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(57) ABSTRACT 

The invention relates to a set of combinatorially labeled 
oligonucleotide probes each member thereof: having a 
predetermined label distinguishable from the label of any 
other member of said set, and (ii) being capable of speci? 
cally hybridizing With a predetermined chromosome or 
nucleic acid molecule, and to the use of such molecules, 
alone or in concert With nucleic acid ampli?cation methods. 
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MULTIPARAMETRIC FLUORESCENCE IN SITU 
HYBRIDIZATION 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application is a continuation-in-part of US. 
patent application Ser. No. 08/640,657 (?led May 1, 1996), 
Which is a continuation in part of US. patent application Ser. 
No. 08/580,717 (?led Dec. 29, 1995), Which is a continua 
tion in part of US. patent application Ser. No. 08/577,622 
(?led Dec. 22, 1995), all of Which applications are herein 
incorporated by reference in their entirety. 

FIELD OF THE INVENTION 

[0002] The present invention relates to nucleic acid chem 
istry, and more speci?cally to reagents and methods for 
accomplishing multiplex image analysis of chromosomes 
and chromosomal fragments. The invention may be used to 
diagnose chromosomal abnormalities, infectious agents, etc. 
This invention Was made in part using Government funds. 
The Government has certain rights in this invention. 

BACKGROUND OF THE INVENTION 

[0003] The determination of the presence and condition of 
chromosomes and chromosomal fragments in a biological 
sample is of immense importance in the diagnosis of disease. 
Traditionally, such determinations have been done manually 
by inspecting metaphase chromosomal preparations that 
have been treated With specialized stains to reveal charac 
teristic banding patterns. Unfortunately, the interpretation of 
such banding patterns requires substantial skill and is tech 
nically difficult. Hence, alternate methods of analyZing 
chromosomal presence and arrangement have been sought. 

[0004] One alternative approach to the problem of chro 
mosome identi?cation has involved the use of labeled chro 
mosome-speci?c oligonucleotide probes to label repetitive 
sequences of interphase chromosomes (Cremer, T. et al., 
Hum. Genet. 74:346-352 (1986); Cremer, T. et al., Exper. 
Cell Res. 176:119-220 (1988)). Such methods have been 
shoWn to be useful in the prenatal diagnosis of DoWn’s 
Syndrome, as Well as in the detection of chromosomal 
abnormalities associated With tumor cell lines. Chromo 
some-speci?c probes of repetitive DNA that localiZe to 
discrete sub-regions of a chromosome are, hoWever, unsuit 
able for analyses of many types of chromosomal abnormali 
ties (e.g., translocations or deletions). 

[0005] Ward, D. C. et al. (PCT Application WO/05789, 
herein incorporated by reference) discloses a chromosomal 
in situ suppression (“CISS”) hybridiZation method for spe 
ci?cally labeling selected mammalian chromosomes in a 
manner that permits the recognition of chromosomal aber 
rations. In that method, sample DNA is denatured and 
permitted to hybridiZe With a mixture of ?uorescently 
labeled chromosome-speci?c probes having high genetic 
complexity and unlabeled non-speci?c competitor probes. 
Chromosomal images Were obtained as described by Man 
uelidis, L. et al. (Chromosoma 96:397-410 (1988), herein 
incorporated by reference). The method provides a rapid and 
highly speci?c assessment of individual mammalian chro 
mosomes. The method permits, by judicious selection of 
appropriate probes and/or labels, the visualiZation of sub 
regions of some or all of the chromosomes in a preparation. 
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For example, by using more than one probe, each speci?c for 
a sub-region of a target chromosome, the method permits the 
simultaneous analysis of several sub-regions on that chro 
mosome. The number of available ?uorophores limits the 
number of chromosomes or chromosomal sub-regions that 
can be simultaneously visualiZed. 

[0006] As described in PCT Application WO/05789, a 
“combinatorial” variation of the CISS method can be 
employed. In the simplest case, tWo ?uors permit three 
different chromosomes or chromosomal sub-regions to be 
simultaneously visualiZed. In this variation, a hybridiZation 
probe mixture is made from a single set of probe sequences 
composed of tWo halves, each separately labeled With a 
different ?uorophore. Upon hybridiZation, the tWo ?uoro 
phores produce a third ?uorescence signal that is optically 
distinguishable from the color of the individual ?uoro 
phores. Extension of this approach to Boolean combinations 
of n ?uorophores permits the labeling of 2“-1 chromosomes. 

[0007] Ried, T. et al. (Proc. Natl. Acad. Sci. (USA) 
89:1388-1392 (1992), herein incorporated by reference) 
describes the use of an epi-?uorescent microscope equipped 
With a digital imaging camera and computer softWare to 
“pseudocolor” the ?uorescence patterns obtained from 
simultaneous in situ hybridiZation With seven probes using 
three ?uorophores. The use of Wavelength-selective ?lters 
alloWs one to isolate and collect separate gray scale images 
of each ?uorophore. These images can be subsequently 
merged via appropriate softWare. The sensitivity and linear 
ity of CCD cameras surmounts the technical dif?culties 
inherent in color ?lm-based photomicroscopy. 

[0008] Although such efforts have increased the number of 
chromosomes that can be simultaneously detected and ana 
lyZed using in situ hybridiZation methods, it Would be highly 
desirable to de?ne a set of ?uorophores having distinguish 
able emission spectra to permit the simultaneous detection 
and analysis of large numbers of different chromosomes and 
chromosomal sub-regions. The present invention provides 
such reagents as Well as methods and apparatus for their use. 

SUMMARY OF THE INVENTION 

[0009] The invention concerns reagents and methods for 
combinatorial labeling of nucleic acid probes suf?cient to 
permit the visualiZation and simultaneous identi?cation of 
all 22 autosomal human chromosomes and the human X and 
Y chromosomes, or de?ned sub-regions thereof. Such spe 
ci?c labeling of entire chromosomes or de?ned sub-regions 
thereof is referred to as “painting.” The invention further 
concerns reagents and methods for combinatorial labeling of 
nucleic acid probes suf?cient to permit the characteriZation 
of bacteria, viruses and/or loWer eukaryotes that may be 
present in a clinical or non-clinical preparation. 

[0010] In detail, the invention concerns a set of combina 
torially labeled oligonucleotide probes comprised of a ?rst 
and a second subset of probes, Wherein: 

[0011] (A) each member of the ?rst subset of probes 
comprises a plurality of an oligonucleotide: being 
linked or coupled to a predetermined label distin 
guishable from the label of any other member of the 
?rst or second subsets of probes, and (ii) being 
capable of speci?cally hybridiZing With one prede 
termined autosomal or sex chromosome of a human 

karyotype; 
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[0012] the ?rst subset of probes set having suf?cient 
members to be capable of speci?cally hybridizing 
each autosomal or seX chromosome of the human 
karyotype to at least one member, and 

[0013] (B) each member of the second subset of 
probes comprises a plurality of an oligonucleotide: 
(i) being linked or coupled to a predetermined label 
distinguishable from the label of any other member 
of the ?rst or second subset, and (ii) being capable of 
speci?cally hybridiZing With one extra-chromosomal 
polynucleotide copy of a predetermined region of an 
autosomal or seX chromosome of the human karyo 
type. 

