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" ABSTRACT .

Isolated Chinese hamster chromosomes haﬁe been analyzed
using a multiparameter computer-controlled cell sorter
(MACCS) to obtain information about unique properties
of.individual chromosomes. Pafamctcrs other than DNA
content wére sought that would further «id in distinguish-
ing among chromosomes. The polarized emission of

Hoechst 3334é was measured for cach class of chromosomes
identificd by a distinct peak. The emission anisotropy
Qalues for every chroﬁosome class was a constant (EA = 0.30)
with chromosome size and DNA content. Pulse width was
_found to be a good parameter for resolving chromosomes,

presumably according to arm length.



IiiTRODUCTION

ﬁetaphase éhromosomes are most often described by their
arm lenéth, area,-DNA content, and banding patterns. Because
it is important to bg able to rapidly and accurately classify
chronosomes into their d{fferent classcs, the automated measuroe-
ment of these parameters as well as others is being pursued
from several directions (5,10,13). One téchnique is flow
system measurcment and flow sorting (8,12,23). DNA confent
has been the chromosome parameter mgasurcd in flow systems to
date. Species such as Indian muntjac that have a low diploid
" pumber (2n = 7) can be completely characterized using this one
paraﬁeter. A;good correlation between the peaks in the DJUA
distribution and the chromosomes of the karfotype can be made
(7). - Morc complex karyotypes can not be uniquely de;crjbcd using
the flow system on the basis of DNA content alone. For these
cases, additional parameters mecasured in combination with DNA
content have been investigated. We report here the first
appiication of two analytical techniques for analyzing individual
chronosomes in a flow system; the emission of polarized light
from chromosomes stained with the dye Hoechst 33342 and pulse
width analysis of the same chromosomes. These mecasurements were
made using a multiparameter computer controlled cell sorter (MACCS).

When using thg well polarized light of a laser for excitation,
as is done in most flow cytomecters, those chromophores with
dipoles most favorably orientcd with respect to the polarization
‘of the lascr beam will be prefercntially excited. Likewise the
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-fluorescent emission will be polarizeu but is not usually
analyzed. The molecular motion of the fluoresccnt molecule in
its binding site during the lifetime of the fluorcscent state
9111 depolarizé the emission. Emission anisotropy is a measure
of the depolarization and‘thereforc is a function of these
parameters. Emission anisotropy (EA) is measured by quant-
1tatin§ tﬁe fluorescent intensitics polarized parallel (Ill)
and perpendicular (Il') to the plane of polarized incident
. light. The EA is calculated from these mcasurements‘on a per
cell basis uéing the relation: EA = (I" _IL )/(I“+ 21, ),
(ref. 14). Any prefered orientation of the dye moleccules in
an iéotropic system such as cxist§ with oriented chromosomes
will also affect the intensity of fluorescence in one plane of
. emission or. the other. Basu (6) has recently measured the
. fluorescence polarization of aligned,'acridine orange stained
Chinese hamster chromosomes in a static system and reports a
small bht negative (-8%) polarization of fluorescence. This
result indicates that when a fluorescent planer molecule is made
to ;tack between the DNA base pairs, 5 non-random orientation
6f the base pairs within the chromosome can be.detected.
Oriéntation has not been of con:-rn in previous work with polar-
ized emission aleasurements in fliw systems as only isbtropic
situations suéh as cells have becn examined (3,11,18,20).

YThe measurement of chromosome arm length has been vigorously
pursued for maﬁf yecars using sophisticated optical techniques (5)
cqmbined with complexlnormalization protocols (17). The

importqnce of this paramcter for resblving the human karyotype



- 1s'qu1ck1y realized from a two parametcr plot of centromeric
index (ratio of the large arm to total length) verses DNA
content (19). Thus it would be extremely import#nt, for the
automated resolution of the human karyotype, tc be able to
sinply avoid the problems of measuring chromosome curvature
and detecting obscured chromatid tips. These problems can
be avoided by aligning chromosomes in a flow strecam and measuring
the time duration of the fluorescent signal as the chromosome
passes through a beam of exciting light. Conscquently, we have

* undertaken a theoretical and experiﬂhéal study of pulﬁe shapes
vwhich can be expected for_stained chromosomes in suspension

traversing a focused Gaussian laser beam.



MATERIAL AND METHODS

-
- .

