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Fir die finanzielle Unterstiitzung des Kurses durch folgende
Firmen sei an dieser Stelle vielmals gedanki:

Becton Dickinson, Heidelberg
Boehringer, Mannheim

LAMBDA Fluor.Technologie, Graz
PARTEC, Miinster

Photometrics, Miinchen

SERVA, Heidelberg



Sonntag, 28.2.:

12.00-19.00h

Montag, 1.3.:

9.00- 9.45h

9.45-10.05h
10.05-10.25h
10.25-10.45h
10.45-11.05h

11.05-11.50h
11.50-13.30h
13.30-18.00h

Dienstaq, 2.3.:

9.00- 9.45h

9.45-10.30h

10.30-10.50h
10.50-11.35h

11.35-12.10h
12.10-13.30h
13.30-18.00h

6.MARTINSRIEDER ZYTOMETRIEKURS

PROGRAMM

Registration im Kurssaal des Institutes

Instrumentation, Immunsystem

V.Kachel: Prinzipien durchfluBzytometrischer
Instrumentation

A.Raffael: BD Zytometer und Zellsorter
R.Béngeler: PARTEC Zytometer und Zellsorter
Pause

W.Pfanhauser: Photometrics Kamerasystem zur
digitalen Fluoreszenzbildanalyse

A.Radbruch: Immunsystem, Immunfluoreszenz
und Zellsortierung

Mittagessen
Praktische Arbeit im Kurssaal

Immunsystem, DNA, Molekularbiologie

A.Raffael: Lymphozytenphénotypisierung,
moncklonale AK und Datenverarbeitung

W.Gdhde: Hochauflésende Flowcytometrie und
Sortierung menschlicher Tumorzellen

Pause

F.Otto: Methodik und Anwendung durch-
fluBzytometrischer Chromosomenanalyse

Th.Cremer; Fluoreszente in-situ Hybridisierung |
Mittagessen
Praktische Arbeit im Kurssaal




10.20-10.40h
10.40-11.25h
11.25-11.55h

11.55-12.25h

12.25-14.00h
14.00-18.00h

Donnerstag, 4.3.:

9.00- 9.45h
9.45-10.30h

10.30-10.50h
10.50-11.10h
11.10-11.55h

11.55-13.30h
13.30-18.00h

Freitag, 5.3.:

9.00-12.00h
12.00h

Pause
M.Kubbies: Zelluldre Wachstumsfaktoren

E.Koller: Neue Fluoreszenzfarbstoffe und
potentielle Anwendungsméglichkeiten in der
Zytometrie (LAMBDA/SERVA)

NN: Reagenzien fir die Zytometrie und in-situ
Hybridisierung (Boehringer)

Mittagspause
Praktische Arbeit im Kurssaal

Zelbiologie, Plankton, Zellfunktion

M.Poot: Zellproliferation

M.Niisse: Mikronukleibildung und Nachweis zellularer
Schédigung

Pause
V.Kachel: Planktonanalyse

G.Valet: Zellfunktion, Klinische Diagnostik
und Datenanalyse

Mittagessen
Praklische Arbeit im Kurssaal

Praktische Arbeit im Kurssaal
Mittagessen und Abfahrt

- Frithstiick: 7-8.30h fir Gastehaushewohner in der Cafeteria des Instituts bzw.

im Hotel bei Hotelunterkunft

- Mittagessen; 11.30-13.30h fir alle Teilnehmer, Referenten, Mitarbeiter und
Firmenangehdrige

Abendessen/Brotzeit: 18h f(ir alle Teilnehmer, Referenten, Mitarbeiter, und

Firmenangehdrige
- Die Mahlzeiten werden in der Cafeteria des Instituts eingenommen (bitte die

ausgegebenen Essensmarken verwenden).



Gruppe 1:
Bocker

Chaffard
Endl
Fiala

Gruppe 4:
Koenigsmann

Krause
Molks
Maller

Gruppe 7:
Viergutz
Vogelsang
Wagner
Weigerstorfer

Kurseinteilung

Gruppe 2:
Glantz

Habermehl
Hértel
Hauler

Gruppe 5:
Plath
Papadimitriou
Rhein

Russ

Einteilung fiir Montag, den 1.3.1893:

Referenten:
Beisker/Nisse

Gohde/Bdngeler
Kachel
Otto

Radbruch/Mechtold

Raffasl
Valet/Kahle

1

2
3
4
5
6
7

Gruppen: Themen:

Gruppe 3:
Hexel

frmer
Kayser
Kellner

Gruppe 6:
Schenck

Schmitz
Seier
Spring
Steinbach

Chromosomen,in-situ Hybridisierung in Bakterien
Mikronuklei und zelluldre Toxizitat

hochaufldsende DNS Zytometrie an Tumorzellen
Instrumentation, Planktonanalyse
Chromosomenpréparation, h'ochaufi. DNS-Zytometrie
immunzytometrie, Zellsortierung mit MACS und FACS
immunphanotypisierung, Datenverarbeitung
Funktionszytometrie, Datenverarbeitung

Die Gruppeneinteilung gilt nur fir Montag, danach bitte entsprechend dem eigenen Interesse
auf die einzelnen Referenten verteilen. Vormerkbiatter fiir die verschiedenen Kurstage liegen auf dem
vorderen Labortisch beim Kurssaaleingang auf. Je Referent und Tag bitte nicht mehr als 6 Teilnehmer

gintragen.

Nachstehende Themen werden nur an folgenden Tagen behandelt:

Referenten:

Cremer/Scherthan

Kubbies
Poot

Themen:

in-situ Hybridisierung
Wachstumsfaktoren

Zellproliferation

Tage:
Di,Mi
Mi

Di-Do
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REFERENTEN:
Beisker, Dr.W. 6.
GSF-Inst.f.Biophysikalische
Strahlenforschung
Ingolstadter Landstr.1
8042 Neuherberg

Fax: 089/3187-2842
Tel:  089/3187-3349

Bongeler, Dr.R.
PARTEC GmbH
Otto-Hahn-Str.32
4400 Minster
Fax: 02534/5270
Tel:  02534/8588

Cremer, Prof.Dr.Th.
Institut flir Humangenetik
der Universitat

Im Neuenheimer Feld 328
6900 Heidelberg 1

Fax: 06221/56-3834
Tel:  06221/56-5332

Gohde, Prof.Dr.W.

Klinik- u.Poliklinik fir Strahlen-
therapie der Universitat
Albert-Schweitzer-Sir.33

4400 Minster

Fax: 0251/83-5310

Tel:  0251/83-5281

Kachel, PD Dr.Ing.V.
Arb.Gruppe ZellmeBtechnik
Max-Planck-Inst.f.Biochemie
Am Klopferspitz 18a

8033 Martinsried

Fax:. 089/8578-2571

Tel:  089/8578-3777

10.

Kubbies, Dr.M.

Boehringer Mannheim GmbH
Forschungszentrum Penzberg
Nonnenwald 2

8122 Penzberg

Fax: 08856/60-2786

Tel:  08856/603068

Nsse, Dr.M.

GSF Inst.f.Biophysikalische
Strahlenforschung
Ingolstadter Landstr.1

8042 Neuherberg

Fax: 089/3187-2842
Tel:  089/3187-3349

Otto, Dr.F.

Fachklinik Hornheide
Experimentelle Tumorforschung
Dorbaumstr.300

4400 Minster

Fax: 0251/3287-651

Tel:  0251/3287-299

Poot, Dr.M.

Institut fir Humangenetik
der Universitat

Biocenter am Hubland
8700 Wirzburg

Fax; 0931/888-4084
Tel:  0931/888-4069

Radbruch, Prof.Dr.A.
Institut fir Genetik

der Universitat
Weyertal 121

5000 Kaéin 41

Fax: 0221/470-3419
Tel:  0221/470-5185
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Raffael, Dr.A.

Becton Dickinson GmbH
Immunzytometriesysteme
Tullastr.8-12

6900 Heidelberg

Fax: 06221/305-201
Tel:  06221/303-798

Scherthan, Dr.H.

Institut fir Humangenetik
der Universitat

Im Neuenheimer Feld 328
6900 Heidelberg 1

Fax: 06221/56-3834
Tel:  06221/56-5332

Valet, Prof.Dr.G.

Arb.Gruppe Zellbiochemie
Max-Planck-Institut fir Biochemie
Am Klopferspitz 18a

8033 Martinsried

Fax: 089/8578-2518

Tel:  089/8578-2563

Wallner, Dr.G.
GSF-Inst.f.Biophysikalische
Strahlenforschung
Ingolstadter Landstr.1

8042 Neuherberg

Fax: 089/3187-2842
Tel:  089/3187-3349
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FIRMEN:
Becton Dickinson GmbH 6. SERVA Feinbiochemica GmbH
Dr.A.Raffael Kayser
immunzytometriesysteme Postfach 105260
Tullastr.8-12 6900 Heidelberg 1
6900 Heidelberg Fax: 06221/502-0
Fax: 06221/305-201 Tel:  06221/502143

Tel:  06221/303-798

Boehringer Mannheim GmbH
Dr.Fiala

Abt.GB-MSP1

Postfach 310120

6800 Mannheim 31

Fax: 0621/759-8550

Tel:  0621/759-8830

LAMBDA
Fluoreszenztechnologie
Dr.E.Koller
Grottenhofstr.3

A-8053 Graz

Fax: 0043/316/295681252
Tel:  0043/316/295769

PARTEC GmbH
Dr.R.Bdngeler
Otto-Hahn-Str.32
4400 Minster
Fax: 02534/5270
Tel:  02534/8588

Photometrics GmbH
W.Pfanhauser
Solinerstr.61

8000 Mlnchen 71
Fax: 089/799580
Tel:  089/799715
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Bocker, T.
Institut fir Pathologie
der Universitat

Franz-Josef-StrauB-Allee 11

8400 Regensburg

Fax:
Tel:

0941/944-6601
0941/944-6602

Chaffard, R.

Institut fir Pathologie
der Universitét
Holbeinstr.40
CH-4003 Basel

Fax:
Tel:

0041/61/2652525
0041/61/2653194

Endl, Dipl.Phys.E.
Institut flir Pathologie
der Universitat

Franz-Josef-StrauB-Allee 11

8400 Regensburg

Fax:
Tel:

0941/944-6601
0941/944-6602

Fiala, Dr.
Boehringer Mannheim GmbH
Abt.GB-MSP1
Postfach 310120
6800 Mannheim 31

Fax:
Tel:

0621/759-8550
0621/759-8830

Glantz, R.
Inst.f.Biophysik u.Strahlenbiologie
der Universitat
Martinistr.52

2000 Hamburg 20

Fax:

Tel:

040/4717-2353
040/4717-5139

TEILNEHMER:

10.

Habermehl, P.
Kinderklinik u.Poliklinik
der Universitét
Langenbeckstr.1
6500 Mainz

Fax: 06131/17-3327
Tel:  06131/222332

Hartel, W.

Hoechst AG
GE-Al/H780

Postfach 800320
6230 Frankfurt/M 80
Fax: 069/305-15122
Tel:  069/305-16354

Hauler,

Fa.Thomae Biotechn.Produktion
Verfahrensentwicklung

Postfach 1755

7950 Biberach a.d.Riss 1

Fax: 07351/54-4813

Tel:  07351/54-5102

Hexel, K.

Institut fur Immunol.u.Genetik
DKFZ

Im Neuenheimer Feld 280
6900 Heidelberg 1

Fax: 06221/42-3740

Tel:  06221/401629

Irmer, Dipl.Biol.U.
Biologisches Institut
der Universitat
Pfaffenwaldring 47
7000 Stuttgart 80

Fax: 0711/685-5022
Tel:  0711/685-5096
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Kayser,
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6900 Heidelberg

Fax: 06221/502-0
Tel:  06221/502-143

Kellner, R.

Innere Kiinik und Poliklinik
Universitatsklinikum
Hufelandstr.55

4300 Essen 1

Fax: 0201/723-2000
Tel:  0201/723-5924

Koenigsmann, Dr.M.
Klinikum Steglitz der FU
Abt.Innere Medizin
Hindenburgdamm 30
1000 Berlin 45
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Tel:  030/8349894

Krause, J.
Robert-Bosch-Krankenhaus
Auerbachstr.110
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Fax: 0711/810-1721

Tel:  0711/810-1790

Molks, M.

Klinikum Steglitz der FU
Abt.Innere Medizin
Hindenburgdamm 30
1000 Berlin 45
030/798-3779
030/8349894

Fax:
Tel:
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17.

18.

19.

20.

Miiller, Dr.S.
Inst.f.Experim.Immunologie
der Universitét
Deutschhausstr.1

3550 Marburg

Fax: 06421/

Tel:  06421/286966

Plath, Th.

Deutsches Rheumaforschungs-
zentrum Berlin

Nordufer 20

1000 Berlin 20

Fax: 030/454-2060

Tel:  030/454-2090

Papadimitriou, Dr.Ch.
Klinikum Steglitz der FU
Abt.Innere Medizin
Hindenburgdamm 30
1000 Berlin 45

Fax: 030/798-3779
Tel:  030/8349894

Rhein, Dr.A.P.

Akademie des Sanitats- und
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Fax; 089/3168-3293

Tel:  089/3168-3395

Russ, S.

Dr.Karl Thomae GmbH
Biotechnische Produktion
Postfach 1755

7850 Biberach der Riss 1
Fax: 07351/54-4811
Tel:  07351/54-5102
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Inst.f.Histologie
u.Embryologie d.Universitat
Mllerstr.59

A-6020 Innsbruck

Fax: 0043/512/507-2360
Tel:  0043/512/507-2543




DNA ANALYSE UND FLUORESZENTE IN-SITU HYBRIDISIERUNG
BEI BAKTERIEN

Dr.W.Beisker, Dr.G.Wallner

GSF-Inst.f.Biophysikalische Strahlenforschung
8042 Neuherberg
Lehrstuhl fiir Mikrobiologie der TU Miinchen




FLOW CYTOMETRY OF MICROBIAL CELLS

W. Beisker“) and G. Wallner(z)

(1} GSF - Inst. f. Biophysikalische Strahlenforschung
Ingolstéddter Landstrasse 1, D-8042 Neuherberg, FRG

(2) Lehrstuhl fur Mikrobiologie, Technische Universitdt Miinchen,
Arcisstrasse 21, D-8000 Miinchen 2, FRG

Experiment 1

Title: In situ hybridization of microbial cells with rRNA-
targeted fluorescent oligonucieotide probes.

Literature: Wallner, G., R. Amann, and W. Beisker: Optimizing
fluorescent in situ hybridization with rRNA-targeted
ohgonuc!eotide probes for flow cytometric identification of
microorganisms. Cytometry 14: 136-143, 1993.

Amann, R. L., B, J. Binder, R. J. Olson, S. W. Chisholm, R.
Devereux, and D. A. Stahi: Combination of 16S rRNA-
targeted oligonucleotide probes with flow cytometry for
analyzing mixed microbial populations. Appl. Environ.
Microbicl. 56: 1919-1925, 1990.

Delong, E. F., G. S. Wickham, N. R. Pace: Phylogenetic
stains: ribosomal RNA-based probes for the identification of
single cells. Science 243: 41-44, 1989.

Introduction: Fluorescent oligonucleotide probes complementary to short
sequence elements within the naturally amplified 16S and
23S rRNA can identify microbial cells at different
phylogenetic levels by in situ hybridization {"phylogenetic
stain"). By targeting more conserved regions of the rRNA
molecule larger groups of microorganisms can he stained.
More variable regions are specific at genus or species level.
The hybridized cells can be analysed by fluorescence
microscopy or flow cytometry.