[0014] The invention further concerns a set of combina 
torially labeled oligonucleotide probes comprised of a ?rst 
subset of genotypic probes and a second subset of pheno 
typic probes, Wherein: 

[0015] (A) each member of the ?rst subset of geno 
typic probes comprises a plurality of an oligonucle 
otide: being linked or coupled to a predetermined 
label distinguishable from the label of any other 
member of the ?rst or second subsets of probes, and 
(ii) being capable of speci?cally hybridiZing With a 
region of a nucleic acid of a preselected bacterium, 
virus or loWer eukaryote; 

[0016] the ?rst subset of probes set having suf?cient 
members to be capable of distinguishing the prese 
lected bacterium, virus, or loWer eukaryote from 
other bacteria, viruses, or loWer eukaryotes; and 

[0017] (B) each member of the second subset of 
phenotypic probes comprises a plurality of an oli 
gonucleotide: being linked or coupled to a pre 
determined label distinguishable from the label of 
any other member of the ?rst or second subset, and 
(ii) being capable of speci?cally hybridiZing With a 
predetermined polynucleotide region of the chromo 
some of the preselected bacterium, virus, or loWer 
eukaryote, or an extra-chromosomal copy thereof so 
as to permit the determination of Whether the prese 
lected bacterium, virus, or loWer eukaryote exhibits 
a preselected phenotype. 

[0018] The invention additionally concerns a method of 
simultaneously identifying and distinguishing the individual 
autosomal and seX chromosomes of a human karyotype 
Which comprises the steps: 

[0019] (I) contacting a preparation of the chromo 
somes, in single-stranded form, under conditions 
suf?cient to permit nucleic acid hybridiZation to 
occur With a set of combinatorially labeled oligo 
nucleotide probes comprised of a ?rst and a second 
subset of probes, Wherein: 

[0020] (A) each member of the ?rst subset of 
probes comprises a plurality of an oligonucle 
otide: being linked or coupled to a predeter 
mined label distinguishable from the label of any 
other member of the ?rst or second subsets of 
probes, and (ii) being capable of speci?cally 
hybridiZing With one predetermined autosomal or 
seX chromosome of a human karyotype; 
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[0021] the ?rst subset of probes set having suf? 
cient members to be capable of speci?cally 
hybridiZing each autosomal or seX chromosome of 
the human karyotype to at least one member; and 

[0022] (B) each member of the second subset of 
probes comprises a plurality of an oligonucle 
otide: being linked or coupled to a predeter 
mined label distinguishable from the label of any 
other member of the ?rst or second subset, and (ii) 
being capable of speci?cally hybridiZing With an a 
predetermined extra-chromosomal polynucleotide 
copy of a region of an autosomal or seX chromo 
some of the human karyotype. 

[0023] (II) for each chromosome of the preparation 
hybridiZed to a member of the ?rst subset of probes, 
detecting and identifying the predetermined label of 
that member and correlating the identity of the label 
of that member With the identity of the autosomal or 
seX chromosome of the human karyotype With Which 
that member speci?cally hybridiZes, to thereby iden 
tify the chromosome hybridiZed to the member, 

[0024] (III) repeating step (II) until each autosomal 
and seX chromosome of the human karyotype has 
been identi?ed in the preparation 

[0025] (IV) for each member of the second subset of 
probes hybridiZed to a predetermined eXtra-chromo 
somal polynucleotide copy of a region of an auto 
somal or seX chromosome detecting and identifying 
the predetermined label of that member and corre 
lating the identity of the label of that member With 
the identity of the region of the autosomal or seX 
chromosome of the human karyotype With Which 
that member speci?cally hybridiZes, to thereby iden 
tify the region of the autosomal or seX chromosome 
hybridiZed to the member; 

[0026] (V) repeating step (IV) for each member of 
the second subset of probes. 

[0027] The invention additionally concerns a method of 
simultaneously identifying and distinguishing a preselected 
bacterium, virus, or loWer eukaryote from other bacteria, 
viruses or loWer eukaryotes that may be present in a sample 
Which comprises the steps: 

[0028] (I) contacting a preparation suspected to con 
tain the preselected bacterium, virus, or loWer 
eukaryote, under conditions suf?cient to permit in 
situ nucleic acid hybridiZation to occur, With a set of 
combinatorially labeled oligonucleotide probes com 
prised of a ?rst subset of genotypic probes and a 
second subset of phenotypic probes, Wherein: 

[0029] (A) each member of the ?rst subset of 
genotypic probes comprises a plurality of an oli 
gonucleotide: being linked or coupled to a 
predetermined label distinguishable from the label 
of any other member of the ?rst or second subsets 
of probes, and (ii) being capable of speci?cally 
hybridiZing With a region of a nucleic acid of the 
preselected bacterium, virus or loWer eukaryote; 

[0030] the ?rst subset of probes set having suf? 
cient members to be capable of distinguishing the 
preselected bacterium, virus, or loWer eukaryote 
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from other bacteria, viruses, or loWer eukaryotes 
present in the preparation; and 

[0031] (B) each member of the second subset of 
probes comprises a plurality of an oligonucle 
otide: being linked or coupled to a predeter 
mined label distinguishable from the label of any 
other member of the ?rst or second subset, and (ii) 
being capable of speci?cally hybridiZing With a 
predetermined polynucleotide region of the 
nucleic acid of the preselected bacterium, virus, or 
loWer eukaryote, or an extra-chromosomal copy 
thereof so as to permit the determination of 
Whether the preselected bacterium, virus, or loWer 
eukaryote exhibits a preselected phenotype. 

[0032] (II) for each member of the ?rst subset of 
probes hybridiZed to a region of a chromosome of a 
preselected bacterium, virus or loWer eukaryote, 
detecting and identifying the predetermined label of 
that member and correlating the identity of the label 
of that member With the identity of the bacterium, 
virus or loWer eukaryote With Which that member 
speci?cally hybridiZes, to thereby identify the bac 
terium, virus or loWer eukaryote hybridiZed to the 
member; 

[0033] (III) repeating step (II) for each member of the 
?rst subset of probes; 

[0034] (IV) for each member of the second subset of 
probes hybridiZed to a predetermined polynucleotide 
region of the chromosome of the preselected bacte 
rium, virus, or loWer eukaryote, or an extra-chromo 
somal copy thereof, detecting and identifying the 
predetermined label of that member and correlating 
the identity of the label of that member With the 
identity of the predetermined region, to thereby 
identify the presence of the predetermined region on 
a chromosome of the preselected bacteria, virus or 
loWer eukaryote; 

[0035] (V) repeating step (IV) for each member of 
the second subset of probes. 

[0036] The invention particularly contemplates the 
embodiments in Which the members of the above sets of 
probes are detectably labeled With ?uorophores, and, 
Wherein at least one member of the set is combinatorially 
labeled With either one, tWo, three, four or ?ve ?uorophores 
selected from the group consisting of the ?uorophores FITC, 
Cy3, Cy3.5, CyS, Cy5 .5 and Cy7, and Wherein each member 
of the set is labeled With at least one ?uorophore selected 
from the ?uorophore group. 

[0037] The invention additionally provides a set of com 
binatorially labeled oligonucleotide probes, each member 
thereof: having a predetermined label distinguishable 
from the label of any other member of the set, and (ii) being 
capable of speci?cally hybridiZing With a telomeric region 
of one predetermined autosomal or sex chromosome of a 
human karyotype; the set having suf?cient members to be 
capable of speci?cally hybridiZing each autosomal or sex 
chromosome of the human karyotype to at least one member. 

[0038] The invention additionally provides a method of 
simultaneously identifying and distinguishing the individual 
autosomal and sex chromosomes of a human karyotype 
Which comprises the steps: 
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[0039] (a) contacting a preparation of the chromo 
somes, in single-stranded form, under conditions 
sufficient to permit nucleic acid hybridiZation to 
occur With a set of combinatorially labeled oligo 
nucleotide probes, each member thereof: having a 
predetermined label distinguishable from the label of 
any other member of the set, and (ii) being capable 
of speci?cally hybridiZing With a telomeric region of 
one predetermined autosomal or sex chromosome of 
a human karyotype; the set having suf?cient mem 
bers to be capable of speci?cally hybridiZing each 
autosomal or sex chromosome of the human karyo 
type to at least one member, Wherein the contacting 
thereby causes at least one of each autosomal or sex 
chromosome of the preparation to become hybrid 
iZed to at least one member of the set of probes; 

[0040] (b) for each chromosome of the preparation 
hybridiZed to a member of the set of probes, detect 
ing and identifying the predetermined label of that 
member and correlating the identity of the label of 
that member With the identity of the autosomal or sex 
chromosome of the human karyotype With Which 
that member speci?cally hybridiZes, to thereby iden 
tify the chromosome hybridiZed to the member, and 

[0041] (c) repeating step (b) until each autosomal and 
sex chromosome of the human karyotype has been 
identi?ed in the preparation. 

