
based measurements (1 0). Points close to 
the diagonal line are in good agreement. 
Excluding the two short fragments less than 
60 kb and the low-resolution 8-bit chromo- 
some 5 and 8 data, the pooled SD was 36 kb 
(Fig. 1A, inset). The average of the coeffi- 
cients of variation was 16%. which is com- 
parable to routine pulsed electrophoresis 
size determinations. The correlation with 
published results is excellent: The average 
of the relative errors is 5%, whereas the 
published errors average 4% (7, 10). Due in 

part to the intensity normalization proce- 
dure, the precision becomes lower for very 
small fragments, and size agreement is poor 
for the measurements of the 30- and 55-kb 
DNAs. Fluorescence intensity measure- 
ments report a size of these fragments al- 
most twice that of the above values. 

One test of the validitv of relative fluo- 
rescence intensity measurements is to mon- 
itor the constancy of fragment intensities 
over a usable range of molecular relaxation 
conditions. This requirement is most criti- 
cally tested when restriction fragments dif- 
fer greatly in size. Our results show that 
intensities remain relatively constant over a 
wide size range despite a three- to fourfold 
change in measured molecular length (I I). 
We attribute this beneficial effect in part to 
the mild fixation conditions, so that 
Brownian motion can vibrate the elongated 
coil along the z axis; this motion is clearly 
observed on the live video monitor as di- 
gestion proceeds. By averaging frames over 
a l-s interval. we observe most of the DNA 
as it moves through the focal plane and 
within the gel pores. 

For measurement of the relative appar- 
ent length, each gel-embedded restriction 
fragment is assumed to have equal coil 
density, on the average. Again, we con- 
verted relative apparent lengths to kilobases 
by multiplying by the chromosome size (6). 
Then, we averaged the apparent lengths of 
restriction fragments, obtaining accurate 
sizes from as few as four molecules (7). 
Relative determinations of apparent length 
were standardized against the same set of 
restriction fragments as in the fluorescence 
intensity measurements, and these results 
(Fig. 1B) show a similar average relative 
error of 16% (excluding the 30- and 90-kb 
fragments). The ~oo led  SD was 47 kb (Fig. 
1B, inset); the average of the coefficients of 
variation was 29%. 

Length measurements can be used to 
evaluate fraements that are out of focus, 

u 

whereas blurry, out-of-focus images con- 
found intensity-based measurements. Addi- 
tionally, size determinations of small frag- 
ments are better by length than by intensi- 
tv. The size of the 30-kb fraement was 
determined to be 44 kb by lengt% measure- 
ments as compared with 70 kb by intensity, 
and the 55-kb fragment was sized at 49 kb 
by length as compared with 88 kb by inten- 
sity. Given the limited sample number in- 
herent in optical mapping, cross-checking 
the results with two sizing methods is ex- 
tremely valuable. 

Figure 2G illustrates three types of or- 
dered restriction map produced by optical 
mapping as compared with re- 
striction maps (1 0). Additionally, Fig. 2, A 
to F, shows selected corresponding pro- 
cessed fluorescence micrographs of different 
yeast chromosomal DNA molecules digest- 
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Fig. 2. Typical fluorescence microscopy images (5) of S. cerevisiae 
chromosomal DNA molecules stained with DAPl and embedded in agarose 
gel during Not I restriction endonuclease cleavage and corresponding 
restriction maps. Chromosomal DNA molecules were prepared and fixed 
as described (4 ) .  lmages were background-corrected with the use of a 
smoothed and attenuated background image, smoothed, and stretched 
with 16-bit precision. Processing increases clarity but distorts intensity 
differences and some dimensionality. lmages show evolution of Not I 
restriction digestion, with arrows highlighting cut sites. Intervals are timed 
after addition of Mg2+. (A) Chromosome 1 (240 kb), 20 and 60 s; (B) 
chromosome 11 (675 kb), 500, 880, and 1160 s; (C) chromosome 5 (595 

kb), 200,240, and 520 s; (D) chromosome 8 (595 kb), 440,1220, and 1360 
s; (E) chromosome 13 (950 kb), 100 and 560 s; (F) chromosome 16 (975 
kb), 460 and 560 s. Bars, 5 Fm. A xlOO objective was used to image 
results in panels (A) through (D), and a x63 objective was used for panels 
(E) and (F). A video tape showing these digests is available on request from 
the authors. (G) Graphical comparison of optical mapping results for Not I 
endonuclease restriction maps from S. cerevisiae chromosomal DNA 
molecules with published restriction maps (L & 0)  (10). Maps were 
constructed from length (Len), intensity (Int), or a combination of both 
(Corn). Bar lengths for the optical mapping data are proportional to the 
means plotted in Fig. 1, and typical images are shown irl Fig. 2. 