In this experiment we use probes complementary to highly
conserved regions: "EUB" is specific for Bacteria and will"
stain E. coli, "EUK" is specific for Eucarya and will stain S.
uvarum. . _ _

Cells: Escherichia coli and Saccharomyces uvarum cells were
fixed in 4% paraformaldehyd, washed, and resuspended in
1 Vol. PBS (130 mM NaCl, 30 mM sodium phosphate
buffer, pH 7.2) plus 1 Vol. of absolute ethanol. The final
concentration is approximately 108 to 108 cells per ml.




Hybridization buffer:

0.9 M NaCl, 0.1 % SDS, 20 mM Tris/HCI, pH 7.2

Fluorescent oligonucleotide probes:

- Hybridization:

Oligodeoxynucleotides (length 15 to 25 nucleotides) were
chemically synthesized. Via a 5' amino-linker the
fluorescent dye 5(6)-Carboxyfluorescein-N-
hydroxysuccinimidester (FLUOS, Boehringer Mannheim) was
attached to the probe.

5 pyl of cells and 5 pl of oligonucleotide probe (10 ng/ul;
final conc. 1 ng/ul) are added to 40 ul of hybridization
buffer.

After two hours of incubation at 46°C the sample is diluted
by 500 wl of ice-cold PBS and measured in a flow
cytometer.

Flow cytometry:
488 nm, 500 mW {argon laser)
530 nm band pass filter

Excitation:
Emission:




Experiment 2

Title:

Literature:

Introduction:

Staining:

Determination of guanine-plus-cytosine content of
bacteria.

Van Dilla, M. A., R. G. Langlois, D. Pinkel, D. Yajko, and W.
K. Hadley: Bacterial characterization by flow cytometry.
Science 220: 620-622, 1983.

Sanders, C. A., D. M. Yajko, W. Hyun, R. G. Langlois, P. S.
Nassos, M. J. Fulwyler, and W. K. Hadley. Determination of
guanine-plus-cytosine content of bacterial DNA by dual-

laser flow cytometry. J. Gen. Microbiol. 136: 359-365,
1990.

Bacterial species vary widely in DNA base composition:
%G +C values range between 25 and 70 percent of the
total number of base pairs present in the DNA. Double
fluorescent DNA staining of bacterial cells by Chromomycin
A3, having guanine-cytosine (GC) binding preference, and
Hoechst 33258, having adenine-thymine {AT) binding
preference, provides information on the DNA base
composition.

Cells of Escherichia coli, Staphylococcus aureus, and
Micrococcus luteus were fixed in 70% ethanol at a
concentration of 10% to 108 per ml.

10 g4l of Chromomycin A3 (CA3; 1 mM = 1.2 mg/ml) and
10 pl of Hoechst 33258 (HOE; 0.3 mM = 0.16 mg/ml) are
added to 1 ml of TMS-huffer (150 mM NaCl, 1.5 mM
MgClz, 10 mM TRIS/HCI, pH 7.2), containing 10 ul of cell
suspension.

Flow Cytometry:

Excitation:

Emission:

457 nm, 160 mW (argon laser; CA3), and

360 nm, 250mW {argon laser; HOE)
424 nm band pass filter (CA3), and
500 nm long pass filter (HOE)



Experiment 3

Title:

Literature:

Introduction:

Staining:

Effect of chloramphenicol-treatment on the DNA
content of E. coli cells.

Steen, H. B., E. Boye, K. Skarstad, B. Bloom, T. Godal, and
S. Mustafa: Applications of flow cytometry on bacteria: cell
cycle kinetics, drug effects, and quantitation of antibody
binding. Cytometry 2: 249-257, 1982,

Chloramphenicol inhibits protein synthesis and - as de novo
protein synthesis is required for It - initiation of chromosome
replication and cell division.

In fast growing E. coli cells the cell division rate is faster
than the chromosome replication rate. Therefore these cells
initiate replication of a chromosome before the previous
round of replication has been completed. Chloramphenicol
blocks chromosome initiation and cell division, whereas
DNA synthesis, that is replication of chromosomes which
had already initiated when the antibiotic was given,
continues. This results in cells containing DNA amounts
equivalent to two or four complete chromosomes.

Escherichia coli cells were harvested at various times after
chioramphenicol {100 pg/ml) had been added, and were
fixed in 70% ethanol.

25 pl of 4,6-Diamidino-2-phenylindole (DAPI;, 0.2 mM =
0.075 mg/ml) are added to 1 ml of PBS (130 mM NaCli, 30
mM sodium phosphate buffer, pH 7.2), containing 10 pl of
cell suspension.

Flow cytometry:

Excitation:
Emission:

360 nm, 250 mW (argon laser)
424 nm band pass filter
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Optimizing Fluorescent In Situ Hybridization With
yRNA-Targeted Oligonucleotide Probes for Flow
Cytometric Identification of Microorganisms

Ganter Wallner, Rudolf Amann, and Wolfgang Beisker

Lehrstuhl fiir Mikrobiologie, Technische Universitdt Minchen, 8000 Minchen 2 (G.W., R.A.) and GSF-Institut fliir
Biophysikalische Strahlenforschung, Neuherberg, (W.B.), Germany

Received for publication April 7, 1992; accepted .J uly 21, 1992

A combination of fluorescent rRNA-
targeted oligonucleotide probes (“phylo-
genetic stains™) and flow cytometry was
used for a high resolution automated
analysis of mixed microbial populations.
Fixed cells of bacteria and yeasts were
hybridized in suspension with fluores-
cein- or tetramethylrhodamine-labeled
oligonucleotide probes complementary
to group-specific regions of the 168 ribo-
somal RNA (rRNA) molecules. Quantify-
ing probe-conferred cell fluorescence
by flow cytometry, we could discriminate
between target and nontarget cell popu-
lations. We critically examined changes
of the hybridization conditions, kinetics
of the hybridization, and posthybridiza-
tion treatments. Intermediate probe
concentrations, addition of detergent to
the hybridization buffer, and a posthy-
bridization washing step were found to

increase the signal to noise ratio. We
could demonstrate a linear correlation
between growth rate and probe-con-
ferred fluorescence of Escherichia coli .
and Pseudomonas cepacia cells. Oligonu-
cleotides labeled with multiple fluoro-
chromes showed elevated levels of non-
specific binding and therefore could not
be used to lower the detection limits,
which still restrict studies with fluoresc-
ing rRNA-targeted oligonucleotide
probes to well-growing microbial cells.
Two probes of different specificities—
one labeled with fluorescein, the other
with tetramethylrhodamine—could be
applied simultaneously for dual color
analysis. © 1993 Wiley-Liss, Inc.

Key terms: Identification, bacteria, flow
cytometry, yeast, ribosomal RNA, oligo-
nucleotide probes, in situ hybridization

Individual microbial cells often lack the morpholog-
ical complexity needed to identify them as members of
a defined genus or species. Whereas botanists and zo-
ologists readily identified and enumerated their organ-
isms of interest in situ, microbiologists had to use in-
direct approaches prone to obvious inaccuracies to
analyze mixed microbial samples. Microorganisms had
to be isolated in pure culture prior to an identification
based on physiological characteristics. This is not only
tedious and time-consuming, but also hardly results in
the detection and identification of all microorganisms.
In samples from many ecosystems, only a minor frac-
tion of the viable cells grows to visible colonies on solid
medium. Direct microscopy reveals cell counts that
may exceed the numbers of colonies derived from plat-
ing by several orders of magnitude (12). Some of these

“missing cells” might not be viable, but many micro-

organisms cannot be cultured on the standard media

.- Address reprint requests to Dr. Rudolf Amann,

used to determine viable counts (7); others may in prin-
ciple be culturable but occur in a physiological state in
which the cells are viable but nonculturable (8).

In contrast to lack of morphological diversity, the
molecular diversity of proteins and nucleic acids of mi-
croorganisms is very high. Therefore, a natural classi-
fication of microorganisms could be achieved through a
comparative sequence analysis of informative macro-
molecules, most notably of the ribosomal RNA mole-
cules (24). Today, two highly specific tools can be used
to identify individual microbial cells by melecular

This study was presented in part at the XV Congress of the Inter-
‘national Society for Analytical Cytology, Bergen, Norway. - :

robiologie, TU Manchen, Areisstr. 21, D-8000 Minchen 2, Germany.
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characteristics: (1) antibodies recognize and bind to
specific (surface) epitopes and (2) single-strand nucleic
acid probes hybridize specifically to complementary
strands of target nucleic acid (either DNA or RNA).

Throughout this study, we have used rRNA-
targeted, fluorescently labeled oligonucleotides.
Probes of this type have only recently been applied to
single cell identification (1,9). Compared to the immu-
nofluorescence approach and to nucleic acid probes
with other iarget molecules, these synthetic nucleic
acid probes have several significant advantages: (1)
Large rRNA sequence data hases are publicly available
{14). Comparative sequence analyses allow identifica-
tion of target regions on the rRNA melecules specific
for certain phylogenetic groups ranging from subspecies
(1) to kingdom level (11). (2) Specific target sequences
for a nonculturable microorganism can be revealed by
molecular techniques without prior cultivation {19). (3)
The rRNA molecules are naturally amplified target
molecules. A single Escherichia coli cell from an expo-
nentially growing culture contains between 10* to 10°
copies of 58, 168, and 23S rRNA, which allows detec-
tion of individual cells with oligonucleotide probes that
direct only one fluorescent dye molecule to each target.
(4) The cellular rRNA content is not constant for a
certain species but directly correlated with the growth
rate of the microbial cells (9). This could be expleited to
gain insights into the physiological activity of individ-
ual cells, but in natural ecosystems it often means that
cells have not enough rRNA fo be detected at all, Meth-
ods to increase the sensitivity of rRNA-targeted oligo-
nucleotides are therefore required and are under devel-
opment (25).

After hybridization, fluorescence conferred by
rRNA-targeted oligonucleotide probes can be analyzed
by epifluorescence microscopy (1.9) or flow cytometry
(2). For the analysis of suspended cells, the latter ap-
proach offers the advantages of easy quantification of
the hybridization signal emitted from an individual
cell and rapid, automated analysis of many cells. Here
we used these characteristics of the flow cytometer to
optimize systematically the in situ hybridization of flu-
orescent oligonucleotides to rRNA in fixed, suspended
microbial cells. Similar ecombinations of flow cytometry
and rRNA-detection by in situ hybridization have been
reported for leukemia cells (4,15) and yeast cells (5).
However, in those studies biotin-labeled polynucleotide
transcripts were applied as probes and detected indi-
rectly with FITC-labeled streptavidin. Compared to the
directly end-labeled oligonucleotides, these longer
probes have a higher sensitivity (directing more than
one label to each target), but by binding to conserved as
well as variable regions of the rRNA molecules, they
would likely lack the specificity necessary for an anal-
ysis of mixed microbial samples.

Flow cytometric analyses employing DNA-dyes to
determine the cellular DNA base composition {17,22)
or mixed dyes to achieve “fingerprint” staining pat-
terns (13,18) are applicable for the differentiation and

identification of microorganisms only in selected cases.
Immunoflucrescent identification has been success-
fully combined with flow cytometry (10,18,21,23).
However, antibody specificity is in general restricted to
the species or subspecies level and their production re-
guires previous culfivation of the target organism.
Since a combination of fluorescent, rRNA-targeted oli-
gonucleotide probes, and flow cytometric analysis
promises to become a powerful tool for high resolution,
rapid, automated identification of microorganisms, we
tried to optimize this technique.

MATERIAL AND METHODS
Cell Growth and Fixation

The bacterial and yeast strains used were all grown
aerobically in YT-broth (gl™!: tryptone, 10; yeast ex-
tract, 5; glucose, 5; sodium chloride, 5; pH 7.2}: Escher-
ichia coli (DSM 30083 T; DSM = Deutsche Sammlung
von Mikroorganismen und Zellkulturen GmbH, Braun-
schweig, FRG; T = type strain), Pseudomonas cepacia
(DSM 50181) and Saccharomyces carlsbergensis (Insti-
tut fiir Brauereitechnologie und Mikrobiologie, Tech-
nical University Munich, strain 66) at 30°C. The cells
were harvested during exponential growth and fixed
with fresh, cold paraformaldehyde: three volumes of 4%
paraformaldehyde in phosphate-buffered saline (PBS;
130 mM sodium chloride, 10 mM sodium phosphate
buffer, pH 7.2) were mixed with one volume of cell
suspension and incubated at 4°C for 16 h. The cells were
pelleted by centrifugation in an Eppendorf microcen-
trifuge (8,000 g, 2 min), washed with PBS solution, and
resuspended in one volume of PBS and one volume of
absolute ethanol at a concentration of 108-10° cells per
ml. The fixed cells could be stored at —20°C for several
months without apparent change in light scatter or
fluorescence intensity after hybridization.

Fiuorescent Oligodeoxynucleotide Probes

The following probes were used in this study:
EUB338, a probe complementary to a 165 rRNA region
conserved for all bacteria (5-GCTGCCTCCCGTA-
GGAGT-3"; ref. 1); NON338§, an oligonuclectide com-
plementary to the probe EUB338, serving as a negative
control for nenspecific binding (5'-ACTCCTACGG-
GAGGCAGC-3'); and a probe specific for Eucarya,
Euk516 (5'-ACCAGACTTGCCCTCC-3’; ref. 1). The
oligodeoxynucleotides were synthesized with a pri-
mary amino group at the 5'-terminus [5'-Amino-
Modifier C6: 6-(4-monomethoxytritylamine)hexyl-(2-
cyancethyD)-(N,N-diisopropyl)-phosphoramidite; Glen

Research, Sterling, VAl For internal or multiple

labeling an “Amino-Modifier-dT” [5"-dimethoxytrityl-
5-(N-(trifluoreacetylaminohexyl}-3-acrylamido)-2’-de-
oxyuridine, 3'((2-cyanoethyl)-(N,N-diisopropyl})-phos-
phoramidite;Glen Research] was used to create
primary amine side chains at thymidine sites within
the oliganucleotides. The fluorescent dyes TRITC [tet-
ramethylrhodamine-5-(and-6-)-isothiocyanate; Molec-
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ular Probes, Eugene, OR] or FLUOS [5(6)-carboxyflu-
orescein N-hydroxysuccinimide ester; Boehringer
Mannheim, Germany) were coupled to these amino
groups, and the dye-oligonucleotide conjugates were
purified by exclusion chromatography, polyacrylamide
gel electrophoresis, and reverse phase chromatography
as described elsewhere (1). The probes were dissolved
in double-distilled water and stored at —20°C.

Hybridization of Fixed Cells with
Fluorescent Probes

Cells (10°~10%) were added to 50 pl of prewarmed
hybridization solution containing 0.8 M sodium chlo-
ride, 20 mM Tris/HC1 (pH 7.2), 0.1% sodium dodecyl
sulfate (SDS), and usually 1 to 5 ng/pl probe ina 1.6 ml
Eppendorf tube. The tube was transferred to a 46°C dry
incubator. After 2 h, the hybridization was stopped by
adding 500 1 of cold PBS solution (pH 8.4; 0°C}). Sam-
ples could be stored on ice for several hours without
significant loss of fluorescence intensity.

If a washing step followed the hybridization, the cells
were pelleted by centrifugation (8,000 g, 2 min),
washed in 100 pl of hybridization buffer (48°C, 20 min),
and resuspended in 500 pl PBS solution (pH 8.4} for
flow cytometric analysis.