BRIEF DESCRIPTION OF THE FIGURES 

[0042] FIG. 1 provides a schematic illustration of a CCD 
camera and microscope employed in accordance With the 
present methods. 

[0043] FIG. 2 shoWs the raW data from a karyotypic 
analysis of chromosomes from a bone marroW patient 
(BM2486). Adjacent to each source image is a chromosome 
“mask” generated by the softWare program. In FIG. 2, 
panels A and B are the DAPI image and mask; panels C and 
D are FITC image and mask; panels E and F are Cy3 image 
and mask; panels G and H are Cy3.5 image and mask; panels 
I and J are Cy5 image and mask; and panels K and L are Cy7 
image and mask. 

[0044] FIGS. 3A and 3B shoW the identi?cation of indi 
vidual chromosomes by spectral signature of patient 
BM2486. FIG. 2 is the same photograph as FIG. 3A, except 
that it is gray scale pseudocolored. FIG. 3B displays the 
karyotypic array of the chromosomes. 

[0045] FIG. 4 shoWs the differentiation of bacteria by in 
situ hybridiZation. Panels A-E represent in situ hybridiZation 
assay results on a laboratory derived mixture of three 
bacteria nucleatum, A. actinomycetemcomitans and E. 
corrodens) using a mixture of genomic DNA probes for each 
organism. Panel A shoWs all the bacteria present in the 
microscope ?eld detected by (DAPI), a general DNA bind 
ing ?uorophore. Panel B shoWs E nucleatum using Cascade 
Blue detection. Panel C shoWs A. actinomycetemcomitans 
using FITC detection. Panel D shoWs E. corrodens using 
Rhodamine detection. Panel E is a computer-merged com 
posite of panels B-D shoWing the differentiation of each 
bacteria in the sample. Panel F is a similar analysis of a 
mixture of C. gingivalis (using rhodamine detection) and B 
intermedia (using FITC detection) When hybridiZed With a 
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combination of genomic DNA probes for those organisms. 
Panel G shoWs an in situ hybridization assay for a combi 
nation of seven different bacteria hybridized With a mixture 
of seven genomic DNA probes. In panel G, the numbers 
(1)-(7) identify the bacteria. E nucleatum (1), E. corrodens 
(2) and A. actinomycetemcomitans (3) are shoWn in blue 
(Cascade Blue detection). P gingivalis (4) and C. ochracea 
(5) are shoWn in red (Rhodamine detection), Whereas B 
intermedia (6) and C. gingivalis (7) are seen in yelloW (FITC 
detection). Panel H represents an in situ hybridiZation assay 
for the presence of A. actinomycetemcomitans (using FITC 
detection) in a plaque sample obtained from a patient With 
localiZed juvenile periodontist. 

[0046] FIG. 5A shoWs a normal male metaphase chromo 
somal spread after hybridiZation With a 24-color set of 
telomere-speci?c probes, shoWn as a pseudocoloriZed 
image. FIG. 5B shoWs the ?nal karyotype generated on the 
basis of the boolean spectral signature of the telomere 
speci?c probes. 

[0047] FIG. 6A shoWs the hybridiZation pattern of the 
chromosome 8 subtelomeric YACs (telomere-speci?c 
probes) on a normal metaphase chromosomal pread. FIG. 
6B shoWs the hybridiZation pattern of the same probes (as 
those used in FIG. 6A) on a metaphase chromosomal spread 
from a patient With a myeloproliferative disorder. Previous 
cytogenetic analysis of this patient using G-banding 
revealed a trisomy 8 as the only change; the M-FISH 
telomere-speci?c probes shoW a split telomere signal on the 
short arms of tWo of the three chromosome 8, indicating an 
additional change: an inversion in this region. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

[0048] A. OvervieW of the Invention 

[0049] Fluorescence in situ hybridiZation (FISH) is used in 
a variety of areas of research and clinical diagnostics (Gray, 
J. W. et al., Curr Opin Biotech 3:623-631 (1992); Xing, Y. 
et al., In: The Causes and Consequences of Chromosomal 
Aberrations. I. R. Kirsch Ed. CRC Press, Boca Raton, pages 
3-28 (1993)). For the study of the chromosomal and 
suprachromosomal organiZation of the cell nucleus it is an 
indispensable tool (Cremer, T. et al., In: Cold Spring Harbor 
Symposia on Quantitative Biology, Volume LVIII, pp. 777 
792, Cold Spring Harbor Laboratory Press, NY (1994)). 
Most importantly FISH offers the capacity for multiparam 
eter discrimination. This alloWs the simultaneous visualiZa 
tion of several DNA probes using either a combinatorial 
(Nederlof, P. M. et al., Cytometry 10:20-27 (1989); Neder 
lof, P. M. et al., Cytometry 11:126-131 (1990); Ried, T. et al., 
Proc NatlAcad Sci (USA) 89:1388-1392 (1992a); Ried, T. 
et al., Hum Mol Genet 1:307-313 (1992b); Lengauer, C. et 
al., Hum Mol Genet 2:505-512 (1993); Popp, S. et al., 
Human Genetics 92:527-532 (1993); Wiegant, J. et al., 
Cytogenet Cell Genet 63:73-76 (1993)) or a ratio labeling 
(DauWerse, J. G. et al., Hum Mol Genet 1:593-598(1992); 
Nederlof, P. M. et al., Cytometry 13:839-845 (1992); du 
Manoir, S. et al., Hum Genet 90:590-610 (1993)) strategy. 
Up to tWelve DNA probes have been visualiZed (DauWerse, 
J. G. et al., Hum Mol Genet 1:593-598 (1992)). Conse 
quently, the goal of 24 different colors has long been sought 
(Ledbetter, D. H., Hum Mol Genet 5:297-299 (1992)). 
TWenty-four different colors are an important threshold 
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because they Would alloW the simultaneous visualiZation of 
the 22 autosomes and both sex chromosomes. Beside 
improved karyotyping, the possibility of simultaneously 
hybridiZing 24 different and distinguishable DNA probes 
Would alloW the addressing of a large number of important 
biological questions. HoWever, the previously published 
multicolor systems lacked the versatility for an extension to 
24 colors and only proof-of-principle experiments Were ever 
published. 

[0050] The present invention results, in part, from the 
realiZation of multiparametric ?uorescence in situ hybrid 
iZation to achieve the simultaneous visualiZation of 24 
different genetic targets With a combinatorial labeling strat 
egy. This strategy permits discrimination betWeen many 
more target sequences than there are spectrally distinguish 
able labels. The simplest Way to implement such labeling is 
using a simple “Boolean” combination, i.e., a ?uor is either 
completely absent (ie the value of “0” Will be assigned) or 
present in unit amount (value of 1). For a single ?uor A, 
there is only one useful combination (A=1) and for tWo 
?uors A and B, there are 3 useful combinations (A=1/B=0; 
A=0/B=1; A=1/B=1). There are 7 combinations of 3 ?uors, 
15 combinations of 4 ?uors, 31 combinations of 5 ?uors, 63 
combinations of 6 ?uors, and so on (n ?uorophores permit 
ting the labeling of 2“-1 chromosomes). Thus, to uniquely 
identify all 24 chromosome types in the human genome 
using chromosome painting probe sets, only 5 distinguish 
able ?uors are needed (31 total combinations). If each probe 
set is labeled With one or more of ?ve spectrally distinct 
?uorophores in a combinatorial fashion, simple Boolean 
combination can be used to identify each DNA probe by a 
spectral signature dictated by its ?uorophore composition 
(Speicher, M. R. et al, Nature Genet 12:368-375 (1996), 
Which reference is herein incorporated by reference). 