Chromosome Preparation

-Chromosomes were preparcd from a clonal derivative (650A)
of M3-1l male Chinese hamster cclls kindly provided by
Dr. A. V. Carrano, Lawrence Livermore Laboratory. An initial
hypotonic KCl (75 pM) swelling of the cells (described by Gray
et al.(12)) was used as a modification of the Pipes-hexylcne
glycol chromosome isolation buffer originally described by Wray
" and Stubbelfield (25). One milliter of cells (about 5x10° cells)
suspended in isolation buffer was sheared for 15 to 30 scconds
. in a "Virtis 45" homogenizer run a£ half speed. Homogenization
time was dgtermined by monitoring the appearance Qf stretched
chroriosomes and intact nuclei. The final suspension contai:..cd

8 chromosomes/ml and was stored frozen (-70° C) in

' about 10
isolation buffer. For flow systena analysis the chromosomes were
thawed, diluted with an equal volume of isolation buffer and
stained with a sufficient volume of 1 mM Hoechst 33342 (a bis-
benzizadazole dye available from Hoechst AG, Frankfurt, W.
Germany) to give a final dye concentrat.ion of 10 pM (1).

Flow Svstem and Optical Features

The general features of MACCS have been de§cribcd previously
(2,14,17). A Spectra-Physics model i?l argon ilon laser equiped
with ultraviolet transmitting optics was used as an excitation
source. Excitation was with the combined 351 and 364 nm lines.
Emission was filtered using a 4.8 nm cutoff filter (Schott KV
118). The split mirror previously used to direct emission to two

_ independent phctomultiplicrs has been replaced by a single front
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- surface mirror that {n combination.with a collecting lens
_yields a single emission beam which is éiocessed through a beam
splitting polarizer (9). A Soleil Babinet compensator (Halle,
Berlin) set at \ /2 retardation was used to rotate the laser
beam through any desircd angle. When the plane of polarization
of the exciting beam is made to coincide with the plane of
observation (horizontal), the parallel and perpendicular emission
1ntensi£ies will be equal (14). The two photomultiplief outputs

. were balanced under this condition on sigégls from 1.75 pm
fluorescent polystyrene microspheres (Polysciences, Warington,
PA) or 70% ethanol fixed Chinese hamster spinner cells (SC-1)
stained with 2 P Hoechst 33342,

Sbme data were acquired using a correlated data acquisition

. program. This program allows one to collect multiparameter

. data in a correlated fashion in core memory such that data
reprocessing and/or manipulation can be performed subsequent
to collection. Such a procedure eliminates the requircment for
accurate balancing if reéords at both horizontal and vertical
excitation are taken. The exciting chtor was restored to
.vertical for the actual measurement of anisotropy. Real time
pulse-height analysis wer= performéd by software-implemented

algorithims.

Pulse-width Analysis

Our pulse width analysis circuit (sometimes refered to as
time of flight) uses a fixed threshold method of measurement (22).

Tﬁe threshold level can be changed for the particular experiment

L 4
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and vas set at about 2%t of the parallel pecak emission for the
exéeriments described below. : > |

The theoretical basis for the pulse shape aﬁalysis corres-
ponding to a variety of particle geometries will be presented
elsevhere (T.M.J. in.preparation). We restrict ourselves here
to the formalism applicable to chromosome measurements.

In general, fluorescent structures with finite dimensions
gencrazte signals which are no longér Gaussian but represent the
~ spatiotemporal convolution of the particle geometry with the
" laser beam. Numerous publications deal with the problem of
extracting size information from pulse width measurements
. especially with respeét to amplitude—independent estimators
(9,16,22,24). We have adopted a procedure which utilizes the
combined parameters of peak height (Pﬁ), integrated peak
. intensity (bA), and pulse width (PW) measured between tﬁe trans-
ition points of the signal with a fixed threshold discriminator.
These parameters are measured simultaneously for each particle
and are digitizéd and acquired by computer for real-time or if
desired subsequent proéessing (2). In our instrument, the gains
for the peak detector, signal integrator, and time-to-amplitude
converter as well as the threshold level are independently
adjustable and can be set and/or interrogated by the computer.

The laser intensity profile can be represented by the

norn.al probapility density function |
| ¢(c) = 1 e-mz/2 S (1)
e

wvhere a-is the distance 4@ from the beam center normalized to
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the standard deviation ¢ of the distribution (a = d/0).
" See figure 1. o is related to the fécuséd laser spot radius Fig.
w, according to the expressions:

0 =-u /2 : (2)
w,= fl[nw - ’

where £ is the focal length of the focusing mirror (15), X is
the excitation wavelength, and w 1is the radius of the laser
beam at the 1/e2 intensity point. 1In our system w = O.8mm,

- A = 0.36 ym, £ = 49 mm, W, = 6.6 ym, and o = 3.3 um (we have as
yet not determined ¢ experimentally).