Flow Cytometry and Data Analysis

A FACStar PLUS flow cytometer (Becton Dickinson
(BD), Mountain View, CA), equipped with two argon-
ion lasers (Innova; Coherent, Palo Alto, CA) was used
to measure forward angle light scatter (FSC), right an-
gle light scatter (SSC), and fluorescence of the micro-
bial cells. These parameters were acquired as pulse
height signals (four decades in logarithmicscale) in list
mode for 5,000 or 10,000 events at a rate of ~ 200 cells
per second. The samples were analyzed using the stan-
dard stream-in-air configuration, usually triggered on
FSC as threshold parameter. The lasers were tuned to
488 nm and/or 514 nm at a power output of 500 mW
each. TRITC and FLUOS were excited at 514 nm and
488 nm, emission was measured with a 575 nm band
pass filter (BD 575 DF 26), and a 530 nm band pass
filter (BD 530 DF 30; both Becton Dickinson), respec-
tively.

During two-color measurements, the emission light,
excited sequentially by the two lasers, was split by the
standard half-mirror (BD) and fed to the respective
photomultiplier tube. For further wavelength selec-
tion, a 530 nm long pass (OG 530; Schott, Mainz, Ger-
many) and a 530 nm band pass filter (BD 530 DF 30}
were combined for FLUOS detection in order to exclude
scattered light of the 514 nm excitation line. A 5§70 nm
long pass filter (OG 570; Schott) was used for TRITC
detection.

The recorded list-mode data files were transfered by
FASTFILE-software (BD) to an IBM-compatible PC-
gystem. Data analysis and graphics were performed us-

ing the DAS-software package (DAS = Data Analysis

Software (DAS V 4.03), designed by W. Beisker).
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RESULTS AND DISCUSSION

Most of the results presented below were obtained by
analyzing mixtures of fixed cells of rapidly growing Z.
coli and S. carlsbergensis after hybridization with
probes specifically binding to Bacteria (EUB338 to E.
coli) or Eucarya (EUK516 to S. carisbergensis). This
system has the advantage that fluorescence by both
specific and nonspecific binding can clearly be quanti-
fied as the two cell types can easily be distinguished by
another independent parameter (forward angle light
scatter). However, various other probes and bacteria
gave similar results (e.g., Pseudomonas fluorescens, P.
putida, P. cepacia, Comamonas testosteroni, Enterobac-
ter cloacae). Using fast-growing cells of these species,
the mean fluorescence values of target cells (specifi-
cally stained) were about one order of magnitude
higher than those of nontarget (nonspecifically
stained) ones. That means that despite the broad vari-
ation of fluorescence intensities within populations of
equally treated cells (CV = 30 — 40%; CV = coefficient
of variation = standard deviation/mean) target and
nontarget cells could readily be distinguished.

Problems occurred with very small cells (e.g.,
Pseudomonas diminuta) or E. coli cells harvested in
late stationary phase due to their low ribosome con-
tent. Certain Gram-positive cells (e.g., Bacillus subti-
lis, Lactococeus lactis) showed limited probe accessibil-
ity, which could be improved by a lysozyme/EDTA
treatment (25). In both cases target cells with a weak
fluorescence signal resulting from low cellular ribo-
some contents or restricted cell permeability may be
misinterpreted as nontarget cells.

Probe Concentration and Incubation Time

Subsamples taken at different times after starting
the hybridization with various probe concentrations
confirmed that high probe concentrations increase the
velocity of hybridization, whereas the maximum spe-
cific signal is constant over a broad range of concen-
trations. Maximum fluorescence values were reached
after ~ 1, 2, 3, 5 hours, 1, and 2 days for 20, 5, 1, 0.3,
0.1, and 0.01 ng/ul probe concentration, respectively.
These maxima were practically the same for probe con-
centrations between 0.1 and 5 ng/pl as they are deter-
mined by the number of ribosomes per cell as long as
probe is in excess (part of the underlying data sets are
shown in Fig. 1).

At a probe concentration of 0.01 ng/pl, the number of
probe molecules is not sufficient to bind to all available
ribosomes and the mean fluorescence per cell de-
creases. In contrast, too high probe concentrations (like
20 ng/ul) increase nonspecific staining. That means
that both target and nontarget cells show elevated flu-
orescence, but the erucial ratio of specific to nonspecific
signal declines at too high probe concentrations. There-
fore an optimal signal to noise ratio is obtained using .

‘intermediate probe concentrations (Fig. 2). As the spe-

cific signal also strongly depends on the incubation
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F16. 1. Dependence of probe-conferred flucrescence on probe con-
centration and incubation time. Subsamples of E. coli cells hybridized
with different probe concentrations were taken at certain times, After
2 washing step, the mean fluorescence values of the cells were deter-
mined relative to calibration beads (100% = mean fluorescence of
doublets of 0.5 pm diazmeter “polychromatic” beads; Polysciences,
Warrington, PA). 1 (hollow square), 0.3 {filled triangle), 0.1 (hollow
triangle), and 0.01 ng/pl (filled circle) of the bacterial probe EUB338,
1 ng/pl of the eukaryotic probe EUK516 (filled square; negative con-
trol), all labeled with FLUOS.

time, especially at low probe concentrations, and the
nonspecific signal on post-hybridization washing, these
conditions also have to be considered for determining
the optimal probe concentration. Accordingly, probe
concentrations of about 1 ng/pl and incubation times of
at least 2 h are recommended if a washing step follows
the hybridization, lower concentrations, and longer in-
cubation times if washing is omitted.

Nonspecific Staining

If no washing step is involved, part of the “nonspe-
cific staining” corresponds to the increased fluores-
cence noise caused by dye-oligonucleotide conjugate
freely dissolved in the sample suspension. The fluores-
cence values of the nonspecifically stained cell popula-
tion lie within the elevated background noise. How-
ever, washed samples with background fluorescence
close to the instrument noise level or relatively strong
nonspecific staining of yeast or aggregates of many
bacterial cells above the fluorescence noise level prove
that probe is actually bound nonspecifically to all cells,
especially at high probe concentrations.

There are several indications that this nonspecific
staining is not caused by mispairing of the probe to
nontarget sequences but is due to binding of the con-
jugated dye molecules to other cell components, possi-
bly on the cell surface: {1) without permeabilizing the
cells with detergent they show the same fluorescence
level with positive and negative control probes (Fig. 3);
(2) probes with different nucleotide sequences used as
negative controls cause similar nonspecific staining;
(3) attaching more than one dye molecule to each oli-
gonucleotide increases nonspecific binding signifi-
cantly (Table 1). A possible reason for irreversible non-
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Fic. 2. Fluorescence per cell (arbitrary units) as a funetion of probe
concentration. Mean fluorescence of E. eoli cells after hybridization
with different concentrations of the FLUQOS-labeled bacterial (filled
circles; EU/B338) and eukaryotic (hollow triangle; EUK516) probes. A.
16 b incubation time, posthybridization washing. B, 2 h incubation
time, no washing step. C. The ratios of specific (EUB338) to nonspe-
cific (EUK516) signal were caleulated from the data shown in A (flled

triangle) and B (hollow dizmond). The maxirmum ratio is much higher

if a washing step is employed, but in both cases it is highest at inter- =’
mediate probe concentrations, e

specific binding could be unreacted dye molecules not
efficiently removed during the probe purification and
covalently binding to proteins by their aminoreactive
groups.
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Fic. 3. Addition of detergent to the hybridization buffer. Histo-
grams showing the distribution of green {luorescence (a. u.) of E. coli
cells after hybridization with FLUOS-labeled probes (5 ng’ul probe
concentration, 2 h incubation time, no posthybridization washing).

Blocking reagents added to the hybridization buffer
could not reduce nonspecific staining. Standard block-
ing reagents tested were {final concentrations): 10x
Denhardt Solution (0.2 bovine serum albumine, 0.2%
ficoll, 0.2% polyvinylpyrrolidon), 0.005% and 0.05%
heparin, 0.2% bovine serum albumine, and 0.1% poly-
adenylic acid.

As shown above, nonspecific staining is strongly de-
pendent on probe concentration. A washing step as de-
scribed in Materials and Methods can reduce the fluo-
rescence of nontarget cells to instrument noise level if
the probe concentration is not higher than about 5 ng/
pl. At higher concentrations, nonspecifically bound
probe is not sufficiently removed by this washing pro-
cedure. A washing treatment can improve the maxi-
mum ratio of specific te nonspecific signal by up to one
order of magnitude. However, cells may be lost during
the washing procedure. If absolute or relative numbers
of certain microorganisms are to be assessed, it seems
more appropriate to omit any step employing centrifu-
gation.

1000 000

flucrescence

A. No probe, 0.1% SDS. B. NON338 {control for nonspecific staining),
0.19% SDS. C. EUB338, no SDS. D. EUB338, 0.01% SDS. E. EUB338,
0.1% SDS. Detergent is essential for maximum specific staining of atl
cells,

Hybridization Buffer

The standard hybridization solution contained 0.9 M
sodium chloride, 0.1% sodium dodecyl sulfate (SDS),
and 20 mM Tris/HCl (pH 7.2; final concentrations). The
addition of detergent is essential for access of probe
molecules to their intracellular targets. If hybridiza-
tions with specific probes were carried out without any
detergent, cell fluorescence was as low as with nega-
tive control probes (only nonspecific staining). At
higher SDS-concentrations all cells were specifically
stained (same fluorescence level at different SDS-con-
centrations above about 0.05%), whereas at low con-
centrations of SDS cells showed a broad range of flue-
rescence intensities with two main populations, one
representing maximally specifically, the other only
nonspecifically stained cells (Fig. 3). Triton X-100 or
Tween 20 gave similar results.

The stringency of hybridization is strongly influ-
enced by the incubation temperature (hybridization

and washing) and the concentration of monovalent cat-



IN SITU HYBRIDIZATION OF MICROORGANISMS

Table 1.
Multiple Labeling of Probe EUB338

{a) Probe sequences and positions of labels

Names Sequence (5'-3)F

X(1t) XGCTGCCTCCCGTAGGAGT
Z(21) GCTGCCTCCCGTAGGAGT
Z(2e) TAAATGCTGCCTCCCGTAGGAGT
Z(31) GCTGCCTCCCGTAGGAGT

Z{3e) TATATATATATATATAGCTGCCTCCCGTAGGAGT
(b} Hybridization results with multiply labeled probes®

Number E. coli S. carlsbergensis
Probe of Labels (specific) (nonspecific)
X(1t) 1 22 22
Z{21) 2 22 67
Z{(2e) 2 4 36
Z{(31) 3 9 88
Z(3e) 3 31 190
NON338 1 2 10
no probe 0 2 10

*¥ = 5'-Aminomodifier (standard labeling).

5T = Aminomedifier-dT.

“Mean fluorescence intensities (relative values) after hy-
bridization with 1 pmol/pl of TRITC-labeled probe and a sub-
sequent washing step.

ions in the buffer (e.g., 20). For the probes tested in this
study, the buffer composition and temperatures as de-
scribed above were sufficiently stringent fo rule out
mispairing as a source of nonspecific binding. However,
since the dissociation temperature of an oligonucle-
otide probe is also dependent on its length and base
composition, hybridization conditions have to be opti-
mized for each individual probe.

Signal Amplification

Multiple labeling of each probe molecule with sev-
eral dye molecules via aminolinkers within the hybrid-
izing sequence or within an added oligo-dA/T tail did
not improve the specific signal (in some cases it was
even much weaker) but increased nonspecific binding
{Table 1). Similar observations using epifluorescence
mieroscopy were made with multiple labeling by tail-
ing probes with terminal deoxynucleotidyltransferase
(D.A. Stahl and R. Amann, unpublished). This is sup-
posedly caused by nonspecific binding of dye moieties
to cell components.

Simultaneous application of several probes of the
same specificity and carrying the same fluorochrome
but binding to different regions of the target rRNAs,
was shown to increase the specific signal (2). However,
the increase was less than additive and could be par-

tially attributed to nonspecific binding resultmg from

the increased total probe concentration.

Indirect signal amplification should be possible us-
ing hapten-labeled probes and antibodies conjugated
with several dye molecules. Digoxigenin-labeled
probes could be detected inside fixed cells by fluores-
cent antibodies, but the fluorescence signals were not
significantly stronger compared to directly labeled
probes (25). Higher numbers of dye molecules per an-
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FiG. 4. Probe-conferred fluorescence per cell (2. u.) as a function of
growth rate. Mean fluorescence intensities of E. coli (filled circle) and
P, cepacia (hollow square} cells after hybridization with the FLUOS-
labeled bacterial probe EUB338 are shown as a function of their
growth rates. Cells were grown at 37°C (E, coli) or 30°C (P. cepacia)
aerobiacally and were harvested during exponential growth in tmedia
that supported different growth rates (see below). As there is one
probe hinding site per ribosome and the ribosome and rRNA content
of the cells is proportional to growth rate over a wide range, probe-
conferred fluorescence is well correlated to growth rate. Very slowly
growing cells have rRNA-contents close to the detection limit of this
technique {dotted line: flucrescence background level). Media used
(ref. 9; resulting growth rates (b~} for E. coli/P. cepacia are given in
brackets ( / ): mineral salt medium (42 mM Na,HPO,, 22 mM
KH,PO,, 9.5 mM NaCl, 19 mM NH,C}, 2 mM MgS0,, 0.1 mM CaCl,)
containing 0.2% acetate (0.12/0.35), 0.2% pyruvate (0.21/-), 0.2% glu-
cose (0.43/0.26), 0.2% glucose and 0.2% casein {1.02/0.65); YT-broth
(see Materials and Metheods; 1.30/1.21).

tibody and better permeabilization of cells for antibod-
ies might, however, favour this approach.

Growth Rate and Ribosome Content

The ribosome and, accordingly, the rRNA content of
microorganisms is proportional to growth rate over a
wide range (6,9). As there is exactly one target region
on every ribosome for each oligonucleotide probe, the
probe-conferred flucrescence should be directly propor-
tional to the ribosome content. The hybridization of E.
coli and P. cepacia cells harvested during exponential
growth in media that determine different growth rates
(see Fig. 4; ref. 9) confirmed these correlations. As ex-
pected, cells harvested in stationary phase showed
much lower fluorescence intensities than those fixed
during exponential growth from the same culture.
Probe-conferred fluorescence of very slowly growing or
starving cells was in some cases at background level
and therefore below the detectmn hm1t

‘Dual-Color Analysis

For the simultaneous application of two different
probes, the combination of flucrochromes, excitation
wavelengths, and emission filters that were available
to us and yielded the best results are described in Ma-
terials and Mlethods. The ratio of mean fluorescence
intensities of target to nontarget cells was up to 10 for
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F16. 5. Dual-color analysis of E. colf and yeast cells hybridized si-
multaneously with two rRNA-targeted oligonucleotide probes of dif-
ferent specificity and labeled with different fluorochromes. Dot plots
showing green (A} and red (B) fluorescence per cell (a. u.) vs. forward
light scatter. Overlay of two experiments, allowing the direct compar-
ison of specific and nonspecific signals. E. eoli (gates #1 and #3) and
5. carlsbergensis (#2 and #4) cells were hybridized simultaneously
with two different probes: In one experiment (gates #1 and #2) the

FLUOS-labeled probes, but only up to 3 for TRITC (Fig.
5). These values are much lower than for single-color
{and single laser) conditions and result from the follow-
ing problems: (1) The absorption of TRITC at the 514
nm line of the argon ion laser is far below its maxi-
mum, whereas the 488 nm line is almost at the absorp-
tion maximum of FLUOS. Accordingly, in single-color
analyses the signal te noise ratios also were higher for
FLUQS—(up to 50) than for TRITC-labeled probes (up
to 10). (2) A 530 nm long pass filter had to be added to
the 530 nm band pass filter in front of the detector for
green fluorescence. It largely (but not completely) ex-
cludad scattered light from the 514 nm excitation line,
but also reduced the FLUOS signal. (3) Crosstalk from
the “red tail” of FLUOS into the photomultiplier tube
for TRITC detection increased the background for red
fluorescence. It could not be “cut off” by appropriate
filters without diminishing the TRITC signal.
Therefore, it was easily possible for FLUQS-, but
hardly for TRITC-labeled probes to distinguish defini-
tively target from nontarget cells in dual-label exper-
iments under the given conditions. Changing from
TRITC to a fluorechrome with excitation and emission
maxima at longer wavelengths and to an appropriate
""dye laser should give much better results in combina-
tion with FLUOS and the 488 nm argon laser line.
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bacterial probe EUB338 that binds specifically to E. coli cells was
labeled with FLUOS (green flucrescence), the eukaryotic probe
EUKS5186, staining S. carisbergensis specifically, was conjugated to
TRITC (red fluorescence). In the other experiment (#3 and #4)
EUB338 was labeled with TRITC, and EUKS516 with FLUQS. The
ratio of specific to nonspecific signal is much higher for FLUOS- than
for TRITC-labeled probes as a result of several problems discussed in
the text.