[0051] B. Terminology of the Invention 

[0052] The invention concerns a set of combinatorially 

labeled oligonucleotide probes, each member thereof: having a predetermined label distinguishable from the label 

of any other member of the set, and (ii) being capable of 
speci?cally hybridiZing With one predetermined autosomal 
or sex chromosome of a human karyotype. In the most 
preferred embodiment, the set Will have a sufficient number 
of members to be capable of speci?cally and distinguishably 
hybridiZing each autosomal or sex chromosome of said 
human karyotype to at least one member. As used herein, the 
term “karyotype” denotes the compliment of chromosomes 
found in a normal or aberrant cell. In a normal cells, the 
number of chromosomes is 46, comprising 22 pairs of 
autosomal chromosomes and 2 sex chromosomes (either 2 X 
chromosomes (if female) or an X and Y chromosome (if 
male)). The labels are said to be distinguishable in that the 
particular label of any one member of the set (and the 
identity of that member) differ from the particular label and 
identity of any other member of the set. Since each probe 
member is capable of speci?cally hybridiZing to only one 
chromosome (or sub-chromosomal region) and since the 
identity of the label and probe are knoWn in advance, the 
detection of a particular label associated With an unidenti?ed 
chromosomal region means that the probe bearing that label 
has become hybridiZed to the unidenti?ed chromosomal 
region. Since the chromosome to Which that probe speci? 
cally hybridiZes is knoWn, the detection of a distinguishable 
label permits the identi?cation of the chromosomal region. 
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[0053] More speci?cally, the invention concerns ?uors 
that can be used to label oligonucleotide probes so that such 
probes may be used in multiparametric ?uorescence in situ 
hybridization. As used herein, a “?uor” or “?uorophore” is 
a reagent capable of emitting a detectable ?uorescent signal 
upon excitation. Most preferably, the ?uor is coupled 
directly to the pyrimidine or purine ring of the nucleotides 
of the probe (Ried, T. et al. (Proc. Natl. Acad. Sci. (U.S.A.) 
89:1388-1392 (1992), herein incorporated by reference; 
US. Pat. Nos. 4,687,732; 4,711,955; 5,328,824; and 5,449, 
767, each herein incorporated by reference. Alternatively, 
the ?uor may be indirectly coupled to the nucleotide, as for 
eXample, by conjugating the ?uor to a ligand capable of 
binding to a modi?ed nucleotide residue. The most preferred 
ligands for this purpose are avidin, streptavidin, biotin 
binding antibodies and digoXigenin-binding antibodies. 
Methods for performing such conjugation are described by 
Pinkel, D. et al., Proc. Nat’l. Acad. Sci. (USA) 83:2934 
2938 (1986), herein incorporated by reference). 
[0054] The term “multiparametric ?uorescence” denotes 
the combinatorial use of multiple ?uors to simultaneously 
label the same chromosome or sub-chromosomal fragment, 
and their detection and characteriZation. Chromosomes or 
sub-chromosomal fragments are said to be simultaneously 
labeled if they are eXposed to more than a single chromo 
some-speci?c probe under conditions suf?cient to permit 
each chromosome-speci?c probe to independently hybridiZe 
to its target chromosome. As used herein, it is thus unnec 
essary for all such hybridiZation reactions to commence and 
conclude at the same instant. The simultaneous labeling 
permitted by the present invention is thus in contrast to 
protocols in Which chromosomes are eXposed to only a 
single chromosome-speci?c probe at a time. 

[0055] The simultaneous detection and characteriZation 
permitted by the present invention denotes an ability to 
detect multiple (and most preferably all) of the autosomal 
and/or seX chromosomes in a sample, Without any need to 
add further reagent, or probe after the detection of the ?rst 
chromosome. 

[0056] In the simplest embodiment, digital images of the 
chromosomes are obtained for each ?uorophore employed, 
thereby providing a series of gray scale ?uorescence inten 
sities associated With each ?uorophore and each chromo 
some. The ?nal image is obtained by pseudocoloring the 
blended gray scale intensities for each chromosome. 

[0057] The invention thus provides a method of simulta 
neously identifying and distinguishing the individual auto 
somal and seX chromosomes of a human karyotype Which 
comprises contacting a preparation of chromosomes, that 
has been previously treated to render it in single-stranded 
form, With the above-described set of combinatorially 
labeled oligonucleotide probes, under conditions suf?cient 
to permit nucleic acid hybridiZation to occur. 

[0058] Such treatment causes at least one of each autoso 
mal or seX chromosome of the preparation to become 
hybridiZed to at least one member of said set of probes. For 
each chromosome of the preparation hybridiZed to a member 
of the set of probes one neXt detects and identi?es the 
predetermined label of that member and correlates the 
identity of the label of that member With the identity of the 
autosomal or seX chromosome of said human karyotype With 
Which that member speci?cally hybridiZes. This process 
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identi?es the chromosome hybridiZed to the member. This 
last step is repeated until each or a desired number of 
autosomal and seX chromosome of the human karyotype has 
been identi?ed in the preparation. 

[0059] The oligonucleotide probes used in accordance 
With the methods of the present invention are of either of tWo 
general characteristics. In one embodiment, such probes are 
chromosome or sub-chromosome speci?c (i.e., they hybrid 
iZe to DNA of a particular chromosome at loWer cotl/2 than 
With DNA of other chromosomes; cotl/2 being the time 
required for one half of an initial concentration (co) of probe 
to hybridiZe to its complement). Alternatively, such probes 
are feature (e.g., telomere, centromere, etc.) speci?c. Such 
probes, being proximal to the telomere, are capable of 
de?ning and identifying translocations that may be so close 
to the chromosomal termini as to be otherWise cryptic. 

[0060] Both types of probes may be used if desired. 
Sources of such probes are available from the American 
Type Culture Collection, and similar depositories. 

[0061] The oligonucleotide probes used in accordance 
With the methods of the present invention are of a siZe 
suf?cient to permit probe penetration and to optimiZe rean 
nealing hybridiZation. In general, labeled DNA fragments 
smaller than 500 nucleotides in length, and more preferably 
of approximately 150-250 nucleotides in length, probes are 
employed. Probes of such length can be made by synthetic 
or semi-synthetic means, or can be obtained from longer 
polynucleotides using restriction endonucleases or other 
techniques suitable for fragmenting DNA molecules. Alter 
natively, longer probes (such as polynucleotides) may be 
employed. 

[0062] Most preferably, the oligonucleotide probes are 
synthesiZed so as to contain biotinylated or otherWise modi 
?ed nucleotide residues. Methods for accomplishing such 
biotinylation or modi?cation are described in US. Pat. Nos. 

4,687,732; 4,711,955; 5,328,824; and 5,449,767, each 
herein incorporated by reference. Biotinylated nucleotides 
and probes are obtainable from EnZo Biochem, Boehringer 
Mannheim, Amersham and other companies. In brief, such 
biotinylated or otherWise modi?ed nucleotides are produced 
by reacting a nucleoside or nucleotide With a mercuric salt 
under conditions sufficient to form a mercurated nucleoside 
or nucleotide derivative. The mercurated product is then 
reacted in the presence of a palladium catalyst With a moiety 
(e.g., a biotin group) having a reactive terminal group and 
comprising three or more carbon atoms. This reaction adds 
the moiety to the purine or pyrimidine ring of the nucleoside 
or nucleotide. 