“The simplest possiblé representation of a chromosome is
that of thin rod of defined length and orientation in the flow
strean (figure 1). Four parameters define the system: 6 ,

" the aﬁgle of laser incidence within the stream (37° in our
" systenm (15)); & , the angle made by the chromosome to the flow
axis in the plane of incidence; B8 , the length L o the
chrorosome normalized to the beam parameter o( 8 = L/o °
and S , the separation bétween the centers of the rod ana ..e
Jaser beam normalized to o (a = $/0). Only a is considered to
be Fime-dependent

' & = v/o (3)

‘--where v is the flow velocity of the stream (and thus the rod).
The signal intensity ccorresponding to a set of values for

a,B,0,86 is given by

' B/2 .
. I(a,8:0,8) = aq J ¢(u) ay (4)
-8/2



" ' I(“, , 0, 8 = _g___ .ar 2] ¢ +8)) ~
i ‘ s ) ' c°s(e°;-8) ¢ (cos '+§ os (o )

d (0( Losa"-;.:?ﬂ_ IC.o-s (948\)]

where u = acosf + Ycos(é + 8§); vy is a distance integration

variable extending from the center of the rod to its end and
normalized to o : and @ is a constant including the factors:
laser intensity, fluorescenée per unit length of the rod and
unit excitation intensity, and overall systen.\ elect ptical

sensitivity. ® is the cumulative normal distrcibution function
3
d (x) = Igju—)dr - (5)
- 0

Other expressions represent the peak height (PH) (2chicved for

" @ = 0) and pulse area (PA) : -

Pn = T(o,B,0.8) =8 [29 (g em 09 =1) (o

€o5(0+%)
« _ _
PA = I-d = _dao~ + -m m) - d(m - Lo
. J e | pE e Blp) = m tm) - g )] o
-ct

(7)

where

P = & tos © +§_ cos (eoS-) and wm =t X Cos 0«13_:55(045)
A a

In our analysis we use the additional function

e X lo.n.o.85)
G (i £.6 5) T I(x, A, 06.5) 8

which represents the ratio of the peak height (PH) to the

intensity corresponding to the threshold level T.
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The experimentally determined variables are Pl (and thus

. ~G for a given value of T) and a which is given by 1/2 the
pulse width mcasured at the threchold level T and nermalized
to o . These parameters together with 9 and § uniquely
deternine the desired quantity B from which the rod (chromosome)
length can be calculated. The rcquired inversion of the function

" 6 (cqu. 8) is implemented in the computer either in rcal-time |
(look-up tables) or by routines operating on the stored
corrclated data. It is important to nnte that the analysis

. does not rcquire knowledgye of the instrumcnt'factof o and that
the derived value of @8 ié by definjition amplitude-independont.

The problems associated with the orientation angle § are delt

withlin figure 1 and in the text.
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‘ RESULTS AND DISCUS;S]'ON

The fluorecscence distribution of M3-1 Chin;se hamster
mcetaphace chromosomes stained with loechst 33342 (10 uM) is
shown in figure 2C. The pcaks correspond to particular Fig
chromosomes as shown by chromosome sorting and independent
abscrption measuremente (12). Peaks a and b were identificd as
consisting of large metacentrics, peaks ¢ and d medium meta-
centrics, e/f and g acrocentrics, h and i small metacentrics,
"with h alsc containing some small acrocentrics. The continuun
of counts undecrncath the peaks depends upon the rcsoluLiqn
of thc measuring syste.aa and the amount of fluorescent debris.

The cocefficient of variation (CV) of peaks b,c,d,g,h, and
i verec in the range oé 4.8 to 5.5% comparecd to a range of 2.2
"to 3.3% for the analysis system used by Gray et al. (12). As
a result peak ¢/f was not resolved into two peaks and had a
highcr CV (8%) as would be expected for two closely positioned
but unresolved peaks. Peak a has a higher CV because the tvo
number one hemologues have a 5% difference in DNA content. Under
the best of operating conditions we were sometimes able to obscrve
splitting of peak i into two components, as shown.