CONCLUSIONS

In this study we varied the in situ hybridization pa-
rameters of buffer composition, probe concentration,
incubation time, or posthybridization washing in order
to optimize signal to noise ratios. We were able to dis-
tinguish clearly between target and nontarget cells in
most cases. Sensitivity problems oceurred with very
small, slowly growing or stationary phase cells due to
their low cellular ribosome content. Since attempts for
significant signal amplification failed we tried to im-
prove the simultaneous use of two probes labeled with
different dyes. Such dual-label analyses can be used
not only for enumeration of two distinct populations
simultaneously but also allow combination of a specific
and a universal rRNA-targeted probe. The universal
probe is complementary to a sequence region that all
organisms tested have in common and can be applied
as a positive control to quantify the cell content of ac-
cessible ribosomes. Possibly false negative results of
target cells that show weak fluorescence signals due to
low ribosome content or limited cell permeability can
then be excluded from analysis. In addition, the uni-
versal probe can be used to determine for each cell the
ribosome content that is correlated to growth rate and

""is a ‘measure of physiological activity (ref. 9; this "

study).
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Epiflucrescence microscopy studies indicated that
fluorescently labeled, rRNA-targeted oligonucleotide
probes can reliably identify microbial cells in natural
ecosystems without prior cultivation in the laboratory
{1,3,19). Based on the systematic optimization of fluo-
rescent in situ hybridization and flow cytometry de-
seribed in this work, we have recently been able to
enumerate specific groups of bacteria directly in fixed
waste water samples (Wallner et al., in preparation).
The combination of flow cytometric analysis and hy-
bridization definitely shows potential for high resolu-
tion automated microbial identification. However, this
only applies to samples in which most of the microbial
cells are free-living rather than associated with sur-
faces. In attached microbial communities (biofilms),
the number and exact spatial distribution of specific
populations will be best analyzed by a combination of
fluorescent in situ hybridization with epifluorescence
microscopy {(3), which can be combined with image
analysis if quantification of fluorescence is required.
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Bacterial Characterization by Flow Cytometry

Abstract. Bacieria were analvzed in a dual-beam flow cyrometer after double
sraining with the flugrescent dves chroimomycin A3 and Hoechst 33258, which bind
preferentially 1o DNA rhat is rich in guanine-cytasine and adenine-riymine, respec-
tively. The measurements were indicative of the cellular DNA content and base
composition, cell concentration, and proliferarive state of the popularion. The ratio
of the chromonivcin A3 signal 1o the Hoechst 33258 signal increased with the
guanine-cytosine content of the cellular DNA for the six culiured species measured,
Sollowing expeciation. Bacieria in urine from patierus with urinary tract infections
were characterized without interference from host cell DNA, debris, or other

particulares,

Flow cytometry. which has been ap-
plied extensively to mammalian cells and
chromosomes (/). offers many possibili-
ties for microbial measurement. The

“:-techniques of quantitative fluorescence -

cytochemistry make it possible to deter-
mine imporiant structural and functional

" rproperties of individual cells with high

precision at rates of 107 cells per second.

‘ ,JMore than one cellular property can be

measured simultaneously. The objec-
tives of the limited number of microbio-
logical applications of fiow cviometry
have included the determination of ploi-
dy levels. state of proliferation. state of
protozoan infection. or glveoprotein cell
wall composition in the case of weast
cells (2. 3). Fluorescent stains for the
celluiar content of DNA_ total nucieic

acid, or protein were used, sometimes in
combination: fluorescein-coupled lecting
were used in the veast cell wall studies
{3).

....We report here .the-application. of a -

double fluorescent DNA staining method
to bacteria. Originally developed for use
with mammalian chromosomes (4), the
technique uses chromomycin A3, having
guanine-cytosine (GC) binding prefer-

ence, and Hoechst 33258, having ade- -

nine-thvmine {AT) binding preference.
This stain combination provides infor-
mation on the DNA base composition
{that is. the proportion of GC and AT
base pairs} as‘well as the DNA content.
Bacterial species vary widely in base
composition: GC values range between
25 and 70 percent of the total number of
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Fig. 1. () Bivariate contour plot of the fluorescence sipnals from a mixture of cultured
Sraphyvlococcus aureus (SA). Escherichia coli {EC), and Pseudomonas acruginosa (PA) afier
double DNA siaining with Hoechst 33258 (H} and chromomycin A3 (Cl. The peak height
{number of celist is indicated by the contours. (b Distribution of the ratio of the 1wo fluorescent
signals. C/H. over the cell population of (2l (¢} Bivarate contour piot of the fluorescence
signals from E. coli from an infected urine sample after doubls DNA staining with Hoechst
33258 and chromomyein A3. Cultured P. aeruginnse was added as an intzmal standard. (d)
Distribution of C'H over the cell population of {chs
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base pairs present in the DNA, We have
analyzed six cultured bacterial species of
clinical importance that differ in base
composition and show that they can be
distinguished on this basis. The flow
cvtometric ranking of the GC percentage
strongly correlates with the biochemical-
Jv determined GC percentages reported
in the literature. We also show that bac-
teria in infected human.urine can. be
measured in the same way without inter-
ference by host ceilular and parnticulate
material.

Culwred .bacteria were collected by
centrifugation and resuspended in 70

.percent ethanol at concentrations of the

order of 10° organisms per milliliter,

Urine from patients .witheurinarys trace--s=

infections was centrifuged and the bacte-
rial pellet was resuspended in an equal
volume of 70 percent ethanol.:Fixed sus-
pensions can be stored at 4°C for several
months with no apparent degradation.
For flow analysis, small portions of fixed
bacterial suspension were added to a
staining solution conmiaining 3 pA
Hoechst 33258, 10 A chromomycin A3,
10 mM s (pH 7.2% 130 mM NaCl. and
1.5 mM MgCl,. Bacterial concentrations
were typically 2 x 107 cells per milliliter
in the final stained suspension. but varia-
tions in concentration from 10° o 10¥
cells per milliliter had no effect on the
observed staining intensities.
Fivorescence from the doubly stained
bacteria was measured with & dual-beam
fiow cytometer (5). The bacteria sus-
pended in staining solution flow single
file through a fiow chamber und sequen-
tially intersect a pair of laser beams.
focused 10 elliptical spots of dimensions
150 by 20 pm spaced ~ 200 pm apart.
The Hoechst 33258 was excited with 500
mW of the 337- to 356-nm lines from a
Spectra-Physics 171-01 krypton ion la-
ser. and the chromomycin A3 was excit-
ed with 500 mW of the 4538-nm line of &
Spectra-Physics 171-18 argon Jaser, The
two fluorescence flashes emitred as a cel!
passes through the beams were collecied
with an f71.0 lens and imaged through a
Comning 3-71 filter (transmits above 480
nm) onto separale photomutitipliers {EMI
9798 B). The resubiant clectrical pulses
were amplified. processed, digitized, and
stored in the memory of a two-parameter
multichannel analvzer. Since the flow
velocity is the same for all cells, the two
signals from each cell are associated by

. their time separation. The 3-71 filter

transmits almost all the chromomycin A3
fluorescence and about half the Hocchst
33258 fluorescence. Thus the photomul-
tiplier focused on the 438-nm beam
vields a signal (C) proportional 1o the
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chromomyein *A3 -content. The other
photomultiplier, focused on the uitravio-
[et_heam. measures about Walf<the
Hoechst 33258 fluorescende light that is
collected plus the chromomycin'A3 fluo-
rescence stimulated by, energy ‘transfer
from excited Hoechst 33258 molecules:
this signal (H) is approximately propor-
tional to the Hoechst -33258 content.
Data were recorded at ~ 10° cells per
second with a Nuclear Data model 6600

computer. which also generated both a.

real-time isometric display of the number
of particles versus the two fluorescence
signals and a display of the number of
cells as a function of the ratio of the two
flucrescence signats.

For quantitative measurements. stan-
dard aliquots of a reference suspension
{Escherichia coli or Psendomonas aeru-
ginusa) were added to the stained sample
so that Huorescence ratios could be de-
wermined relative to the refersnce strain
independent of instrumental gain set-
tings. The concentration of the strain
being tested could also be determined
directly by comparison of the peak vol-
umes of the test strain and the reference
strain.

The measurements on a mixture of
three cultured bacterial species are
shown in Fig. . In the bivariate contour
plot (Fig. la) each bacterial species
torms a distinct cluster which carries
several pieces of information. The radial
coordinate is roughly proportional to the
cetlular DNA content. The radial exten-
sion of the cluster reflects increasing
DNA content due to chromosome repli-
cation. incompletely separated cells, and
possibly clumping. The angular displace-
ment of a cluster from the vertical (H)
axis is a function of the GC percentage.
The three clusters are ordered as 2xpect-
ed on the basis of the published valuas of
GC percentages listed in Tabie . The
cluster volumes are proportional to the
bacterial concentrations. In Fig. Ib the

" distribution of the ratio of the two fluo-
rescence signals. C/H, is shown. Infor-
mation on DNA content is absent in this
display. since all cells on a radial line of
the contour plot have the same C/H
ratio. The distribution is plotted as a
function of the logarithm of C/H to show
more clearly that the shapes and coeffi-
cients of variation of the three peaks (15
to 20 percent) are comparable. The three
peaks are well separated, an indication
that these three species with widely dif-
fering GC percentages are easy 1o re-
solve in a mixture. :

The data for all six species are tabulat-
ed in Table 1. along with data on GC
values found in Bergev's Manual (6).

& MAY 1983

Table |. Bacterial species analyzed by dual-beam flow cytometry after staining with Hoechst
33258 and chromomycin AJ. .

GC

Bacterial species Description oo GCIATE (C/HY
Pseudomonas aeruginosa Gram-negative rods &7 1.00 1.00
Klebsielln pneumoniae Gram-negative rods 52-36 0.58 0.45
Escherichia coli Gram-negative rods 50-3 0.50 0.31-0.417
Escherichia coli* Gram-negative rods 5051 0.30 0.43-0.44 ||
Escherichia coli Gram-negative rods 30-51 0.50 0.40-0.42#
Streptococcus pyogenes Gram-positive cocci 350 0.30 0.18
Streptococcus prneumoniae Gram-positive cocei 3942 0.33 0.3
Staphylococcus aureus Gram-positive cocci 31-39 0.27 a.1t

*All isolates were obtained from clinical specimens at the Microbivlogy Division. San Francisco General
Hospital, San Fraacisco, except for these two £, cofi samples oblained from the Meat Science Research
Laboratory, Department of Agriculture. *Range lound in Bergey's Mannul 16), £As caiculared trom
the midpoint of the range of values in Berzey’s Mamnal (81 and normalized e unity for 2. aernvinosa.
§Fluorescence signal ratio normalized to unity for P. aeruvinpsy, Repiicate measurements indicate a

precision of approximately = 10 percent (standard deviation mean),
#Yalues for two

SLeRing., || Values for two strains.
directly from patient urine sediment.

The value of (YH increases with increas-
ing GC/AT percentages, as would be
expected from the prefarence of chromo-
mycin A3 for GC-rich DNA and Hoechst
33328 for AT-rich DNA, The fact that
C/H increases faster than the GC/AT
percentages is the result of the mecha-
nism of stain binding (stretches of three
base pairs are optimal) and energy trans-
fer ). Some details are not vet under-
stood. We observe significant differ-
ences in C/H values among the strains of
E. ¢olf listed in Table |. Although indi-
vidual strains of E. coli differ slightly in
GC percentage, it is possible that strain-
to-strain differences in other biochemical
characteristics may have some effect on
C/H. The correlation of C/H and GC/AT
values for Streprococcus progenes, S,
preamoniae, and Staphylococcus anreas
is not clear-cut because of the wide range
of literature values of GC percentages
for these species.

Bacterizal infection of urine specimens
can be detected with a flow cviometer.
The measured results on a urine speci-
men infected with E..coli-labout 10° per
milliliter) are shown in Fig. I. cand d. A
sample of cultured P. aernginosa was
added to the urine specimen to provide
an internal calibration. The bacteria stain
well and nonspecific staining of other
particles or debns in the vrine is mini-
mat. The C/H of 0.42 (normalized to P.
aeruginosa) falls within the range of val-
ues obtained from cultured strains of £.
coli (Table 1}. The coefficient of varia-
tion of the E. coli peaks in Fig. 1. b and
d, arc equal (14 to 15 percent). This

shows comparable measurement resolu-

tion of E. coli from urine and cultured
strains.

Our new How cytometric method for
bacterial characterization that is sensi.
tive 10 DNA base composition adds a
new dimension of specificity 1o fow cy-

“Ranue of values of four
infected urine specimens analyzed

tometric methods for determining the
cellular content of total nucleic acids.
protein, and DNA. It has potential for
the rapid counting and identification of
bacteria in clinical. food. and environ-
mental samples. The ability to measura
mixtures of species may allow direct
determination of the relative concentra-
tion and proliferative state of each spe-
cies without the perturbations induced
by methods dependent vn culturing.
which would be important in studies of
microbial competition {7}, The measure-
ment of genome size and base composi-
tion of unknown strains mav facilitace
determination ot;’phyiogenetic relations.”
Specificity  for bacterial identification
may be turther enhanced by the use of
other optical probes such as fluorescent
antibodies to surface antigens. Huoro-
genic substrates for proteases and other
enzvmes. Huorescent probes for total
protein. fluorescein-conjugated lectins.
and the scattering of linearly or ¢ircular-
ly polarized light.
M. A, Van DiLra
R. G. LaxcLots
D. PINKEL
Biomedical S¢ivnces Division,
Lawrence Livermore National
Laboratory, University of California,
Livermore 94330
D. Yaxo
W. K. HapLey
Department of Laboratory Medicine,
Universiry of California, San Francisco.
and Microbivlogy Division.
San Francisco General Hospital.
San Francisco 94110
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Interrelated Striated Elements in Vestibular

Hair Cells of the Rat

Abstract. Unusual fixarion procedures revealed a series of interrelared striated
organelles in rvpe 1 and ivpe If vestibudar hair cells of the rar; these organelles
seemed 16 be less well developed in cochlear hair cells. The findings suggest thar
comtracrile elements may play o role in sensory transduction in the inner ear,

particularly in the vestibular system.