[00633] In a highly preferred embodiment, such modi?ed 
probes are used in conjunction With competitor DNA in the 
manner described by Ward et al. (WO90/05789), herein 
incorporated by reference. Competitor DNA is DNA that 
acts to suppress hybridiZation signals from ubiquitous 
repeated sequences present in human and other mammalian 
DNAs. In the case of human DNA, alu or kpn fragments can 
be employed, as described by Ward et al. (WO90/05789). 
Initially, probe DNA bearing a detectable label and com 
petitor DNA are combined under conditions sufficient to 
permit hybridiZation to occur betWeen molecules having 
complementary sequences. As used herein, tWo sequences 
are said to be able to hybridiZe to one another if they are 
complementary and are thus capable of forming a stable 
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anti-parallel double-stranded nucleic acid structure. Condi 
tions of nucleic acid hybridization suitable for forming such 
double stranded structures are described by Maniatis, T., et 
al. (In: Molecular Cloning, A Laboratory Manual, Cold 
Spring Harbor Laboratories, Cold Spring Harbor, NY. 
(1982)), by Haymes, B. D., et al. (In: NucleicAcid Hybrid 
ization, A Practical Approach, IRL Press, Washington, DC. 
(1985), and by Ried, T. et al. (Proc. Natl. Acad. Sci. (U.S.A.) 
89:1388-1392 (1992)). For the purpose of the present inven 
tion, the sequences need not exhibit precise complementa 
rity, but need only be suf?ciently complementary in 
sequence to be able to form a stable double-stranded struc 
ture. Thus, departures from complete complementarity are 
permissible, so long as such departures are not suf?cient to 
completely preclude hybridiZation and formation of a 
double-stranded structure. 

[0064] The quantity of probe DNA combined With com 
petitor DNA is adjusted to re?ect the relative DNA content 
of the chromosome target. For example, as disclosed by 
Ward et al. (WO90/05789), chromosome 1 contains approxi 
mately 5.3 times as much DNA as is present in chromosome 
21. Thus, a proportionally higher probe concentration Would 
be employed When using chromosome 1 speci?c probes. 

[0065] The resulting hybridiZation mixture is then treated 
(e.g., by heating) to denature the DNA present and is 
incubated at approximately 37° C. for a time sufficient to 
promote partial reannealing. The sample containing chro 
mosomal DNA to be identi?ed is also heated to render it 
susceptible to being hybridiZed to the probe. The hybridiZa 
tion mixture and the sample are then combined, under 
conditions suf?cient to permit hybridiZation to occur. There 
after, the detection and analysis of the hybridiZed product is 
conducted by detecting the ?uorophore label of the probe in 
any of the methods described beloW. 

[0066] In an alternative embodiment, a modi?cation of the 
method of Ried T. et al. (Proc. Natl. Acad. Sci. (U.S.A.) 
89:1388-1392 (1992), herein incorporated by reference) is 
employed. Thus, probes are labeled either directly (e. g., With 
?uorescein) or indirectly (e.g., With biotinylated nucleotides 
or other types of labels), and permitted to hybridiZe to 
chromosomal DNA. After hybridiZation, the hybridiZed 
complexes are incubated in the presence of streptavidin, that 
had been conjugated to one or more ?uors. The streptavidin 
binds to the biotinylated probe of the hybridiZed complex 
thereby permitting detection of the complex, as described 
beloW. 

[0067] C. The Preferred Fluorophores of the Invention 

[0068] By labeling With tWo or more ?uors in combina 
tion, it is possible to discriminate betWeen many more 
objects than there are available ?uors. The simplest Way to 
implement such labeling is by Boolean combination, i.e., a 
?uor is either completely absent (0) or present in unit 
amount For a single ?uor A, there is only one useful 
combination (A=1). For tWo ?uors A, B there are 3 useful 
combinations (A=1, B=0; A=0, B=1; A=1, B=1). For three 
?uors A, B, C, there are 7 combinations (A=1, B=0, C=0; 
A=0, B=1, C=0; A=0, B=0, C=1; A=1, B=1, C=0; A=1, B=0, 
C=1; A=0, B=1, C=1; A=1, B=1, C=1). There are 15 
combinations of 4 ?uors, 31 combinations of 5 ?uors, 63 
combinations of 6 ?uors, and so on. 

[0069] To uniquely code all 24 chromosome types in the 
human genome, 5 distinguishable combinatorial ?uors are 
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needed. With a 5-?uor set, 15 chromosomes can be distin 
guished using combinations of 4 of the 5 ?uors. The labeling 
of the remaining 9 chromosomes requires all ?ve ?uors to be 
used combinatorially. Seven of the available 5-?uor combi 
nations are not required. Thus, there is a certain amount of 
latitude available to avoid any 5-?uor combination that 
might prove particularly hard to resolve. In particular, qua 
ternary or quinternary combinations may be avoided. 

[0070] One aspect of the present invention concerns the 
identi?cation of a set of seven ?uors that are be Well 
resolvable by the excitation-emission contrast (EEC) 
method. 

[0071] As indicated above, multi-?uor combinatorial 
labeling depends in general on acquiring and analyZing the 
spectral signature of each object i.e., obtaining the relative 
Weighting coef?cients of the component ?uors. Because full 
spectroscopic analysis, of mixed ?uor spectra (e.g., by 
interferometry) is not yet suf?ciently developed, the method 
chosen Was conventional bandWidth-restricted Wide?eld 
imaging using epi-?uorescence triplets, viZ. excitation ?lter, 
dichroic re?ector and emission bandpass ?lter. The limited 
spectral bandWidth available for imaging (roughly 380-750 
nm), and the extensive overlap betWeen the spectra of 
organic ?uors, makes separating multiple ?uors spectro 
scopically during the imaging step a signi?cant technical 
challenge. 
[0072] To make softWare segmentation of the source 
images as straightforWard as practicably possible, a target 
?gure of <10% crosstalk betWeen any given ?uor and the 
tWo adjacent channels Was set. Computer modeling indi 
cated that for DAPI plus the ?ve combinatorial ?uors FITC, 
Cy3, Cy3.5, Cy5, Cy5.5, this level of contrast cannot be 
attained using either excitation selection or emission selec 
tion alone, no matter hoW narroW the ?lter bandWidths. 
Thus, both excitation selection and emission selection must 
be invoked simultaneously. This is referred to as excitation 
emission contrast 

[0073] Contrast ratio plots Were ?rst computed for each of 
the ?uors vs. its tWo neighbors. These plots indicate regions 
Where pairWise contrast is high enough to be useful. A 
constraint on the practically attainable contrast is that 
regions of high contrast generally lie far doWn the ?anks of 
at least one of the spectra i.e., Where excitation and/or 
emission are strongly sub-optimum. Further, to attain the 
required degree of selectivity it is necessary to use ?lters of 
bandWidths in the range 5-15 nm (cf. approx. 50 nm for 
‘standard’ ?lter sets). Together, these impose a severe sen 
sitivity penalty. The goal of 10% maximum crosstalk rep 
resents an acceptable, practical compromise betWeen sensi 
tivity and selectivity. 

[0074] A fundamental asymmetry exists betWeen excita 
tion contrast and emission contrast. For loW-noise detectors 
such as the cooled CCD, restricting the excitation bandWidth 
has little effect on attainable image S/N ratio; the only 
penalty is the need for longer exposure times. Restricting the 
emission bandWidth is very undesirable, hoWever, since 
every ?uorescence photon blocked by the ?lter represents 
irreversible photochemical bleaching of the ?uor. For this 
reason, the highest practicable contrast Was invoked on the 
excitation side. A suitable emission ?lter Was then found to 
give the necessary EEC ratios. Filter selection is additionally 
constrained by the fact that each channel must adequately 
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reject both adjacent channels simultaneously: improving one 
may signi?cantly degrade the other. Good contrast Was 
attainable in practice for all ?uors except the Cy5.5/Cy5 
pair, Which is marginal. For this reason, Cy7 Was later 
substituted for Cy5.5. Other considerations relating to 
choice of ?lters include: 

[0075] 1. Commercial narroW-band interference ?l 
ters may have a large amount of Wedging i.e., 
non-parallelism betWeen the top and bottom faces. 
This results in large image shifts (up to several 
microns equivalent). The shift is a vector character 
istic of each ?lter and its orientation in the epicube. 
Thus, automatic compensation for image displace 
ment is a necessary part of the processing softWare. 