For cach pecak shown in figure 2C, the parallcl and perpen-
* diculur components of the fluorescence :mission‘wcrc measured
for cach individual chromosome. Both horizontal and vertical
polarized excitation were used to mecasurec the intensity of parallel
and perpcendicular fluorescence emission. For horizontal excita-

tion the emission intcnsity measured by both photomultipliecrss
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was cquivalent for each chromosnome clacs as jllustated in
figure 2A, top curve. FEven thouqgh the 6ﬁtput from the two
optical channcl:e had bheen adjusted to be the same ucing icotropic
bead: and cells, it was important to determine if all classes
of anicotropic chromn;omas had equivalent orthogonal emiscion
charactericstics, which they did. The plance of laser cexcitation
was rotated to vertical for emission anicctropy mecasurcements
vhercupon the perpéndicu]ar component dcecrcased Yy a factor of
aboul two and the gpoirallel component cstay:d about constant.
.The ratio of these two intcencities for cach chromosome class

is illustratcd by thce lower curve in figqure 2A. From the slopo
" 07 this curve and by correcting for numerical apcrthre cffects
(sce below) an emiscion anisotropy of 0.30 was calculated.

. Figurce 2B jillustrates the functional relationship between
the true (corrected) c¢mission anisotropy and the fluorecscent
intensity fer individual chromosomes. The interesting dot
distribution for the dimmest chromosomes graphically presents
the problems of discrete digitization one can encounter. 1In our
oriéinal measurements this problem resulted in incorrect lower
values of emission anisotropy for the smaller chromosomes. To
avoid such problems, thc emission anisotropy for each chromosonme
claés (peass of figurc 2C) was determined at several amplifier
gain secctings. 1In this way the cmission anisotropy of each
chromosome pcak could be checked at several points over a sult-~
able dynamic range. The cemission anisotropy for all chromosomes

was_detérmincd to be the same withln experimental error. The
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relatively narrow cmission anisotropy distribution jllustrated
in figurec 2D has a coefficicent of variation of 5.6% and a mean
valuc of 0.30. A projection of the dot f{requency of figure 2B
onto tlie ordinate indicatces that a good deal of the broadening
in figurc 2D ic due to the digitization problem discussed above.
Indeed the enission anitotropy dictributions for individual
chro:osonce (such as peaks a-g in figure 2C) werce much tighter
(CV = 3 - 4%). It is important to rcalize that the cmission

anicotropy dictribution is gencrally not so uniform for olther

" biological syitems (9,31,18,20).

The emission anisotrony of deproteinated DNA obtained from

Clostridium acicdurijci, Pscudononar: multivorans as well as CHO

chrorocones stainced with 10 pM Hoechst 23342 was measured in
a'statlic photomcier and was determined to be 0.30. The un-
corrcétcd MACCS cmission anisotroby value is about 10% low duc
to nunierjcal aperature error. When the correction (14) was
taken into account using the relationship
EA = (I, - I, )/(Ill + 1.6781; )

the static and flow system determinations of EA are identical.

Tae highest resolution DNA chromosome distribution were
always cbtaincd using the nérrowest particle stream possible.

Using such a narrow stream to give as much alignment of the

' asymmetric chromosomes as could be abtained, the time duration

of the fluoresce : signal of each chromosome was measurcd,
figurc 3B. Six distinct peaks were Lypically resolved with the

first pcak (channcl 70) somatiﬁes being more complctely

Fig.
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resolved. An elcctronic window was set on each pecak and the
) _corresponding fluorescence distribution hcésurcd. The gated
.fluoresccnce distributions are‘shown in figure 3Dland 3E.
Because the data in figure 3A,B,D, and E were collected
simultancously, peak:positions from figures 3A were used to
identify the fluorescent peaks obtained from the gated pulse
width (PW) distributions, fiqurcs 3D and 3E. The results are
as follows: pcak 1 and I correlate, pecak 2 and peak H
correclate, the main pcak of 3 and G, the small shoulder of 3
and ¥, peak 4 which is similiar in appecarance to 3 corrcluﬁes
with E and D, peak 5 and C, and peak 6 irncludes pcaks A and B.
A rcpcat measurcment (figure 3C) gave better resolution so that
the fluorcscénéc distribution associated with each of the first
t*o pecaks could be analyzed scpar9te1y. Two DNA pcaks werce
. tesolycd and are shown ;uperimposed in figure 3F. The lower
intensity peak was in channel 19 with a standard deviation of
1.2 and the higher intensity peak was in cﬁannel 22 with a
standard dcviation-of 1.5. In these two cases, PW mecasurcments
weré able to resolve chromosome populatjons that were not
resolved by DNA fluorescence.