Actin is present in the hair cells of
vestibular (/. ) and auditory (3. 4) re-
ceptors. By S-1 mvosin decoration meth-
ads (5). actin has been found in the
stereocilia and their rootlets. the cuticu-
lar plate. and the electron-opaquz mate-
rial that forms the junctional complexes
of the reticular lamina. Because myosin
also has been found in apical parts of hair
cells of the orgun of Corti {61. it might be
expected that actin and myvosin are orga-
nized into eontractile elements that take
part in sizgnul processing in the inner ear.
Generally, however. S-1 mvosin decora-
tion has failed to demonstraie highly
arganized actin filaments in the cuticular
plate (/). Onlv Slepecky and her col-
leagues (7} have illustrated an infracuu-
cular. striated element containing actin
(#). Lowenstein and Osborne (&) carlier
described ribbonlike striated elements in
vestibular huir cells of ammocoetes lar-
vae of the lamprey extending from the
~uticular plate to the cell membrune bas-

Jy and ending close o synazptic sites.
Their results. obtzined by comention-
al transmission electron microscopy.

prompted them 10 hypothesize that such

siriated " mauteriul might be invalved in
transduction. Other investigators have
also reporied finding isolated laminated.
or striated. elements in the basal purt of
the cuticular plate. or below it. in hair
cells of both normal {914} and patholog-
ical (9, 15) inner ears in many species.
Striated material was also abundant in
hair cells of old monkeys (/2) and elderly

. humans ({2, /6). and in drup-treated ani-
. mals (3, I7). The apparently increased

incidence of such bodies under patholog-
ical conditions and as a consequence of
aging seems to have overshadowed find-
ings in normal material. and laminated
bodies have generally come to be regard-
ed as pathological entities. Nevertheless.

a2

several investigators have emphasized
that striated elements are normal consiit-
uents of vestibular (8. J0-/21 and cochle-
ar (7. 14) hair cells,

We now describe our ultrastructural
finding of a series of interrelated striated
elernents in apical parts of vestibular hair
cells of the rat. Included in the series are
the cuticular plate und its basul attach-
ments 1o the hair cell margins. the con-
nections of the strut array of the Kinoci-

T £ .
e A i T A

Fig. 1. (A) Stoations in the substance of the
cutizutar plate (CP} of a tvpe I utricular hair
cell. (B) Striations along the lower face of the
circular plate of a type Il utnculur hair celf,
The three arrows indicale opposite ¢lectron-
opuaque stripes and an intermediate line, Mag-
nificzlions x43,000,

&

-opaque. intermediate lines (Figs. h_l)_and
2 2). This pattern is organizationally simi-
* “tar 1o that of siriated rootlets of .th

liary basal body (I8} to the cuticulur
plate. and striated organelles associated
with the plusma membrane and extend-
ing below the apical junctional complex-
es. The latter organelies are more exten-
sive in type [ than in type 11 hair cells, In

contrast, rai cochlear hair cells seem 10,

lack similar striated organelles associai-
ed with the plasma membrane and «-
have less robust striations in the cuticu.
lar plate. Our findings indicate a broader
distribution of striated elements in ves-
tibular hair cells than was found previ-
ously. They support the concept that
contractile elements may play a role in
transduction in the inner ear (7, 8. 19).
particularly in the vestibular system.
QOur results were obtained in specific-
pathogen-free. voung adult. Spragie-
Dawley rats (Charles River) during ar
effort to determine an optimal method
for preserving inner ear tissue collected
under space-flight conditions. Osmium
tetroxide could not be used, because of
its toxicity: tissues, once coilected.
might have to be stored for as long as £
days before further processing could
take place. The following method resuli-
ed in unexpected preservation of the
strinted orgunslles in hair cells. Tempe-
ral bones were rapidly removed from
decapitated rats, and the oval and round
windows of the cochleus were opened
immediately upon immersion in 2.5 per-
cent glutaraldehyvde in 0.8 sodium

‘phosphate buffer {pH 7.4). After fixation

for 2 hours at room temperature, the
tissues were stored in fresh fixative in
vials at 4°C for 3 days. The tissues werc
then washed in buffer. fixed in 1.0 per-
cent osmium tetroxide in 0.1Af sodium
phosphate bufler (pH 7.4} for 1 hour,
then washed again. microdissected, and
prépared by standard methods for trans-
mission electron microscopy. Subse-
quent experiments demonstrated that the
striated organelles were well preserved
when prolonged storage was amitted.
The organelles werz not seen. however
after fixation in Kamovsky's (20} 4 per-
cent paraformaldehyde-3 percent gluiar-
aldehvde solution.

The siriated orgunelles of hair cells
have 'a repeating pattern of alternating
electron-opaque stripes and broader.
more electron-lucant bands. The bunds
are intersected by narrow. electron-

kinociliary basal body in the hair cells
themselves. and particularly to that de-
scribed for contractile rhizoplasts in the
flagellate  Plarymonas  subcordiformis
{21). It is also comparable to the pattern
commonly reported for isolated laminat-
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Chromosome analysis by
non-isotopic in situ hybridization

P. LICHTER and T. CREMER

1. Introduction

In situ hybridization provides the most direct way to study the chromosomal
localization of DNA sequences. Based on the early work of Gall and Pardue
in 1969 (1), routine isotopic in situ hybridization protocols were established in
many laboratories during the 1970s. In 1981 Gerhard et al., Malcolm et al.,
and Harper et al. were the first to demonstrate the possibility of localizing
single-copy sequences cloned from individual genes by isotopic in situ hybrid-
ization (2-4). A protocol for isotopic chromosomal localization of DNA
probes is described elsewhere in this Practical Approach series (5). This chapter
is devoted to non-isotopic in situ hybridization techniques, in particular,
fluorescence in situ hybridization protocols. Based on the developments in the
carly 1980s (for review, see ref. 6), this approach has become increasingly
popular over the last few years. A number of reasons account for this develop-
ment (for discussion, see refs 7-8), notably an increase in speed, improved
signal resolution, the development of in situ suppression hybridization pro-
tocols, advanced optical equipment for 2-D and 3-D analyses of labelled
specimens, and in particular the ability to combine several techniques for simul-
taneous multicolour detection of different nucleic acid targets within the same
preparation. Figure [ illustrates schematically the principles of this method.

Non-isotopic in situ hybridization using chromosome specific DNA probes
provides a powerful tool for the analysis of numerical and structural chromo-
some aberrations not only in metaphase, but also directly in the interphase
nucleus, an approach which has been termed interphase cytogenetics (9 (for
review, see ref. 8). This is of great significance in cases where metaphase
chromosome spreads cannot be prepared in sufficient quality or quantity (e.g.
as s the case with many tumours), or not at all as in non-cycling cells.

The first applications of non-isotopic in situ hybridization to clinical cyto-
genetics took advantage of tandemly repeated, chromosome specific DNA
elements, such as alphoid DNA sequences, which are present in the hetero-
chromatin of most human chromosomes (for review, see ref. 8). A procedure
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useful for such purposes is given below (Protocols 3—6). Since the target
region is considerably large, expanding up to many hundred kilobases in
length, it is easy to detect after in situ hybridization with a single repeated
element or even part of it used as a probe. Recently, oligomeres defining
highly specific sub-sequences of the repeated element have been introduced
as probes. The latter approach, however, requires special protocols of oligo-
mere synthesis or enzymatic tailing in the presence of chemically modified
nucleotides, which are beyond the scope of this chapter.

Typical probes for mapping to human chromosomes are either cDNAs or
cloned genomic DNA fragments. Most cDNAs consist only of single-copy
sequences whereas the vast majority of cloned genomic fragments contain, in
addition to unique sequences, interspersed repetitive sequences (IRS), such
as SINEs (small interspersed repetitive elements, e.g. Alu-elements) and
LINEs (large interspersed repetitive elements, e.g. Ll-elements). For
¢DNAs and genomic fragments known to be entirely single-copy the standard
procedure (Protocols 3—6) can be used. Parameters influencing the quality of
non-isotopic in situ hybridization signals have been optimized and more
precisely defined by a number of groups (e.g. refs 10-15). All this knowledge
has eontributed to the standard procedure described.

When interspersed repetitive elements are present in a probe, application
of the standard procedure results in hybridization signals distributed over the
whole chromosome complement due to the ubiquitous presence of IRS
throughout the genome. Since the most abundant repetitive DNA is the
Alu-repeat family, which is preferentially located within R-bands (16), usually
an R-banding-like staining pattern results. Protocols have been developed by
which the portion of the signal caused by IRS within a given probe can be
suppressed, while a highly specific signal is produced by the target site specific
single-copy (or low-copy repeat) sequences (17-19). The principle of this
method, which has been called chromosomal in situ suppression (CISS)
hybridization (18), is illustrated in Figure 2. The labelled probe fragments are
denatured together with an excess of unlabelled competitor DNA. There-
after, pre-annealing is allowed for a given period of time. During this time,
IRS elements of the probe will hybridize rapidly with the excess IRS of the
competitor DNA, while most of the much less abundant chromosome specific
sequences remain single-stranded. Accordingly, the resulting double-stranded
IRS elements in the pre-annealed probe can no longer hybridize to their
chromosomal DNA targets. In addition, a second competition effect is likely
to contribute to the suppression of IRS signals. Remaining single-stranded
IRS elements will hybridize to chromosomal IRS targets during the subsequent
in situ hybridization. Again, unlabelled IRS elements of the competitor DNA
would be in excess, and hybridization of remaining, single-stranded probe
IRS elements would be prevented (see bottom of Figure 2). Any source of
human DNA containing a sufficiently high concentration of IRS may serve as
competitor DNA. Routinely, we use total genomic DNA (e.g. placental
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DNA). In this case, too much competitor DNA is disadvantageous since
chromosome site specific signals might also become significantly suppressed in
addition to IRS signals. This risk can be avoided by using the CotI fraction of
human genomic DNA, since the latter consists largely of rapidly annealing
repetitive elements. Cotl fractions have recently become commercially avail-
able. Salmon sperm DNA is added to the pre-annealing reaction in order to
adjust the total DNA concentration. When there is still considerable staining
of the chromosomes after in situ hybridization caused by IRS sequences, the
experiment should be repeated with more competitor. However, some IRS
banding can be helpful for chromosome identification. A protocol for CISS
hybridization is given below {Protocol 8). S

There is a fairly good correlation of labelling efﬁcnency and size of targeted
DNA. Cosmids commonly contain 25-40 kb of cloned insert DNA and are
very efficient probes which almost all yield highly specific signals on meta-
phase chromosomes. Usually more than 90% of all metaphases show signals
on both chromatids of both chromosome homologues (see Figure 3) with
virtually no background spots. Therefore, the need for statistical analysis is
greatly reduced and the efficiency is high enough to use such probes for
diagnosis of chromosomal aberrations such as trisomies (see Figure 3) (20),
translocations (21-23), inversions (24), and deletions (23, 25, 26). When the
size of the target DNA detected by a given probe decreases (e.g. using probe
fragments cloned in phage or plasmid vectors), the percentage of successfully
delineated target sites also decreases. With probes containing approximately
2 kb single-copy sequences, a maximum of 40 to 50% of all target sites can
presently be detected. Although we and others have successfully mapped
single-copy DNA fragments of about 1 kb by fluorescence in sifu hybridiza-
tion, the discrimination of weak specific signals against background dots is
likely to require statistical analysis based on the time-consuming evaluation of
many metaphases. The development of very powerful camera systems which
are more sensitive than the human ¢ye promises to improve the detection of
very weak hybridization signals significantly (see Section 6). Alternatively, it
may be advisable to first isolate a larger probe for physical mapping, for
instance, by screening a cosmid library.

The mapping of yeast artificial chromosomes (YACs) can also be carried
out applying CISS hybridization (23, 27). Total genomic DNA of yeast cul-
tures containing YACs with human DNA fragments has been successfully
used as a probe. In this case, the amount of probe DNA has to be increased
due to the small percentage of YAC DNA in yeast cells, while the concentra-
tion of human competitor DNA remains constant. Total yeast DNA can be
added as competitor but is not essential. The quality of in sifu hybridizations
with YAC probes is often increased when YAC DNA purified after pulsed
field gel electrophoresis is used. An alternative technique for generating YAC
DNA probe sequences is described below (see Section 7).

In order to stain whole chromosomes or larger chromosomal regions,
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Figure 2. Schematic illustration of chromosomai in sitt suppression {CISS) hybridization.
For explanation see text.

different kinds of probe sets can be used. Entire chromosomes are specifically
delineated using the DNA from sorted human chromosomes as a pool
(18, 19). This procedure has also been termed ‘chromosome painting’ (19).
The libraries used are either cloned in lambda phage vectors (28) or in pBS
plasmid vectors (29). The latter are generally easier to use since the portion.of
vector sequences is small compared to most of the presently available recom-
binant lambda libraries. Accordingly, background problems which may arise
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from high amounts of labelled vector can be eliminated. This problem could
otherwise be overcome by isolating the library inserts (18). Figure 6A
(p. 186) shows a chromosome 5 of Macaca fuscata specifically painted with
total bacteriophage library DNA derived from human chromosome 5. Paint-
ing of the complete homologous Macaca chromosome 5 indicates the high
level of evolutionary conservation of these chromosomes in human and Macaca
fuscata for at least twenty million years.

Probe sets for the specific staining of subchromosomal regions can be
generated in several ways. These include the pooling of single clones from

162

s

-



i oty

P. Lichter and T. Cremer

Figure 3. Chromosomal in sity suppression hybridization with cosmid DNA probes. (A
and B) Cosmid 512 mapping to 21q22.3 hybridized to a metaphase spread {A} and nuclei
(B} of lymphocytes from a Down's syndrome patient. The biotin labelled probe was
detected with avidin~FITC; chromosomes and nuclei were counterstained with propidium
iodide. Note the highly specific labelling, allowing a rapid diagnosis of trisomy 21 {20). On
the metaphase in panel A the signals are visible on both chromatids (all signals are
doublets) of all three chromosomes 21. Correspondingly three signals are seen in the
nuclei {B). Note that the signals in the nuclei are doublets also (depicted, for example, by
the small arrows in the upper right nucleus), indicating the G stage of these nuclei. The
doublets are not always visible simultaneously in G, nuclei, since part of the fluorescence
spots are not in the imaged focal plane. (C} Cosmid K40 containing the human haemo-
globin beta gene cluster localized on the short arm of chromesome 11 {42). Note the pale
background R-banding pattern by propidium iodide in A and C. {A—C)} These digitized
images were obtained by using a confocal laser scanning microscope and after applying
image processing for better illustration {see Section 6).

a particular region (30), regional specific DNA libraries established from
microdissected chromosomal material (31, 32} (Figure 6C), as well as
genomiic DNA of somatic cell hybrids containing pieces of human chromo-
somes (e.g. ‘radiation induced hybrids’} (33, 34). Alternatively, species-
specific polymerase chain reaction (PCR) amplification products from such
hybrids constitute probe sets of high quality (see also Section 7).

2. Specimen preparation

A number of specimen preparation techniques are compatible with fluor-
escence in situ hybridization. For specimen preparation for more specialized
applications (such as studies of numerical and structural chromosome aber-
rations in tissue sections from solid tumours and three-dimensional chromo-
some analysis directly in the cell nuclgus) the reader is referred to the
literature (35-37). Painting procedures and mapping of DNA probes on meta-
phase chromosomes can be carried out using conventional methanol/acetic
acid fixed metaphase spreads (see Chapter 2, Section 2). After chromosome
spreading, the air-dried preparations are dehydrated in the following way:

(a) Put slides through a series of 70%, 90%, and 100% ethano! (10 min each)
" at room temperature.
{b) Air-dry again.
(c) Putslides in containers and keep at room temperature for short-term use.
or

Seal the containers in bags containing drierite and keep at —70°C (or
—20°C) {or long-term storage. In our experience slides can be stored at
—70°C for at least one year without affecting their quality for in situ
hybridization. Once a container has been thawed do not refreeze the
slides.
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Slides can also be stored in 70% ethanol for up to several weeks. Although
it is generally believed that slides should age several days before performing
an in situ hybridization, we have achieved good results with slides prepared
the same day. However, in these cases baking of the slides for 2-3h at
50-60°C has been proved to better conserve chromosome morphology.