[0076] 2. Manufacturing variations of a feW nm in 
peak Wavelength and FWHM speci?cations can have 
signi?cant effects on the EEC ratios. Filter errors to 
long Wavelength may be ?ne-tuned by tilting, but 
this option is severely curtailed in the case of emis 
sion ?lters because of increased image aberrations 
and Worsened pixel shifts. There is no equivalent 
Way to compensate short-Wavelength errors. 

[0077] 3. the need to prevent infra-red light emitted 
by the arc lamp from reaching the detector. Silicon 
CCD’s are extremely sensitive in this region. Filter 
sets for the blue and midvisible ?uors Were found not 
to need additional IR blocking, but loss of image 
contrast due to spurious IR Was found to be a serious 
problem for the red—far red—near IR ?uors. Heat 
?lters routinely used in microscopy (e.g., Schott 
BG-38 glass) are completely inadequate to alleviate 
this problem. Thus, extensive additional blocking 
Was required. HoWever, available commercial inter 
ference ?lters for infra-red blocking ?lters also trans 
mit poorly in the near UV, and thus cannot be 
inserted in the excitation path. Instead, it Was found 
necessary to put the IR blocking ?lters into the 
emission path. To minimiZe loss of image quality by 
insertion of these ?lters in the image path, they are 
placed inside the CCD camera, immediately in front 
of the WindoW. In practice, tWo interchangeable 
?lters Were chosen, one for use With Cy5, Cy5.5 
(Oriel #58893; 740 nm cutoff) and one for use With 
Cy7 (Oriel 58895; 790 nm cutoff). 

[0078] The ?rst member of the set of ?uors is the coun 
terstain DAPI, Which gives a Weak G-like banding pattern. 
Five of the remaining six ?uors may be used combinatorially 
to paint the entire human chromosome set. All are available 
as avidin conjugates (for secondary detection of biotinylated 
probe libraries) or directly linked to dUTP (for direct label 
ing). 
[0079] Thus, a set of six ?uors and corresponding optical 
?lters spaced across the spectral interval 350-750 nm Was 
identi?ed that achieve a high discrimination betWeen all 
possible ?uor pairs. These ?uors comprise the preferred 
?uors of the present invention and are: 4‘-6-diamidino 
2-phenyl indole (DAPI), ?uorescein (FITC), and the neW 
generation cyanine dyes Cy3, Cy3.5, Cy5, Cy5.5 and Cy7. 
Of these Cy3, Cy3.5, Cy5 and Cy7 are particularly pre 
ferred, The absorption and emission maxima for the respec 
tive ?uors are: DAPI (Absorption maximum: 350 nm; 
Emission maximum: 456 nm), FITC (Absorption maximum: 
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490 nm; Emission maximum: 520 nm), Cy3 (Absorption 
maximum: 554 nm; Emission maximum: 568 nm), Cy3.5 
(Absorption maximum: 581 nm; Emission maximum: 588 
nm), Cy5 (Absorption maximum: 652 nm; Emission maxi 
mum: 672 nm), Cy7 (Absorption maximum: 755 nm; Emis 
sion maximum: 778 nm). Complete properties of selected 
?uorescent labeling reagents are provided by Waggoner, A. 
(Methods in Enzymology 246:362-373 (1995) herein incor 
porated by reference). In light of the above, it is readily 
apparent that other ?uorophores and ?lter combinations 
having adequate spectral resolution can alternatively be 
employed in accordance With the methods of the present 
invention. 

[0080] D. Methods for the Detection of Fluorescent In situ 
Hybridization 

[0081] 1. The Theory of Fluorescence Detection 

[0082] Of the various methods for contrast generation in 
site-speci?c labeling, ?uorescence is arguably the most 
poWerful, because of its high absolute sensitivity and mul 
tiparameter discrimination capability. Modem electronic 
cameras used in combination With high numerical aperture 
microscope objectives and state of the art optical ?lters are 
capable of imaging structures labeled With as little as a 
10-100 ?uor molecules per pixel. Thus, ?uor-tagged single 
copy DNA sequences as small as a feW hundred bases in siZe 
are detectable under favorable conditions. The availability 
of families of spectrally distinguishable ?uors makes simul 
taneous imaging of several different targets in the same 
specimen possible, either directly or through combinatorial 
or analog multiplex methods. In principle, multi-?uor dis 
crimination may be based on differential excitation of the 
?uors, differential emission, ?uorescence lifetime differ 
ences, or on more complex but still analyZable observables 
such as ?uorescence anisotropy. This discussion assumes an 
epi-imaging geometry. Table 1 describes the symbols and 
operators relevant to the theoretical considerations of ?uo 
rescence. 

TABLE 1 

Units De?nition 

Instrument 
Parameter 

IP50») photon s’1 nm’1 spectral distribution of source, 
assumed to be an 

isotropic radiator over 
4n steradians 
collection of e?iciency of 
condenser optics 
spectral distribution of photons 
in collimated 
beam of excitation light 
impinging on excitation 
?lter F1 
transmittance function 
of excitation ?lter F1 

IP20») photon s’1 cm’2 nm’1 spectral distribution of 
photons in collimated 
beam of excitation light 
emerging from F1 and 
impinging on dichroic 
beamsplitter DB1 
re?ectance function of 
dichroic beamsplitter DB1 

4), dimensionless 

f1(7») dimensionless 

R(7») dimensionless 
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TABLE l-continued 

Units De?nition 

TO») dimensionless transmittance function of 
dichroic beamsplitter DB1 

IP30») photon s’1 cm’2 nm’1 spectral distribution of 
photons in collimated 
beam of ?uorescence 
emerging from DB1 and 
impinging on emission ?lter F2 
transmittance function of 
emission ?lter F2 

IP40») photon s’1 cm’2 nm’1 spectral distribution of 
photons in collimated 
beam of excitation light 
emerging from F2 and 
entering the entrance pupil 
of the objective lens 

f2(7») dimensionless 

,u dimensionless linear magni?cation 
factor of objective lens 

1])5 (7») photon s’1 cm’2 nm’1 spectral distribution 
of photons in focused beam 
of excitation light traversing 
the specimen plane, 

%(7») dimensionless quantum e?iciency of detector 
Q pixel.,1[1 magni?cation factor of 

?nal image at detector 
Fluor 
Parameter 

((7») M’1 cm’1 molar decadic extinction 
coef?cient of ?uor F3. 

1: s decay lifetime of excited 
state of ?uor Fa. 

0H0») cm’1 photon absorption cross-section 
of ?uor Fa. 

¢Fa dimensionless ?uorescence quantum e?iciency 
of ?uor Fa. 

f a(7») dimensionless normalized spectral 
distribution of ?uorescence 
from ?uor F3. 

[0083] Whether a given excitation rate at pixel location p 
will give an acceptable ?uorescence signal/noise ratio 
(de?ned as S/N=[signal mean]/[variance due to all noise 
sources]) in a given integration period depends on the 
number of ?uor molecules within p, their quantum yield and 
photochemical stability, and the quantum ef?ciency and 
noise performance of the detector. 

[0084] In the limit of weak excitation (1p0‘).oF0‘)<<"c_1), 
the rate of excitation of the N molecules of ?uor F within 
pixel p in object space is: 

W) = N f 5o. prawn-mil 
ill‘ 

[0085] lpso‘) is the spectral distribution of exciting light 
passing through the focal plane of the microscope (photon 
nm_1.cm_2.s_1). It is approximately given by 
1pS(80).q)S.f1()t).R()t).ot2.p, where a=diameter of objective 
lens entry pupil/diameter of collimated beam from con 
denser. The integral is taken over the bandwidth for which 
the ?uor has non-Zero absorption cross section J'EFO‘), which 
is related to the molar decadic extinction coef?cient EF()\,) by 
the expression: 
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[0086] In practice, ]i1p50"p).d)t can be measured with a 
bolometric detector such as a calibrated micro-thermopile 
placed at or near the focal plane of the objective lens. 