ed with Not I (4). These images clearly remained essentially fixed. Molecules in predicted by polymer reptational theory 
show progressive digestion by the appear- this size range can form disproportionately (Figs. 2, A to F, and 3). These molecular 
ance of growing gaps in the fixed molecules. large balls at parental molecule ends. Frag- characteristics were conserved regardless of 
From such data, the order of fragments was ment relaxation motions at cut sites were molecular size and the number of cut sites. 
determined by inspection of time-lapse im- generally observed to retrace the original Fragments, approximately less than 90 kb, 
ages obtained every 20 s (5). Because ob- gel pores occupied by uncut molecules, as frequently relax completely to form balls as 
served molecules tend to move and can 
sometimes be confused with other mole- 

;is-bked mans. ~ h ;  third tvDe of reskiction 
maps ( ~ o m , ' ~ i ~ .  2G) combkes length- and 
intensity-derived data: small restriction 
fragments (<60 kb) were sized by length, 
whereas intensity measurements provide 
the remaining fragment sizes needed to 
complete the maps. 

Figure 2A shows images of a relatively 
small yeast chromosome (240 kb) that was 
elongated and fixed to roughly one-third of - - -  
its contour length. Because chromosomal 
DNA molecules less than 350 kb relax 
quickly in molten agarose, they were 
trapped in an extended form at lower tem- 
peratures to hasten gelation. Note that 
molecular relaxation processes produced a 
gap and formed balls at the cut fragment 
ends, whereas the parental molecule ends 
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Fig. 3. (A) Fluorescence microscopy images of S. cerevisiae chromosome 9 DNA molecules 
stained with DAPl and embedded in agarose gel during Csp I restriction endonuclease cleavage 
and corresponding restriction maps. Chromosomal DNA molecules were digested and analyzed as 
in Fig. 2. lmages show evolution of restriction digestion, with arrows highlighting cut sites, at 180, 
360, 480, and 720 s. Bar, 5 ~ m .  (B) Optical mapping results from Rsr II and Csp I endonuclease 
restriction digest of S. cerevisiae chromosomes 3, 9, and 11. Maps were constructed from fully cut 
length (Len) and intensity (Int) data and from pulsed-field gel electrophoresis (PFGE). Bar lengths 
are proportional to the calculated means (12). Rsr II and Csp I are isoschizomers. 
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shown in Figs. 2 ,  B, C,  and F, and 3. 
Restriction digestion results that vary in 
fragment number, size, and order can be 
used to readily characterize a mixture of 
similarly sized but different molecules. Fig- 
ure 2, C and D, and Fig. 2, E and F, show 
results obtained from two such chromosom- 
al mixtures. In the first example, a small 
distal restriction fragment on chromosome 
5 (Fig. 2C) serves to differentiate it from 
chromosome 8. The second example (Fig. 
2 ,  E and F) shows that a single cut can 
differentiate similarly sized molecules, given 
sufficient resolution. These shear-sensitive. 
megabase-sized DNA molecules were 
mounted with minor breakage and mapped 
by means of a lower power ( ~ 6 3  as com- 
Dared with x 100) microsco~e obiective. . * 

Figure 3 shows an ordered restriction 
map (and corresponding fluorescence mi- 
crographs) created from a Csp I digestion of 
chromosome 9 by optical mapping as com- 
pared to maps created by pulsed-field gel 
electrophoresis (PFGE) and hybridization 
with a series of genetically mapped se- 
quences. Chromosomes 3 and 11 are as 
described (1 2). To avoid possible prejudi- 
cial selection and processing of image data, 
we first made the optical maps and then 
checked them with electrophoretically de- 
rived data. The overall agreement between 
the optical and pulsed electrophoresis maps 
is excellent, with the exception of the 
chromosome 9, 82-kb Csp I restriction frag- 
ment. This discrepancy may stem from 
mounting conditions, since chromosome 9 
(Fig. 3A) was highly elongated (50%). 
Such molecules appear tautly stretched and 
exhibit less pooling of coil segments along 
their length. Although this degree of elon- 
gation can reduce image contrast, detection 
of small restriction fragments was enhanced 
so that a small 20-kb-sized fragment was 
clearly delineated (Fig. 3A, panel 4). 