3. Labelling procedures

A number of sensitive non-isotopic labelling and detection procedures are
available (for review see refs 6, 8). Because of their high sensitivity and
commercial availability two techniques are routinely used in many laborator-
ies: probe labelling with either biotin or digoxigenin as reporter molecules
and indirect detection of hybridized probe via avidin or antibodies, (see right
half of Figure 1). As nucleotides conjugated directly with fluorescent dyes are
becoming commercially available, the in situ hybridization and direct detec-
tion of fluorochromated probes (see left half of Figure I) provides an alterna-
tive procedure, which is particularly useful when large regions are targeted,
i.e. for staining of repetitive DNA or for chromosome painting. Recently,
several suppliers have started to offer chromosome specific probes labelled
with biotin or fluorochromes. The commercial availability of probes for
chromosomes and chromosomal sub-regions of interest in combination with
commercial in sitie hybridization and detection kits will facilitate the intro-
duction*of the new staining procedures even in cytogenetic laboratories which
are not generally equipped for molecular cytogenetics.

Although a vast majority of vector sequences in a pool of probes can cause
an increase in background, in the case of single probes there is usually no
need for insert isolation. In our experience, the isolation of inserts from
plasmid vectors, for example, prior to the labelling does not improve the
results. It has been postulated that some vector sequences within a probe will
facilitate the formation of a network of probe fragments at the site of hybrid-
ization and thus increase the signal intensity.

Labelling by enzymatic incorporation of modified nucleotides is much
more efficient than labelling by incubation with reactive compounds, such as
photobiotin. Prokaryotic polymerases used for different nucleic acid labelling
procedures accept unmodified nucleotides better than they accept modified
nucleotides. Therefore they incorporate modified nucleotides only up to a
certain level. In our experience, the non-isotopic labelling efficiency of primer
extension (38) and nick-translation (see Protocol I) is comparable. Another
important requirement for a good in sifu hybridization probe is the size of the
probe molecules obtained after the labelling reaction. The molecules should
be between 100 and 500 nucleotides in length. This size range can be easily
obtained by adjusting the DNase concentration in a nick-translation reaction.
Therefore, we prefer nick-translation for labelling, especially because long
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genomic fragments as template in a primer extension reaction often result in
probe molecules of a higher size-range.

3.1 "Biotinylation by nick-translation

This protocol is based on the work of Langer ef al. (39). Since labelled probes
can be stored for long periods (at —20°C) without affecting the probe quality,
large probe amounts can be labelled at one time. A standard reaction is
carried out with 2 pg template DNA in 100 pl volume. The solution with the
prepared DNA. template should be free of RNA.. During the establishment of
the labeliing procedure in a laboratory, when new reagents are prepared, or
when no in situ hybridization signal can be found, it is advisable to perform a
dot-blot assay to test the biotin labelling (Protocol 2).

Protocol 1. Nick-translation

Materials

» 10 X buffer containing 0.5 M Tris—-HCI pH 8.0, 50 mM MgCl,, 0.5 mg/ml
BSA.

e 0.1 M B-mercaptoethanol. Dilute 0.1 ml of B-mercaptoethanol with 14.4 m}
double-distilled water.

# 10 X nucleotide stock containing 0.5 mM dATP, 0.5 mM dGTP, 0.5 mM
dCTP and 0.5 mM biotin-11-dUTP.#

e DNase I solution. Dissolve 3 mg DNase Iin 0.5 ml 0.3 M NaCl, add 0.5 ml
glycerol, store at —20°C. Dilute 1 pl of this stock solution in 1 ml of ice-cold
water immediately before use.”

o Column buffer containing 10 mM Tris—HCI pH 8.0, 1mM EDTA and
0.1% SDS.

# Resin for spin column. Disperse 30 g of Sephadex G-50 (medium) in 300 ml
of column buffer containing 0.1% SDS€ and incubate for several hours at
95°C or autoclave,

Method

1. Combine: & RNA-free DNA solution containing 2 pg DNA

10 pl of 10 x buffer

10 pl of 0.1 M B-mercaptoethanol

10 1l 10 x nucleotide stock )

tested volume of DNase 1 solution®

20 units Escherichia coli DNA polymerase [

adjust to 100 pl with double-distilled water (enzymes should

be added last)
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Protocol 1. Continued
2. Incubate the reaction for 2 hin a 15°C water bath.

3. Put the reaction on ice, and keep it on ice until the actual size of the probe
molecules is determined.

4. Take an aliquot of 7 ul, add gel loading buffer to the aliquot, denature it
by incubation in a boiling water bath for 3 min, put the tube on ice for 3
min, load the aliquot on a standard 2% agarose minigel along with a
suitable size marker, quickly run the gel (e.g. 15 volts per centimetre for
30 min) to avoid renaturation of the probe in the gel, visualize DNA in the
gel, e.g. by staining in 0.5 pg/m} ethldmm bromide, and take photographs
during UV illumination.

5. The probe molecules will be visible as a smear. This should contain only
fragments smaller than 500 nt and larger than 100 nt. A peak intensity at
250-300 nt seems optimal.

(a) If the DNA is between 100-500 nt, proceed to step 6;

(b} if the probe is larger, add more DNase I to the reaction kept on ice,
incubate further at 15°C (usually higher concentrations of DNase are
added for a further 30 min incubation) and repeat the previous step 4;

(c) if the DNA is not or almost not digested, purify probe and repeat
again starting from step 1;

(d) if part of the DNA is smaller than 100 nt, repeat starting from step 1
using less volume of DNase I dilution;

(e) if all the DNA is smaller than 100 nt, purify probe from possible
contaminating DNase and repeat again starting from step 1.

6. For enzyme inactivation add 3 pl of 0.5 M EDTA (15 mM final concentra-
tion), 1 pi 10% SDS (0.1% final concentration), and heat for 15 min at
68°C.

7. Separate labelled probe from unincorporated nucleotides by gel filtration
using a spin column.

(a) Take a 1-ml syringe; remove the stamp; put a plug of silanized glass
wool (2-3 mm high) at the bottom of the syringe.

(b) Pack the syringe with buffered Sephadex G-50 resin to the 1-ml mark.

(¢} Put the column in a 15-ml tube and spin in a clinical centrifuge at
1600 g for 5 min.

(d) Remove flow through, pack again to the 1-ml mark when necessary,
spin as before,

(e) Load 100 pl column buffer and spin again.

{f) Repeat this step two more times.

(g) The flow through after the third wash of the column should have the
same volume as the loaded buffer, i.e. 100 pl. Put a small reaction
tube in the 15-ml tube underneath the syringe, load the sample, and
spin as before. The flow through now contains the labelled probe at a
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concentration of approximately 20 ng/pl. In this form the labelled
probe is ready to use or can be frozen for long-term storage.

Biotinylated DNA should not be subjected to phenol extraction, since the
DNA will be lost in the phenol phase or the phenol/water interphase due to
the hydrophobicity of biotin,

* There are also biotinylated nucleotides other than biotin-11-dUTP commercially available.
Linker arms longer than 11 (e.g. biotin-14-dXTP or biotin-16-dXTP) are also appropriate to label
in situ hybridization probes. When the modified nucleotide is different, e.g. biotinylated dATP,
substitute the (0.5 mM dATP with 0.5 mM biotinylated dATP, and 0.5 mM biotin-11-dUTP with
0.5 mM dTTP, respectively.

* The volume of the diluted stock that is used in the nick-translation reaction must be tested for
each new batch of DNase [ stock solution. Carry out a series of digestions with 2 pg of a probe
DNA, 10 ul 10 x buffer, 10 i B-mercaptoethanol, and 1 pl, 2.5 pl, 5 ] or 10 i of the DNase T
dilution, respectively, in a volume of 100 pl. Incubate for 2 h at 15°C. Thereafter, take an aliquot
of 7 il and test the size of the digested DNA as described (step 4 in Protocol ). Choose the
volume of DNase that resulted in probe fragments of 100-500 nt in length for the nick-translation
reaction (see step 1 in Profocol ). The DNase stock should be diluted (1:1000) immediately
before applying to the nick translation reaction. Discard the remainder of the dilution.

© SDS has to be included because the biotinylated probe might otherwise stick in the column
due to the hydrophobic biotin groups.

Protocol 2. Dot-blot assay to test biotin labelling

This simple colorimetric assay is designed to test the quality of biotinylation
of a probe. Commercial kits for this dot-blot assay are available.

Materials

» DNA dilution buffer containing 0.1 mg/m! sheared salmon sperm DNA
and 6 X SSC (1 x SSC: 0.15M NaCl, 0.015M Naj citrate, pH 7.0).

s Prepare a series of dilutions of biotinylated standard DNA (purchased
standard or previously used, well-labelled probe) in DNA dilution buffer
(see above) resulting in solutions of 0, 1, 2, 3, 10, and 20 pg/ul standard
DNA.

e AP 7.5 buffer containing 0.1 M Tris~HCI pH 7.5, 0.1 M NaCl and 2 mM
MgCl,. .

e AP 9.5 buffer containing 0.1 M Tris—HCI pH 9.5, 0.1 M NaCl and 50 mM
MgCl,.

¢ Blocking buffer containing 3% BSA (fraction V) in AP 7.5 buffer.

e TE buffer containing 10 mM Tris—HCI pH 7.5 and 1 mM EDTA.

e Prepare or buy 75 mg/ml nitroblue tetrazolium in 70% dimethylformamide
and 50 mg/mi 5-bromo-4-chloro-3-indolyl phosphate in dimethylformamide.

Method
1. Prepare a series of dilutions of biotinylated test DNA in DNA dilution
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Protocol 2. Continued

10.

buffer (see above) resulting in solutions of 0, 1, 2, 5, 10, and 20 pg/ul test
DNA.

. Spot 1-ul aliquots of the different conéentrations of test DNA in parallel

with 1-pd aliquots of the same concentrations of the standard DNA on a
small piece of nitrocellulose filter (e.g. 3 X 4 cm).

Bake the filter for 30-60 min at 80°C.

Wash the filter with AP 7.5 buffer for 1 min at room temperature in a
dish.

. Seal the filter in a plastic bag together with 5-10 mi blocking buffer, and

incubate for 30-60 min at 37°C.

. Open the bag at one end, squeeze out the blocking buffer, fill in a freshly

prepared solution of streptavidin-conjugated alkaline - phosphatase

- {dilute streptavidin-conjugated alkaline phosphatase to 1 pg/ml in AP
. 7.5 buffer), seal the bag again and incubate for 30 min at 37°C.

. Take the filter out of the bag and wash at room temperature in a dish with

AP 7.5 buffer 2 X for 5 min followed by a wash with AP 9.5 buffer for 10

“min (agitate).

Seal the filter in a plastic bag together with 7.5 ml substrate buffer freshly
prepared in the following way: Add 33 pl of nitreblue tetrazolium (NBT)
to 7.5ml AP 9.5 buffer, mix gently, add 25 pl of 5-bromo-4-chloro-3-
indoly! phosphate (BCIP) and mix gently again (do not vortex!). Incu-
bate in the dark at 37°C or, alternatively, at room temperature (to slow
down the reaction) until colour development is suitable. Usually 15-60
min is sufficient whereas longer incubation often results in higher back-
ground.

. To stop the reaction, take the filter out of the bag and wash at room

temperature (agitate) in a dish with TE buffer followed by air-drying.

Evaluate the colour signals. In order to be suitable for in situ hybridiza-
tion, the spotted test probe should give signals of similar intensities as the
spotted standard DNA of the corresponding concentrations. If the label-
ling was good and the assay worked well even 1 pg of labelled probe is

* visible.

3.2 Digoxigenin-labelling by nick-translation

For simultaneous hybridization/dual colour detection usually biotin labelled
probes are combined with alternatively labelled probes. A very popular
alternative non-isotopic technique is the digoxigenin based detection system
(40). Digoxigenin labelling of DNA probes is carried out exactly the same
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way as biotinylation by nick-translation (see Protocol I} with one exception:
10 X nucleotide stock contains:

s .5 mM dATP

o (1.5 mM dGTP

¢ 0.5 mM dCTP

e 0.375 mM dTTP, and

o (0.125 mM digoxigenin-11- dUTP

Furthermore, when the dot-blot assay is carried out to test the labelling with
digoxigenin, Protocol 2 is used, but anti-digoxigenin antibody-conjugated
alkaline phosphatase is used mstead of streptavidin-conjugated alkaline phos-
phatase (step 6). ; "

4. In situ hybridization and detection

4.1 Standard protocel for in situ hybridization

This procedure, comprising Profocols 3-6, is used when all the sequences of a
probe should contribute to the hybridization signal, such as chromosome
specific repetitive DNA probes, unique c-DNAs or genomic DNA fragments
without IRS sequences. In the following the protocol is given for a 10ul
hybridization volume. This can be conveniently used when a 18 mm? coverslip
is applied to cover the hybridization mixture on the slide. When larger areas
are to be hybridized, scale up the solutions accordingly.

4.1.1 Probe mixture and prohe denaturation

When very small volumes of DNA solutions (1 or 2 pl) are added, the DNA
can be lyophilized before resuspension in formamide. With increasing
volumes of DNA solution, we usually get less background in the hybridiza-
tions when precipitating the DNA before resuspension in formamide.

Protocol 3. Probe mixture and probe denaturation

Materials
¢ 3 M sodium acetate pH 5.0.

e Deionize formamide (several batches from several sources should be
tested) using ion exchange resin (e.g Dowex XG8).

e Hybridization buffer containing 4 X SSC and 20% dextran sulphate. Pre-
pare 20 X SSC and 50% dextran sulphate solutions. Dissolve dextran sul-
phate thoroughly, then autoclave it or filter it through a nitrocellulose filter.
Combine 200wl of 20 x 8SC and 400 pl of 50% dextran sulphate with
400 pl of double-distilled water. Store at 4°C. Pipette carefully because
dextran sulphate is very viscous.
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Protocol 3. Continued
Method

1. Lyophilize 10-20 ng of labelled probe of a chromosome specific repeat
cluster.

or

precipitate 20—60 ng of labelled single-copy DNAZ, Add 1/20th vol. of 3M
sodium acetate and 2 vol. of ethanol, mix well, incubate at —~70°C for 30
min, spin in Eppendorf centrifuge for 15 min; discard the supernatant (in
most cases the small pellets are visible); wash the pellet by adding 400 pl
70% ethanol; spin for 5 min; discard the supernatant; lyophilize.

2, Résﬁspend in 5 pl of deionized formamide by vortexing or vigorously
shaking for several minutes. Note that biotinylated DNA dissolves better
in formamide than in water.

3. Add 5 pl of hybridization buffer and mix well. During this step, proceed
with chromosome denaturation (see Protocol 4).

4. Denature the probe DNA by incubation at 75°C for 5 min followed by
chilling on ice for approximately 5 min. Apply to denatured chromosomes
(see Protocol 4).

“ As an option 5 pg of sheared salmon sperm DNA can be added as carrier to any of these
probes and could be co-lyophilized or co-precipitated with the probe. .

Protocol 4. Chromosome denaturation

Materials

e Denaturation solution containing 70% deionized formamide and 2 X
SSC. Check the pH value and adjust it to approximately pH 7.0, if neces-
sary.

e 70% ice-cold ethanol.
¢ 90% ice-cold ethanol.
e 100% ice-cold ethanol.