[0087] For a perfectly noiseless detector and a non-bleach 
able ?uor, the S/N of each pixel increases inde?nitely as 
(photons detected)”. How rapidly S/N increases depends 
on excitation strength, but the relationship between S/N and 
dose does not. The effect of non-Zero bleaching constant is 
to change the t‘l/2 function to an asymptotic function, the 
form of which depends on the bleaching mechanism. How 
ever, because the bleaching rate and the signal strength are 
linearly related, the asymptote once again does not depend 
at all on excitation rate, although the speed of approach to 
the asymptote does. If ?nite camera noise is added to 
photobleaching, it is found that the S/N climbs to a maxi 
mum value, then falls as the ?uor is exhausted. Now both the 
kinetics and the peak S/N depend of excitation rate, in 
general the faster the excitation the higher the maximum 
attainable S/N. However, for contemporary cooled CCD 
cameras the dark noise is so low that it can be virtually 
ignored on the timescale of bleaching (typically a few 
minutes); a more important factor in determining ultimate 
S/N is the stray light background (esp. from nonspeci?c 
luminescences and leakage of excitation light). 

[0088] Note that although the microscope objective com 
presses the excitation beam, in a nonconfocal microscope it 
does not focus it to a point and so has no bearing on the 
?uorescence image resolving power (incoherent emitter). 

[0089] The commonest excitation source for ?uorescence 
microscopy is the high pressure short mercury arc, whose 
spectrum consists of pressure-broadened lines from the UV 
to the middle region of the visible spectrum (principal 
wavelengths are 334.1 nm, 365.6 nm, 404.7 mm, 435.8 nm, 
546.1 nm. 577.9 nm), superimposed on a weaker thermal 
continuum. Many ?uorophores have excitation spectra that 
overlap one or other of the mercury lines to an acceptable 
extent. Others (of which the best known is FITC) do not, but 
may be adequately excited by the continuum if a wide 
enough excitation bandwidth is employed. Another common 
source is the high pressure xenon short arc, which produces 
an almost uniform continuum from ca. 300 nm: to beyond 
900 nm. However, the power nm_1, is almost everywhere 
less than the mercury continuum for the same are wattage. 
If high intensity light with no structure is required (e.g., for 
?uorescence ratio imaging) a high CW power or pulsed 
quartZ halogen lamp outperforms the xenon beyond about 
450 nm. Certain ?uors are well matched to laser excitation 

(e.g., Ar+@488 nm for FITC, He—Ne @6328 nm for Cy5, 
semiconductor diode—pumped YAG @680 nm for Cy5 .5). 

[0090] In single-?uor imaging, use of the available spec 
tral bandwidth is rarely stringent. The excitation ?lter Fl and 
dichroic beamsplitter DBl can usually be chosen to give 
adequate overlap between the source spectrum and the ?uor 
excitation spectrum. If an arc line is available, the Fl 
bandpass need be no wider than the line. If not, and part of 
the thermal continuum must be used, the wider the Fl 
bandpass the greater will be the available excitation ?ux. 
However, with low noise integrating detectors the goal of 
high excitation ef?ciency is generally secondary to the need 
to exclude excitation light from the emission path. This 
limits how close the excitation and emission bandpasses can 
be placed to one another, and hence constrains the excitation 
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bandwidth. For ?uors With small Stokes’ shifts, high quality 
?lters With very steep skirts are required. The excitation 
?lter must be rigorously ‘blocked’ on the long Wavelength 
side, and have no pinholes, scratches, or light leaks around 
the edge. 

[0091] Dichroic beamsplitters are currently much less 
‘evolved’ than bandpass interference ?lters, meaning that 
the slopes of their transmit <-> re?ect transitions are far less 
than the skirt slopes of premium notch ?lters, and there may 
be large spectral intervals Where they oscillate betWeen 
intermediate states of partial re?ectance and transmittance. 
The main purpose of a dichroic beamsplitter is to improve 
the combined ef?ciency of excitation and emission, rather 
than to de?ne the Wavelength response of the instrument. 

[0092] The resolvability of overlapping ?uors in imaging 
microscopy may depend critically on the degree of excita 
tion contrast that can be achieved (see C, beloW). The 
variation With Wavelength of the ratio of the extinction 
coef?cient of tWo ?uors is the excitation contrast spectrum. 
It can readily be calculated from the digitiZed absorption 
spectra. Depending on the overlap of the absorptions, their 
ratio spectrum may either shoW a distinct peak or may groW 
inde?nitely large. In either case, it is usually possible to 
choose an excitation Wavelength that favors one ?uor over 
another to a useful extent (from a factor of 3-4 fold up to a 
hundredfold or more). Some dif?culties in obtaining high 
contrast multi-?uor images include: 

[0093] a. The excitation Wavelengths required for 
high contrast imaging are often far from the absor 
bance peaks. Thus, there may be a high degree of 
intensity trade-off to obtain high signal contrast vs. 
other ?uors. 

[0094] b. From the above, standard ?lter sets cannot 
be used. 

[0095] c. Arc source spectral lines that are useful for 
exciting single ?uors may not give high contrast 
discrimination against adjacent ?uors. 

[0096] d. When using a broadband source or the 
continuum spectrum of an arc source, the need for 
narroW excitation bandWidth may reduce the excita 
tion ?ux to problematically loW levels. It is some 
times possible to relax the constraints on excitation 
Wavelength for the sake of more ef?cient excitation. 

[0097] Collecting the ?uorescence of F and imaging it 
onto the detector With high efficiency is the principal design 
goal of the emission optics. Operationally, it is even more 
important to have an ef?cient emission path than an ef?cient 
excitation path. The reason is that inef?cient excitation 
causes inefficient photobleaching; the only penalty is a long 
image integration time (assuming a loW-noise detector). On 
the other hand, any ?uorescence lost on its Way to the 
detector represents photobleaching Without concomitant 
increase in the information content of the image. 

[0098] The detector pixel p accumulates signal (detected 
photons) at a rate: 

[0099] The integral is over the bandWidth (ii) for Which 
the detector quantum efficiency ¢d()t)>0. G represents the 
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ef?ciency With Which the optics gather the ?uorescence and 
transmit it to the detector; it may be assumed to be Wave 
length independent to ?rst order. The principal factor in G is 
the numerical aperture (NA) of the objective lens, Which 
determines the fraction of the isotropically radiated ?uores 
cence collected by the imaging system (§=1/J'l§. sin_1(0)=1/J'c. 
sin_1(NA/n), Where 0 is the half-angle subtended by the 
objective lens from its focal point. For an oil immersion lens 
With NA=1.3; n=1.515; §=0.328). NA additionally deter 
mines the spatial resolving poWer of the microscope, 
because it scales the dimensions of the Frauenhofer diffrac 
tion pattern produced in the image plane by a point source 
in the specimen plane. Several ‘rules’ are in use for speci 
fying the resolving poWer of a lens, depending on hoW much 
overlap of the Airy discs of tWo adjacent objects is deemed 
to constitute the threshold of resolution. The commonly used 
Rayleigh criterion is I'=1.22>\./2NA (e.g., for the above 
NA=1.3 lens Working at 500 nm, r=0.24 p). 

[0100] For a noise-free detector, image ‘noise’ at p is 
determined by the statistical variance in the number S(p) of 
?uorescent photons detected in time interval At. The only 
detector characteristic that has any bearing on this is its 
quantum ef?ciency @d()\.). 