Large-scale maps are rarely made with- 
out error. Maps created by optical mapping 
mav contain errors that stem from incorrect 
fragment number determination or the stat- 
ed limits on precision of our fragment-sizing 
methods. DNAs that have nearly symmet- 
ric maps cannot be optimally averaged to 
improve resolution unless one end is iden- 
tified, so that map polarity must be estab- 
lished through ancillarv means. Given our 
levels of sizinYg precisioi, we believe that we 
probably do not consistently detect frag- 
ments below 30 kb, similar to the level of 
map resolution achieved by Link and Olson 
(10). 

Optical mapping could be extended to 
mammalian genomes by technical advances 
that permit the detection and quantitation 
of restriction fragments (500 to 10,000 bp) 
generated by frequent-cutting enzymes. 0 r -  
dered contigs of well-characterized frag- 
ments could then be constructed from high- 

resolution, ordered restriction maps created 
from randomly sheared genomic DNA, per- 
haps 500 kb in size. YACs or cosmids could 
also be similarly analyzed and compared 
with the genomic map, to facilitate order- 
ing. Engineering advances in chamber de- 
sign, sample handling, image analysis, and 
informatics should make a high throughput 
methodology available that is capable of 
rapidly mapping entire genomes and, more 
importantly, extending knowledge of se- 
quence information to populations of indi- 
viduals rather than to a prototype of each 
organism (1 3). 
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overlay lmage was dllated f~ve t~mes to cover all 
foreground plxels For each plxel marked on the 
overlay a synthetic background value was calcu- 
lated as the we~ghted average of surrounding 
p~xels wlth a we~ght that decreased wlth dls- 
tance but was zero for all marked p~xels These 
values are Intended to approxlmate those whlch 
would have been measured had the DNA been 
absent The lntenslty of a particular DNA fragment 
was the sum of all plxels of the fragment mlnus the 
matchlng background plxels The area of the 
fragment was the orlglnal overlay dllated twlce 
Th~s process was repeated for each frame of raw 
data that had an overlay lmage excluding those 
w~th  poor focus lntenslty results were averaged 
for f~ve Images after a cut and the relat~ve slzes of 
the two fragments were calculated as xi(x + y) 
and yl(x + y) If fragment y later cuts lnto u and v 
then [y/(x + y)][u/(u + v)] IS used for the slze of u 
The resulting numbers constitute a slngle sample 
for the purposes of subsequent analysls 
The samples were averaged and the 90% confl- 
dence Interval on the mean was calculated by 
means of the t d~st r~but~on wlth n - 1 df and the 
sample SD Thls calculation 1s va l~d ~f the data 
represent random samples from a normal dlstrl- 
but~on There 1s a 90% chance that the populat~on 
mean falls w~thln the conf~dence Interval For 
chromosome I the reported confldence Interval 
was found by tak~ng the lower bound from the 
short fragments and the upper bound from the 
long fragments The 90% confldence Interval for 
the populat~on SD (Fig 1 Inset graphs) was 
calculated wlth the sample SD the number of 
samples and the X-square d~strlbutlon w~ th  n - 1 
df The m~dpo~nt  of th~s Interval was used to 
estlmate the populat~on SD The coeff~clent of 
varlatlon (CV) 1s the estimated populat~on SD 
dlvlded by the sample mean The pooled SD IS 

the square root of the average of the variances 
The relat~ve error 1s the difference between our 
value and the reported value d ~ v ~ d e d  by the 
reported value 
T M Roberts G D Lauer L C Klotz CRCCnt 
Rev B~ochem 3 349 (1975) P -G de Gennes 
Scal~ng Concepts ~n Polymer Physics (Cornell 
U n ~ v  Press lthaca 1979) D C Schwartz the- 
sls Columbla Un~verslty (1985) M Do1 and S F 
Edwards The Theory of Polymer Dynam~cs (Ox- 
ford U n ~ v  Press New York 1986) G Holzwarth 
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Erythrocyte P Antigen: Cellular Receptor for B 1 9 
Parvovirus 