Method

1. Label the area to be hybridized on the slide by scratching on the under side
of the slide with a diamond pen.

2. Pre-warm the slides to 50-60°C in an incubator in order to prevent
dropping of the temperature when the slides are put into the denaturation
solution.
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. Add denaturation solution into a Coplin jar and heat it in a water bath to

70°C. Check temperature with a thermometer inside (!) the Coplin jar
(the temperature should not drop below 68°C).

. Put pre-warmed slides into the denaturation solution and incubate for
. exactly 2 min. : %

. Transfer the slides to a Coplm jar (on lcc) with cold 0% ethanol incubate

for 3 min.

. Transfer the slides to a Coplin jar (on ice} with cold 90% ethanol; incubate

for 3 min.

Transfer the slides to a Cophn ]ar (on ice} with cold 100% ethanol;
incubate for 3 min. -

Air-dry the slides.

When chromosomes are ovc;.r-denatured, they usually look fuzzy when
counterstained with propidium iodide or DAPI. Very bright staining with
these dyes might be an indication of insufficient chromosomat denaturation.

Protocol 5. Hybridization

Method

1.

2.

Add 10 pl hybridization mixture with denatured probe to denatured
chromosome preparation.

Put an 18 mm? coverslip on the hybridization mixture droplet. Avoid air
bubbles!

Seal the edges of the coverslip with rubber cement.

Transfer the slides into a wet chamber (lidded dish with wet paper towels
at the bottom and a frame to put slides on) and incubate at 37°C over-
night.

Protocol 6. Detection

During the whole procedure the slides should never get dry.

Materials

Washing solution A containing 50% formamide {does not need to be
deionized) and 2 X SSC, pre-warmed to 42°C.
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Protocol 6. Continued

e Washing solution B consisting of 1 x SSC (this concentration can vary
according to the stringency for a part:cular probe, see below),
pre-warmed to 60°C,

¢ Blocking solution containing 4 X SSC and 3% BSA (fraction V). Alter-
natively, dry fat mitk (supplied as powder) can be used instead of BSA.

e Detection cocktail containing 4 X $SC, 1% BSA, and 0.1% Tween 20.

e Washing solution C containing 4 X S8C and 0.1% Tween 20, pre-warmed
to 42°C,

» Counterstaining solution containing 2 X SSC and 200ng/ml propidium
iodide, or 200 ng/mil DAPI, or 200 ng/ml of both counter-stains.”

& Washing solution D containing 2 x SSC and 0.05% Tween 20.

s Antifade-mounting medium. Dissolve 0.233g 1,4-diazobicyclo (2.2.2)
octane (DABCO) in 800 pl double-distilled water, add 200 pl 1 M Tris—
HCI pH 8.0, add 9 mi glycerol and mix by inverting. Store in the dark at
4°C. By applying this solution the bleaching of fluorochromes after ex-
citation is considerably decreased (41).

Merhod

1. Take the shides out of the wet chamber and carefully remove the rubber
cement using forceps.

2. Transfer the slides into a Cophn Jar containing washing solution A
pre-warmed to 42°C, agitate in shaking water bath for 10-15 min (until
the coverslips slide off).

3. Transfer the slides, without coverslips, into a new Coplin jar with
washing solution A and agitate for 5 min.

4. Change the pre-warmed washing solution A twice more and shake for 5
min each.

5. Change three times into pre-warmed (60°C) washing solution B and
shake for 5 min each.

6. Take the slides out of the Coplin jar, drain them as efficiently as possible
by absorbing solution from the slide edges with a paper towel, and add
200 pl blocking solution. Cover with a 22 X 40 mm coverslip.

7. Transfer the slides into a wet chamber and incubate for 30 min at 37°C.

8. Lift up each slide and let the coverslip slide off, drain excess fluid as de-
scribed above, and add 200 ul detection cocktail containing fluorochrome-
conjugated detection reagent.” Cover with a 22 X 40 mm coverslip.*

Higher signal intensities of digoxigenin labelled probe can be achieved
by an indirect immunofluorescence detection (42). In this case substitute
step 8 by the following procedure:
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i. Lift up the slide to let the coverslip slide off, drain it as thoroughly as
possible by absorbing solution from the slide edges with a paper
towel, and add 200 pl detection cocktall contammg 3pg/ml sheep
anti-digoxigenin antibody. R

if. Lift up the slide to let the covershp slide off and putitina Coplm jar
with pre-warmed washing solution C. Agitate at 42°C for 5 min.

iii. Change the washing solution twice more and shake for 5 min at
42°C. : RN .

iv. Take each slide out of the Coplin jar, dram it as descnbed above
and add 200 pl detection cocktail containing 3 ng/ml fluorochrome-

conjugated antl-sheep antlbodles. Cover wzth a22x 40 mm cover-
slip. . . s . St

9. Transfer the slides into a wet chamber and incubate for 30 min at 37°C.

10. Lift up each slide and let the coverslip slide off, and put it in a Coplin jai"
with pre-warmed washing solution C. Agitate at 42°C for 5 min.

11. Change the Washing solution twice more and shake for 5 min at 42°C.

12. Put into a Coplin jar (wrapped with aluminium foil) containing counter-
staining solution and agitate at room temperature for 15 min.

13. Exchange counterstaining solution with washing solution D and incubate
for 1 min (room temperature).

14. Take each slide out of the Coplin jar, drain excess fluid with a paper
towel, and add 30 pl anti-fade solution. Cover with a 22 X 40 mm cover-
slip, avoiding air bubbles. Drain the edges of the coverslip and put the
slide into a dark container. Short-term storage is carried out at room
temperature and long-term storage at 4°C.4

¢ When rhodamine or Texas red is used for probe detection propidium iodide cannot be used
as counterstain due to overlapping emission spectra of the fluorochromes. For the same reason
AMCA and DAPI cannot be combined. In standard reactions, we detect a probe with FITC and
counterstain with propidium and DAPI simultaneously (see also Section 5).

% For probe detection of biotinylated probe wsually 5 pg/mi avidin-FITC is used. However,
when different fluorochromes are to be applied, the same concentration of avidin-rhodamine,
avidin—AMCA,, etc., can be used. For detection of digoxigenin labelled probe 3 pg/mi of
FITC-conjugated (or rhodamine-conjugated) anti-digoxigenin antibody is used. When biotin and
digoxigenin labelled probes were hybridized simultaneously, both detcction reagents, e.g.
avidin-rhodamine and FITC-conjugated anti-digoxigenin, can be added simultanecusly to the
detection cocktail.

¢ Keep slides in the dark as much as possible after fluorochrome reagents have been applied.

4 After microscopic inspection, the slides can be subjected to a signal amplification procedure
(see Section 4.3).

In order to obtain specific signals from sequences with homologies to other
chromosomal regions, it might be necessary to vary the stringency of the
procedure. This is especially true for chromosome specific alphoid DNA
repeats. Practically, the stringency can be increased best by decreasing the
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salt concentration (e.g. 2 X SSC instead of 4 X SSC in the hybridization
buffer in Protocol 3) or increasing the formamide concentration (e.g. from 50
to 70%) during the in sifu hybridization. Furthermore, the post-hybridization
washes (Protocol 6, step 5, can be carried out at higher stringencies by
using lower salt concentrations (0.3 X SSC or even 0.1 X S8C as washing
solution B).

4.1.2 Detection by a colorimetric assay

Commercial kits are available for a number of detection assays using alkaline
phosphatase or horse-radish peroxidase conjugated to the detection reagent
(avidin or antibodies). For visualization various substrates for the enzymes
are used, which are converted by the enzymatic activity to products forming
coloured precipitates. The procedures are very similar for the various com-
binations of enzymes and substrates. Note: most substrates of these enzymes,
including 3,3-diaminobenzidine-tetrahydrochloride (DAB), are hazardous;
use gloves and take care of the waste material. A protocol for using horse-
radish peroxidase as enzyme and DAB as substrate is given below. The
procedure corresponds to the above detection procedure (Protoco! 6) until
step 6.

Protocol 7. Detection by a colorimetric assay

Materials

# Blocking solution containing phosphate-buffered saline (PBS) (137 mM
NaCl, 2.7 mM KCl, 8.5 mM Na,HPQO, and 1.5 mM KH,PQ,, pH 7.0) and
3% BSA (fraction V).

¢ Detection solution containing PBS, 1% BSA and 0.1% Tween 20.

o Washing solution containing PBS and 0.1% Tween 20, pre-warmed to
42°C.

e DAB/H,O0, staining solution. Combine 3 ml PBS, 30 ul DAB stock solu-

tion (50 mg DAB per millilitre of water), and 15 ] H,0, immediately
before use.

Method

1. Perform post-hybridization washes as described in Protocol 6, steps 1 to
5.

2. Take the slides out of the Coplin jar, drain as efficiently as possible by
absorbing solution from the slide edges with a paper towel, and add
200 pl blocking solution. Cover with a 22 X 40 mm coverslip.

3. Transfer the slides into a wet chamber and incubate for 30 min at 37°C.
4, Lift up each slide and let the coverslip slide off, drain excess fluid as
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described above, and add 200 pl detection solution containing 5 ug/ml of
streptavidin. Cover with a 22 X 40 mm coverslip.®
5. Transfer the slides into a wet chamber and incubate for 30 min at 37°C.
6. Lift up each slide and let the coverslip slide off, and put it in a Coplin jar
with pre-warmed washing solution. Agitate at 42°C for 5 min.
7. Change the washing solution twice more and shake for 5 min at 42°C.
8. Take each slide out of the Coplin jar, drain excess fluid as described
above, and add 200 pl detection solution containing 3 pg/ml biotinylated
horse-radish peroxidase. Cover with a 22 X 40 mm coverslip.
9. Transfer the slides into a wet chamber and incubate for 30 min at 37°C.
10. Lift up each slide and let the coverslip slide off, and put it in a Coplin jar
with pre-warmed washing solution. Agitate at 42°C for 5 min.
11. Change the washing solution twice more and shake for 5 min at 42°C.
12. Incubate in the dark with DAB/H,0, staining solution for 10-20 min, or
untilsufficient substrate precipitate has accumulated, at room temperature.
13. Wash briefly in PBS, counterstain if necessary and mount as described in
Protocol 6.

14. Evaluate the precipitated DAB product by transmission light
microscopy.®

“ Note that some suppliers offer a complex of streptavidin and biotinylated horse-radish
peroxidase. In this case steps 6 to 9 are omitted. However, this complex may penetrate in-
sufficiently into nuclei.

* For combination with chromosome banding (Figure 7) see Section 5.3.

4.2 Chromosomal in situ suppression (CISS)

hybridization
This protocol is used when genomic DNA fragments (generally all genomic
probes) or cDNAs containing IRS sequences are used as probe. The general
difference to the standard protocol is the combination of probe and competitor
DNA and an additional pre-annealing step after probe denaturation. Again
the protocol is given for a 10 pl hybridization volume.

Depending on the complexity of the probe or target sequences, different
concentrations of labelled probe are used. The following guide-lines have
proved to be useful for determining the probe amount. Amounts below are
given for 10 pl hybridization volumes:

e Single cosmids, plasmids, or phages 20-60 ng

e Band specific probe pools 100-200 ng
e Gel-purified single YACs 50 ng

e Total yeast DNA containing a YAC 1 g
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individual sorted human chromosomes

e Total DNA from a library derived from
individual sorted human chromosomes
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e.g. F- and G-group chromosomes

C-group chromosomes
A-group chromosomes

when vector to insert ratio is ~1:1
e.g. F- and G-group chromosomes

C-group chromosomes
A-group chromosomes

when vector to insert ratio is ~10:1
e.g. F-and G-group chromosomes

C-group chromosomes
A-group chromosomes

50-~250 ng

50 ng
150~200 ng
250 ng

150-500 ng
150 ng
300-350 ng
500 ng

0.5-2 pg

0.5 ng
1-1.5 pg

2 g

Protocol 8. Chromosomal in situ suppression hybridization

Materials

e 1 pg/pl salmon sperm DNA sheared or DNase digested to a size of
approximately 500 nt (commercially available).

¢ 1 pg/ul human placental DNA digested with DNase to a size of 200500 nt
(digestion as described in Protocol 1, or 1 pg/ul Cotl fraction of human
DNA with the same size range (commercially available)).

¢ Solutions to be prepared for the Protocols 3-6.
e Labelled probe as above.

Method

1. Combine the labelled probe DNA with 1-3 pg human competitor DNA
(total human or Cot! fraction) and add salmon sperm DNA to adjust to a
total amount of 10 pg DNA.

. Add 1/20th vol. of 3 M sodium acetate and 2 vol. of ethanol, mix well,
incubate at —70°C for 30 min, spin in Eppendorf centrifuge for 15 min,
discard supernatant, wash the pellet by adding 400 ul 70% ethanol, spin
for 5 min, discard the supernatant, and lyophilize.

3.

4,

Resuspend the pellet (which is visible in most cases) in 5 pl of deionized
formamide by vortexing or vigorously shaking for several minutes.

Add 5 pl of hybridization buffer (Protocol 3) and mix well. During this
step proceed with chromosome denaturation (see Protocol 4).

5. Denature the DNA by incubation at 75°C for 5 min. During this step start
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pre-warming the slides with the denatured chromosomes (see Protocol 4)
to 42°C (heat a plate or use a metal tube in a water bath),

6. Transfer the tubes from 75°C quickly to 37°.
. Incubate for 5-15 min to allow pre-annealing.

8. Apply the pre-annealed DNA solution to denatured chromosomes on
pre-warmed slides.

~

9. Continue as described in Protocols 5 and 6.

4.3 Signal amplification

Some laboratories routinely use signal amplification procedures in order to
detect fluorescence signals. The principle of this method is illustrated in
Figure 4, The technique is based on binding of antibodies directed against the
previously used detection reagent (avidin or antibody). The procedure can be
either direct (left half of Figure 4) using one layer of fluorescently labelled
antibodies, or indirect (right half of Figure 4) using one layer of antibodies
conjugated with a reporter group and a second layer of fluorescent reagents
directed against the reporter groups. In case of indirect amplification, usually
the last detection reagent is the same as the one used for the primary
detection; this procedure is therefore also referred to as sandwich amplifica-
tion. It allows several cycles of amplification by using only two different
reagents. Occasionally, we apply one cycle of sandwich amplification when
probes are very small, resulting in weak signals. However, the amplification is
not linear: while the signal intensity is increasing, the signal-to-noise ratio is
decreasing. We recommend that signal amplification is performed only when
slides are low in background. The protocol below, designed for the signal am-
plification of biotin labelled probes, is based on the work by Pinkel et al. (14),

Protocal 9. Signal amplification

Materials

e Washing solution C containing 4 X SSC and 0.1% Tween 20, pre-warmed
to 42°C. '

e Detection cocktail containing 4 X SSC, 1% BSA, and 0.1% Tween 20.

Method
1. Carefully remove the coverslip from the mounted slide (see Section 4.1).

2. Put the slides in a Coplin jar containing washing solution C, which is
pre-warmed in a 42°C shaking water bath. Gently agitate for 10 min.

3. Change the washing solution C three more times and shake in 42°C for
16 min each.

177



Chromosome analysis by non-isotopic in situ hybridization

Protocol 8. Continued

4. Take the slide out of the Coplin jar, drain it as thoroughly as possible by
absorbing solution from the slide edges with a paper towel, and add
200 pl detection cocktail containing 1-5 wg/ml biotinylated anti-avidin
antibodies. Cover with a 22 X 40 mm coverslip.