Pulse width measurements are dependent on the relative size
of the particle being analyzed, the laser beam dimensions, and
the threshold setting that determines the start and stop pulse
for the circuit. The question arises as to what cffect the
peak pulse height has on the width of the pulse at the height
of the discriminator level. Tyo experimental results argue for

the fact that the measurements are for the most part pcak height
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iindependcnt. The two chromosome pairs comprising peak I
(figure 3A) have the same fluorescence ihtensity (same peak
height) yet different PW valucs. Secondly, the number one
and nunber two chromosomes (peak A and B) have grcecatly
differcent fluorescent intensitics but the same PW distribution.

A further understanding of pulsce width analysis for
chromosomes is found in figures 4A and 4B which compares Fig. 4
the experimental énd theorctical dependence of PW on fluorescent
intensity. Theory (sce materials and methods) is shown to agrecce
well with the experimental distribution. The gcometry of |
MACCS is such that chromosomc orientations 2 and 3 (figurc 1)
give different theoretical curves. Four chromosome alignments
wvere used to célculate the curves shown in figurc 4A. ¥For
6‘= 1'450 the orientation is clear from figure 1, the additional
. anglec of § = +45° is the situation resulting from chroimmosomes
tilting in a direction orthogonal to the direction of the laser
beam. A chromosome in position 2 ( § = +45°) would be experted
to have a minimum a (normalized pulse width) since it is almost
parﬁllel to the direction of the laser beam. A comparison of
frames A and B demonstrates that for § = +45° the calculated
value of a platecaus at the high fluorescent intensities. The
data points (frame B) also appear to be defining a minimal value.
No data points are found bclow the cmerging curve in‘framc B.

For chromosome peaks a, b, and ¢ (corresponding to a valuc
of G or 'ratio' > 22) the calcuiatéd range of Pw:valﬁcs incrcases
if chroﬁosomc alignment is not perfect. One woul& thercfore

eﬁpect to sce a sprecading in the distribution of data points in
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figure 4B for the region corresponding to the largest chromosoies
if their alignment along the direction of flow is not perfect.
This situation can he observed in fiqurce 4B. Thé distribution
of dots in fiqure 4B corresponding to chromosomes a,b, and ¢
indicates that there are proportionally fewer events clsoc to
the minimal value for thesc larger chromosomes than is the
casé for smaller chromosomes. This p;eliminary interprectation
indicates that not all of the larger chromosomes align as well
~&s originally expected. The calculated function (figure 4A)
" indjicates, as is logical, that the alignment of smaller
chromosomes is not cruciai and this is confirmed by the tight
clustering of data points associated with the smaller chromosomes.
in figure 3D, gated distribution numnber 6 cncompasscs
chroqosome peaks a,b, and a numbecr of counts below channel 128.
'The uncxpected portion of the distribvtion (below channel 158)
.can be interprcted from fiqgures 4B and 4C. A pfojectjon of the
last peak of fiqure 4D onto figure 4B defines a horizontal slice
that includes é number of counts having low fiuoreséence intepsity.
This explains why the fluorcséence profile gated on the last PW
peak has the distribution that it does. It is postulated that
these }ow fluorescence counts arise from a few small chromosomes

that are stretched in the isolation procecdure.



19.
.CONCLUSIONS

Three indcpendent but related measurcments were made on
Chincsc-hamstcr chromosomes; DNA content, cmission anisotropy,
and pulse width. The first and last parameters wlhien measurced
simultancously can resolve a grcater number of chromosomes than
either parameter by itself. The cmissioh anisotropies for cach
defincable chromosome pcak were also measured and determined to
‘be the same (EA = 0.30). The fact that the emission anisotropy
" was constant for all chromosomes indicates that the molecular
mobility (averaged over all dyec molecules on one chromosonme) ié
the same for all chromosome classes. The invariant emission
anisotropy also indicates that there is no preferential dye

binding orientation. | '

Pulse width mcasurements, while not a direct measure of
chromosome arm length, give information related to the hydro-
dynamic length of the chromosome. This measured length will
depend on fluorochrome base specificity only if base pair rich
-regions occur at the tip »f a chromosome. The relationship
that cxists between a given chromosome fluorescence intensity
and its PW, using a fixed threshold, was measured and found to
agree with a thedretical model whiph also .takes into account the
' degree of chromosome orientation. The suprisingly good pulse

width resolutjion provides further chromosome fine structurec.
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FIGURE LEGENDS

Figure 1. Chromosome and laser becam orientations hscd
for pulse shape analysis calculations. The liqﬁid stream is
in air and contains chromosomes (long rods) with varioﬁs
- alignments rclativé to the laser beam which is shown as a
dotted line in air and a solid line within the strecam. Sce

text for a definition of symbols and explanation.