Kevin E. Brown,* Stacie M. Anderson, Neal S. Young 
The pathogenic human parvovirus B19 replicates only in erythroid progenitor cells. This 
virus was shown to bind to blood-group P antigen, as measured by hemagglutination. 
Erythrocytes lacking P antigen were not agglutinated with 619. Purified P antigen (glo- 
boside) blocked the binding of the virus to erythroid cells and the infectivity of the virus in 
a hematopoietic colony assay. Target cells were protected from infection by preincubation 
with monoclonal antibody to globoside. Knowledge of a parvovirus receptor has implica- 
tions for understanding the pathogenesis of parvovirus infections and for the use of 
parvoviruses in gene therapy. 

T h e  only known pathogenic human par- anemia from persistent infection in immu- 
vovirus, B19 parvovirus, causes the com- nocompromised patients (3). Parvovirus in- 
mon illness fifth disease in normal individ- fection in pregnancy can lead to hydrops 
uals (I), transient aplastic crisis in patients fetalis and fetal loss (4) or congenital infec- 
with underlying hemolysis ( 2 ) ,  and chronic tion (5). In contrast to most viruses, B19 

parvovirus is tropic for one highly differen- 
Hematology Branch, National Heart, Lung and B I O O ~  tiated cell type, the human erythroid pro- 
Institute, Bethesda, MD 20892. genitor, and tropism might be mediated by 
*To whom correspondence should be addressed. a cellular receptor unique to cells of the 

erythroid lineage. Cellular receptors are 
known for influenza A, rabies, human im- 
munodeficiencv and E~stein-Barr viruses. as 
well as several of the picomaviruses (6), but 
none has been described for any of the 
Parvoviridae. 

Most parvoviruses can agglutinate eryth- 
rocytes, and the results of early attempts to 
remove the hemagglutinin of rodent parvo- 
viruses from guinea pig erythrocytes by 
chemical methods or neuraminidase sug- 
gested that binding might be mediated by a 
glycolipid (7). Enzymatic treatment of tar- 
get cells in binding assays implicated sialic 
acid in the context of a glycoprotein for the 
hemagglutination of feline panleukopenia 
virus (8) and the cellular binding of minute 
virus of mice, a rodent parvovirus (9). 
These results all suggest the importance of 
carbohydrate antigens for parvovirus bind- 
ing. However, the precise nature of the 
receptor is not known for any of these 
viruses. 

We have shown that B19 parvovirus 
empty capsids (1 0) agglutinated human red 
cells (I I ) ,  and we tested the ability of 
membrane extracts from different cell types 
to block B19 binding. Membrane extracts 
were prepared by means of 10 mM CHAPS 
to solubilize proteins and lipids. Extracts 
from human erythrocyte ghosts (12) or cells 
permissive for B19 parvovirus [human bone 
marrow and UT-7 leukemic cells (13)l 

\ ,. 
blocked hemagglutination. In contrast, ex- 
tracts from K562. HL-60. and HeLa cells. 
which are not permissive for the virus, did 
not block binding. 

Trypsin (0.2%; 1 hour at 37OC) and 
rreuraminidase (0.1 U ml-'; 1 hour -at 
37°C) each increased binding (a 4 log, and 
a 3 log, increase in hemagglutination (HA) 
titer, respectively), suggesting that protein 
and sialic acid were not involved and ,that 
modification of the red cell membrane by 
these agents might expose binding sites. 
Treatment with sodium periodate (10 mM; 
15 min at 37OC) markedly reduced the 
binding of virus to erythrocytes [>4  log, 
decrease in H A  titer (5 pM sodium perio- 
date treatment overnight did not reduce 
binding)], implicating carbohydrates other 
than sialic acid. Phosphoinositol-specific 
phospholipase C and reducing agetiis did 
not affect binding. 

Human erythrocyte ghosts (12) were 
then treated with CHAPS, the solubilized 
extract was incubated with agarose-immo- 
bilized enzymes overnight at 37OC, and the 
supernatant was tested in the hemaggluti- 
nation inhibition assay (1 1). Pretreatment 
of red cell extract with immobilized phos- 
pholipase A, removed activity completely, 
whereas treatment with immobilized prote- 
ases had no significant effect. These results 
suggest that the inhibitor was either a lipid 
or that a lipid was important in maintaining 
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