[0101] In the absence of photobleaching (probability of 
destruction per hit IIb=0), S(p)=F(p).At, With variance S(P)1/ 
2, i.e., S/N=S(p)1/2. Image quality Will therefore increase 
inde?nitely With At, though at an ever decreasing rate. 

[0102] In the presence of photobleaching (IIb#0), S(p) is 
an integral of the form: 

[0103] Where f(t) is the photobleaching decay function. 
S/N rises along a more or less complex path to an asymptotic 
value that corresponds to total exhaustion of the ?uor. For 
the case of a unimolecular photobleaching process this 
Would be an exponential function. i.e., N(p,t)=NO(1—exp— 
[kb/Zk].t) Where kb=IIb_1 is the photobleaching constant and 
2k represents all other processes by Which the excited state 
of F is deactivated. Note that the normaliZed asymptote in 
this ?rst-order system depends only on kb/Zk, and is inde 
pendent of the strength of the excitation. Thus, the extent of 
bleaching is exponentially related to the accumulated exci 
tation dose, but is independent of the path. In reality, 
hoWever, bleaching of ?uors in solution may be mechanis 
tically and kinetically much more complex. A common 
mechanism involves ring opening folloWing peroxidation of 
the ?uor excited state, e.g., by 1O2 or O22‘. This type of 
bleaching may be considerably sloWed by rigorous deoxy 
genation or by the use of oxygen radical scavengers (i.e., 
antifade agents) such as tertiary amines (p-phenylene 
diamine or DABCO). Nevertheless, other (as yet poorly 
characteriZed) irreversible processes are not excluded, 
including reactions With impurities. 

[0104] A nonideal detector contributes noise of many 
kinds, detailed analysis of Which may be intractable. The 
simplest noise component is ?uctuation in the so-called 
‘dark current,’ i.e., the ?oW of thermally excited carriers 
Within the detector. If this noise is assumed to be random, it 
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adds to the photon shot noise in RMS fashion. Thus, if the 
mean photogenerated signal is F s-1 and the mean dark count 
is D s_1, the S/N after time At is F.(At)1/2/(F+D)1/2; S/N still 
increases as (At)1/2, but more sloWly than for a noiseless 
detector. When photobleaching is present, hoWever, the 
situation is entirely different. In this case, S/N rises initially 
as (At)1/2, but at some point reaches a shalloW maximum and 
then begins to fall again, as the ?uorescent signal declines 
but the thermal noise poWer remains constant. In this case, 
it is in principle desirable to continuously monitor the S/N 
of the image, and terminate the exposure When the peak is 
reached. Most commercial digital imaging systems make no 
provision for this. Fortunately, state of the art cooled CCD 
cameras have so little dark noise per pixel (typically <0.01 
electron s'1 in inverted clock mode) that S/N Would not 
begin to fall until almost complete exhaustion of the ?uor. In 
practice, auto?uorescences and stray light dominate system 
performance long before the noise threshold of the CCD is 
reached. 

[0105] The principal design goals for a single-?uor imag 
ing system are: 

[0106] 1. To achieve an adequate rate of excitation of 
the ?uor 

[0107] 2. To collect the ?uorescence of F and image 
it onto the detector With high efficiency and With the 
necessary spatial resolution. 

[0108] 3. To prevent re?ected and/or scattered exci 
tation light from reaching the detector. 

[0109] Design of the emission channel for a single ?uor is 
straightforWard. The dichroic beamsplitter transition Wave 
length is speci?ed at for example, 20 mn to the red of the 
excitation passband. This ensures a high level of rejection of 
exciting light re?ected and/or scattered from the specimen 
and/or microscope optics. The emission ?lter cut-on is 
usually considerably steeper than the dichroic edge, and so 
can be placed practically coincident With it. The most 
ef?cient emission ?lter is a long-pass element. The preferred 
?lter of this type is Schott glass, Which transmits upWards of 
90% of all ?uorescence to the red of its cut-on, While 
rejecting other light (especially any excitation light that gets 
through the dichroic beamsplitter) to very high order— 
typically >105. HoWever, it is usually inadvisable to leave 
the emission channel ‘Wide open’ into the near infrared, 
especially With silicon detectors Which have high sensitivity 
there. 

[0110] The multiparametric imaging of the present inven 
tion not only increases the throughput of information about 
the system under observation and makes more ef?cient use 
of the biological material, but also can reveal spatial and 
temporal correlations that might otherWise be difficult to 
establish reliably. When a large number of different objects 
must be visualiZed, tWo or more labels can be used combi 
natorially, Which permits discrimination betWeen many 
more object types than there are spectrally distinguishable 
labels. Some examples of multi-?uor imaging are: 

[0111] a. The co-distribution of proteins in structures 
such as microtubule netWorks may readily be visu 
aliZed using immunolabels linked to different ?uors. 

[0112] b. Multiple genes may be simultaneously 
mapped by ?uorescence in situ hybridiZation (FISH) 
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to a single metaphase chromosome spread. Such 
signals cannot usually be discriminated reliably on 
the basis of intensity alone, and are usually morpho 
logically identical (diffraction-limited points). HoW 
ever, they are readily discriminated by discrete or 
combinatorial multi-?uor labeling. 

[0113] c. Identi?cation of small chromosomal trans 
locations is most readily done by painting With 
chromosome speci?c DNA probe libraries linked to 
separable ?uors, used either singly or combinatori 
ally. 

[0114] d. Analysis of mixed populations of morpho 
logically identical bacteria can also be achieved 
using species-speci?c DNA or ribosomal RNA 
probes coupled to separable ?uors. 

[0115] The primary design goal of a multi-?uor imager (in 
addition to those for of a single ?uor imager) is to spectrally 
resolve the ?uorescence at any pixel location into compo 
nents corresponding to each ?uor. Methods for spectrally 
resolving complex signals in ?uorescent microscope images 
are outlined beloW. 

[0116] There are several Ways to resolve spectrally com 
plex signals, i.e., to determine Which ?uors contribute to the 
?uorescence at a given pixel location. The most general 
method in principle is to spectrally disperse the 2D image 
along a third axis, orthogonal to the x,y axes. This amounts 
to imaging through an optical system With a very large 
amount of chromatic aberration, such that at each position 
on the Z axis there is an image x,y that contains only a small 
spectral bandWidth )»+A)t. An area detector With very small 
depth of ?eld (such as a spatially ?ltered confocal imager) 
could then be moved incrementally along the Z axis to obtain 
a family of images, each containing its oWn small spectral 
interval. A trace through the images at given x,y Would 
constitute an emission spectrum for that pixel. Unfortu 
nately, implementing such a scheme is technically very 
dif?cult. 

[0117] If the spectrum of only a small number of objects 
Within the image is required (such as individual stars in a 
telescope image), a solution is to extract the light corre 
sponding to each object With a probe (e.g., a ?ber optic) and 
disperse it With an imaging spectrograph onto a 1-dimen 
sional array detector. To be useful in microscopy, such a 
device Would have to be arbitrarily positionable in the ?eld, 
and have an adjustable acceptance area. 

[0118] The most reasonable method for full spectral analy 
sis in microscopy is to image through a variable narroW band 
?lter. An image is recorded at each Wavelength; intensity 
values at a given pixel location through the series represent 
a Weighted emission spectrum that can be ?t to a linear 
combination of the knoWn spectra of the component ?uors. 
The coef?cients are products of the relative molar amounts 
of the ?uors With their extinction coef?cients at the exciting 
Wavelength and their ?uorescence quantum yields. If the last 
tWo are knoWn, the ?rst is obtainable from the ?t. In general, 
it is necessary to take several such image sets, at several 
excitation Wavelengths, to get a unique ?t. With enough 
iterations, this process generates a 3D surface of intensity 
values as a function of both excitation and emission Wave 
length. This comprises a complete spectral signature of the 
pixel, giving a very highly constrained solution for the 


















