Figure 2. Correlated fluorescence and emission anisotropy
“data for 10 uM Hoechst 33342 stained Chinese hamster M3-1

- metaphase chromosomes. (A) Parallel (abcissa) and perpepdicular
(ordinate) cemission intensities using two orientations of polar-
izcd laser excitation. For horizontal excitation (900, top
line), the electric vector is orthogonal to the pa;allel and
-perpcadicular planes of observation. Using isotropic beads and
-cells the values for III and IJ_ were adjusted £o be eqﬁal. The
range of values is the same for both axes. Upon vertical
excitation (0%, bottom line) the parallel component increased
rélative to the perpendicular component which is an indication
-of polarized emission. Each dot represents the correlated valucs .
of the intensities measured by the two photomultipliers. (B)
Emission anisotropy (ordinate) for each chromosome v rscs the
correlated fluoreécent intensity ( I] component)-of the
chromnsome. Full scale on the ordinate is 0.4, the thecoretical
maximum EA. (é) Fluorescence pulse height distribupidn (il
enission component) of so{ooo chromosomes where éach peak corr-
espénds to onc or more metaphase chrgmosomeé. No smoothing

functions were applied and all available digitization (9 bit

resolution = 512 channels) of the data was used. Pcak
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identification ha; been confirmed by flow sorting (4,12).
-(D) Erission anisotropy for all chromosomes. The abcissa is
given in uaits of true EA; ie, a numerical aperaturc correction
was made (sce text). The four frames are oriented as shown
to aid interprctation. The abcissa of frames A, B, and C are
all ecuivalent so a vertical comparicon can be mude. Likewise
the abcissa of frame D is the same as the ordinate of frame B-
both axes are EA and have the same scale. The two dimensional
information in frame B can be viewed as two, one dimensional
plots as shown in frames C and D. Frames A and B include only
" 800 d;ta-points to maintain the clarity of detail for obser-
vation. With all 50,000 events displayed the pattern is the

same but some of the detail shown here is lost.

Figure 3. Frequcency distribution histograms for Chincse
hamster M3-1 chromosomes stained with Hoechst 33342. (A)
Fluorescence distribution. (B) Fluorescence pulse width
distribution. (C) Fluorescence pulse width distvibution ruvn
-under conditions of improved resolution. (D and E) Superimposed
flvorescence distributions associated with each pulse width
distribution shown in frame B. (F) Superimposed fluorescence
distrabutions associated with the ¥ight and lecft components of
peaﬁ 1 shown in frame C. The PW windows were placed at about
15% of peak height or at the channel corresponding to the
minimum value between cach peak. The gated distributions in D
were mcasured independcently so the relative arcas are not

FYs

gignificant.
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Figure 4. Corrclated flﬁorescencc and pulse width

" (PW) data for the same chromosome data sct illustrated in
figure 2. (A; Calculated PW f nction, alpha ((pulse widLh/2)/ o)
on the ordinate, versus the ratio (G) of chromocome péak
intensity to threshold (abcissa) for four chromosome
orientitions. From the top; ¢ = -450, 6 = O°, 6 = +45o but
in the plane orthogonal to £he laser direction, and & = +45°,
sec figure 1. An 11 um chromosome (chromcsome numbLer 1) would
have a ratio cf 47. (B) Two dimensional dot plot of correlated
PW (ordinate) and fluorescent: intensity (abcisca) for individual

" chronosomes. (C) Fluorescence pulse height di_tribution of
50,000 chromosomes, scme as used in figure 2C. (D) Pulse width
frequency distribution of chromocomes illustrated in frame C.
The threshold for the PW gating was set at 2% of full scalc of
fhe charnel neasuring parallel emissicn intensity. Velues for
the abcissa were calculated based on a flow rate of 12.3 microns/
psec and a value of o for the focused lacser bcam of 3.3 um.
Th2 abcissa of frames A, B, and C are scaled the samc The
ordinate of frame B (pulse width) is the same .s the abcissa of
frame D. The data in frames B, C, and D are all from onec
corrclated data set of 50,000 chromosomes which is also thc same
data set used in figure 2. An explanation of the two dimcnsional
dot plot (B) and its relation to the data shown Zn (C) and (D)

is included in the legend of figure 2.
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