5. Transfer the slide into a wet chamber and incubate for 30 min at 37°C.

6. Lift up the slide to let the coverslip slide off, and put it in a Coplin jar
with pre-warmed washing solution C. Agitate at 42°C for 5 min.

7. Change the washing solution twice more and shake for 5 min at 42°C.

8. Take the slide out of the Coplin jar, drain it as described above, and
add 200 pl detection cocktail containing 5pg/ml avidin-conjugated
fluorochrome (e.g. avidin—FITC). Cover with a 22 X 40 mm coverslip.

9. Repeat washing as before, see steps 6 and 7.
10. Counterstain chromosomes and mount as described above (Protocol 6).

5. Chromosome counterstaining and banding

The rapid and precise relative mapping of fluorescently [abelled probes along
counterstained chromosomes has been demonstrated (42). By a combination
of in situ hybridization to prometaphase chromosomes with digital imaging
microscopy (see Section 6) numerous probes can be ordered using mapping
coordinates defined in the following way: the distance between the signal and
a reference point is given as the fraction of the length of the total chromosome
or a sub-chromosomal region. For example, an ‘FLpter’ value is the fractional
length of a chromosome with reference point pter. Tt should be noted that the
ISCN banding ideograms (43) are not normalized relative to the fractional
length of chromosomes. Therefore, mapping coordinates defined by fractional
length values cannot be extrapolated from the ISCN ideograms in order to
define them as a band locus. However, this approach is very useful to map the
relative chromosomal position of multiple probes (for further discussion see
ref. 8).

To verify a chromosome assignment, co-hybridization with a probe or
probe set known to map to the target chromosome of interest can be easily
performed (preferably by a dual colour experiment). In order to express
mapping data in terms of classical cytogenetic terminology, banding methods
can be combined with non-isotopic in situ hybridization protocols. Fluor-
escence banding with a fluorochrome that emits in a range different to the
fluorochrome used for probe detection is advantageous since it does not
require a relocation of chromosomes. Banding by quinacrine, Hoechst 33258
chromomycin Az or DAPI (see Chapter 4 and ref. 44) can easily be
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? Reporter Molecule ‘+’ Fluorescent Reporier Malecule

@ Fluorochroma-conjugated Reporter Binding Molecula {e.g. Avidin or Antibody)

! Antibody directed against Reporter Binding Molecule

Figure 4. Schematic ilustration of a signal amplification procedure. For further explana-
tion see text.

performed after the hybridization/detection procedure (Protocol 6, step 6).
On heat-denatured chromosomes, staining with DAPI alone, i.e. without
additional stains such as actinomycin or distamycin, results in a differential
Q-banding-like pattern of good quality (see Figure 5, panel B; see also
ref. 45). However, differences in the staining pattern of heterochromatin by
DAPT and quinacrine should be noted. Unfortunately, it is often difficult to
document DAPI-banding by conventional photography. Due to the heat
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denaturation of the chromosomes, a differential staining is also achieved with
propidium iodide, resulting in an R-banding-like pattern. This banding is
often pale (see Figure 3, A and C) and in our hands the quality has been very
variable. Propidium iodide staining in combination with fluorescent replication
banding (see Protocol 11}, however, results in high quality banding (46, 47).

5.1 Alu-banding

Distinct chromosomal banding patterns can be produced by in sifu hybrid-
ization with DNA probes for interspersed repetitive elements (IRS). Co-
hybridization of a DNA probe with IRS sequence(s) causes a simultaneous in
situ hybridization banding profile (42, 48). For human chromosomes Alu
repeats are very useful, generating an R-banding like banding pattern. Both
cloned Alu sequences and sequences generated by IRS-PCR {see Section 7)
have been reported as co-hybridization probes (42, 49). An example of a
cosmid mapping in combination with Alu-banding is shown in Figure 3,
panels A and C.

Protocol 10. Alu-banding :

1. Prepare a 10-pl probe mixture and perform probe denaturation as
described in Protocol 3 (without competition) or Protoco! 8 (with
competition), depending on the characteristics of the probe. When CISS
hybridization is performed, use only 1 pg competitor DNA per 10 il
volume.

2. Prepare a 5 ul probe mixture with 100-300 ng Alu-enriched DNA (e.g. a
cloned fragment containing Alu elements; see ref. 42) and perform
denaturation as described in Protocol 3.

3. Combine mixtures from steps 1 and 2 prior to application on to slides with
denatured chromosomes { Protocol 4).

4. Proceed as described in Protocol 5.

5.2 GTG-banding

Well-established banding techniques may be preferred. These techniques can
be performed with fluorescence in situ hybridization prior (pre-banding) or
after in situ hybridization (post-banding). In experienced hands, both
approaches give excellent results. Pre-banding has the advantage that any
interference of chromosomal heat denaturation with banding quality can be
avoided. A disadvantage is the fact that metaphase spreads have to be
relocated and photographed twice. For pre-banding we have followed the
protocol described by Klever ef al. (50). Two examples are shown in Figure 6.
After routine trypsmmGlemsa (GTG) banding (ﬂ;ee Chapter 4) the prepara-
tions are treated as shown in Profocol 11.
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Protocol 11. De-staining and post-flxat:on of GTG-banded

N

~

chromosomes
Embed the preparations in Eukitt.
Locate metaphases and take photographs

. Remove the embedding material and Giemsa stain by the following

washes in Coplin jars::

e xylol for 1 min "
« xylol/ethanot (1:1, vlv) for 1 min

» methanol/acetic acid (3 1 viv), two nmes for 5 min
Air-dry the shdes

. Transfer the slides in a Coplm jar contammg 3.7% formaldehyde in

phosphate-buffcred saline (PBS, pH 7), incubate for 10 min.
Wash in PBS, twice more for 5 min.

Air-dry again. .. .

Proceed as deséﬁbed in Protocol 4.

The additional ﬁkhtion' results in improved preservation of chromosomal

morphology during heat denaturation.

5.3 Replicatioh banding
For post-banding we can recommend replication banding procedures per-

formed after 5-bromo-2'-deoxyuridine (BrdU} incorporation during S-phase.
For details see refs 51 and 52.

Protocol 12. Fluorescent replication banding

1.

Add BrdU and fluorodeoxyuridine (FdU) in a final concentration of
10 pg/ml and 0.5 pg/ml, respectively, to PHA-stimulated lymphocyte cul-
tures from peripheral blood (see Chapter 2) after 65 h of cultivation.

Six hours later add colcemid to a final concentration of 0.05 pg/ml and
cultivate cells for 30 min more.

Prepare metaphase spreads (see Chapter 2) and proceed with in situ
hybridization as described above.

In the case of fluorescence in situ hybridization, the incorporated BrdU
can be detected by simultaneous indirect immunofluorescence using
monoclonal mouse-anti-BrdU antibodies for the first step and FITC- or
TRITC-conjugated anti-mouse IgG antibodies for the second step. For
this, proceed as described in Protocol 6 (indirect immunofluorescence
described under step 8 i to iv) with antibody concentrations according to
the recommendations of the suppliers.
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Figure 5. Simultaneous visualization of fluorescently labelled cosmid probe and Alu-
banding. (A} Digoxigenin-labelled cosmid probe J1-2 (see ref. 42) and a biotin-labelled
DNA probe containing four Alu-repeats were cohybridized and detected via rhodamine
and FITC, respectively. Note the R-banding like pattern of the Alu probe signal. Chromo-
some identification and band assignment can easily be performed by using the Alu-
banding. Cosmid J1-2 had been mapped by determining the fractional distance of the
chromosome length {see text) to a chromosome region corresponding to 11p11.2. This is
indeed the cytological map position, as the signal is within the brightly stained band
11p11.2 (see arrows). (B) DAPl-stain of the metaphase shown in A. Note, that the DAPI
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If permanent staining is preferred, the Hoechst 33258-Giemsa technique
can be applied to BrdU pulsed chromosome complements (53). This pro-
cedure has been used for isotopic techniques as well as non-isotopic techniques
using permanent alkaline phosphatase or peroxidase (see Section 4.1.2) si gnal
detection procedures (54, 55). Examples are shown in Figure 7. For a good
banding quality it is important to adjust the pH of the solution used for heat
denaturation of the chromosomes (see Protocol 4) to a range between pH 6
and pH 7, since a higher pH (>8) may result in massive swelling of the
chromosomes (A. Briickner, unpublished observations). After signal detec-
tion, the slides are treated as described in Protoco! 13.

Protocol 13. Permanent replication banding

Materials

e 33258 Hoechst-staining solution. Dissolve 5 mg of 33258 Hoechst in
100 ml ‘Latt’ buffer containing 0.15M NaCl, 0.03M KCl, 0.01 M phos-
phate (pH 7). Keep this stock solution in the dark at 4°C. Dilute in Latt
buffer 1:200 just prior to use (final concentration .25 pg/ml).

e Giemsa solution. Combine 30ml 67mM KH,PO,, 30ml 67mM
Na,HPO,, and 3 ml Gurr's~Giemsa stain R66.

Method
1. Perform steps 1-3 as described in Protocol 12.

2. Incubate the slides in a Coplin jar in the dark with 33258 Hoechst staining
solution at room temperature for 15 min.

3. Briefly wash with water.

4. Put the slides into a dish, cover them with a thin tayer, of 2 X SSC just
sufficient to prevent air-drying, and expose them to the light of a UV-
mercury lamp.®

5. Incubate in 2 x SSC at 60°C for 90 min. .

Figure 5 cont.

stain produces a O-banding-like pattern in heat denatured chromosomes, even without
further treatment (such as actinomycin). Whereas Alu-probes do not label centromeres
and several pericentromeric regions, the DAPl-counterstain reveals the full chromosome
continuum {compare panels A and B). {C} Complete karyotype of the Alu-banded meta-
phase in panel C {46,XY). Note, that the quality of the Alu-banding is superior to the
DAPI-banding.

{Reprinted by permission of the pubtisher from Lichter, Boyle, Cremer, and Ward, Genetic
Analysis Techniques and Applications, 8(4), pp. 24-35. Copyright 1991 by Elsevier Science
Publishing Ce., Inc.)
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Protocol 13. Continued

6. Stain the slide with Giemsa solution for approximately 20 min or until a
good differentiation is visible.

7. Air-dry and embed in Eukitt.

“ For example, the authors use a 30 W lamp at a distance of 20 cm for 30 min.

6. Microscopy

Signals from painted whole chromosomes, stained sub-chromosomal regions,
or localized single probes are generally visible when an epifluorescence micro-
scope is used. Examples of photographs taken on a standard microscope are
shown in Figure 6. Counting'signals in interphase nuclei can easily be carried
out with a standard equipment. Potential users who are inexperienced in the
field of fluorescence microscopy should seek expert advice before they buy
their own system. It is very important to have appropriate objectives and filter
sets for the visualization of the essential fluorochromes. The most commonly
used fluorochromes are (a) blue colour: DAPI (chromosome staining) and
AMCA (conjugated to avidin, antibody, or nucleotides); (b) green colour:
quinacrine (chromosome staining), FITC or bidopy (both conjugated); (c)
red colour: propidium iodide (chromosome staining), rhodamine or Texas
red (both conjugated). Filter sets for various fluorochromes are described
elsewhere in this book (see Chapter 8). For some applications a filter set may
be used which is very selective for a given fluorochrome, while in other
applications filter sets may be used which allow the simultaneous detection of
two fluorochromes, such as FITC for signal detection and propidium iodide
for chromosome-staining (see Figure 3). Double band-pass filter sets have be-
come available, which allow the simultaneous recording of fluorochromes,
such as FITC and rhodamine. Such filter sets may become very important in
two colour mapping experiments, when the geometric relation of two distinctly
coloured sites have to be recorded as accurately as possible. A change of filter
sets generally leads to more or less pronounced shifts, detectable for example
after double exposure of photographic films (registration problem).

In order to exploit the full potential of multicolour fluorescence in situ
hybridization in clinical and tumour cytogenetics, quantitative digital
fluorescence microscopy is clearly needed. Digitized images are not only
easier to handle but can also be subject to powerful image processing. Digital
filtering procedures can facilitate the analysis considerably; for instance, by
enhancing signal to noise ratios. When digital images (taken with different
filter sets from the same object) are electronically overlayed, the registration
problem is again evident. At present a perfect solution to this problem is not
available. It is advisable to ask the commercial supplier for a special align-
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ment of the emission filters of the different filter sets. In addition, internal
reference points may be included in a specimen by point-like particles carry-
ing the various fiuorescent dyes. This could greatly facilitate the automated
correction of misalignments by appropriate software.

‘Different camera systems allow the generation of digitized images. The
currently most sensitive system is the cooled CCD (charged coupled device)
camera. Examples of images generated by using a cooled CCD camera are
shown in Figure 5. This device allows photon counting, and with longer
integration times fluorescence signals can be detected which are not visible to
the observer’s eyes. This might improve the analysis of fluorescence in situ
hybridization with probes smaller than 2 kb (see Section 1). For the recording
of chromosome pamtmg 1mages iess expenswe camera systems will be suf-
ficient. . i

D:gmzed lmages can aiso be generated usmg a confocal laser scanning
microscope. Examples are shown in Figure 3. In contrast to CCD or
video-camera systems, the confocal laser microscope can greatly reduce the
out-of-focus fluorescence allowing generation of high quality optical sections
through the labelled specimen. Therefore, if three-dimensional recording of
fluorescent cellular specimens is needed, a laser confocal scanning microscope
is the instrument of choice. Although at present this device is not as sensitive
as the current cooled CCD systems, signals visible to the observer’s eyes by
conventional epifluorescence microscopy can be nicely imaged. The registra-
tion problem can be overcome by parallel excitation/emission of different
fluorochromes in the dual channel mode. However, using the confocal laser
scanning microscope, one is limited to the use of the fluorochromes which can
be excited by the lasers available in the instrument. Most instruments today
allow excitation of one or two fluorochromes (green and red fluorochromes)
in the standard set-up. Additional laser equipment for three colour detection
(i.e. an additional UV-laser for blue fluorochromes) is very costly. When only

Figure 6. {Overleaf). Combination of CISS hybridization and GTG-banding {A) CISS-
hybridization of biotinylated human chromosome & specific bacteriophage DNA library
sequences to a fibroblast metaphase spread from Macaca fuscata. The probe delineates
the entire homologue macague chromosome except for the centromeric heterochromatin.
Lack of labeliing may be due to rapid divergence in heterochromatic sequences during
primate evolution (J. Wienberg, A. Jauch, R. Stanyon, and T. Cremer, unpublished obser-
vation). Note the visualization of the two chromosome 5 domains in the cell nucleus. {B)
GTG banding of the Macaca fuscata metaphase spread shown in (A}, (C) FITC-signals
detected on a human lymphocyte metaphase spread after CISS-hybridization of biotiny-
lated microlibrary DNA derived from 37 microdissected human chromosomes 8 (bands
8q23-8q24.1} kindly provided by B. Horsthemke. Big arrows indicate the labelled sub-
region on chromosome 8, small arrows point to a weak signal on chromosome 9q33. This
minor signal could be expiained by an occasional error made during the micradissection
procedure, (Courtesy of C. Lengauer; for details see ref. 32). (D) GTG-banding of the
metaphase spread shown in (C).
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Figure 7. Combination of non-isotopic in situ hybridization and permanent replication
banding. Male human lymphocyte metaphase chromosomes after Hoechst 33258-
Giemsa replication banding and /in situ hybridization with biotinylated probes L1.84 (A}
and pUC1.77 {B) Colorimetric probe detection was carried out using horse-radish
peroxidase. Arrows indicate the heterochromatic band 1g12 delineated by pUC1.77 and
the pericentromeric heterochromatin of chromosome 18 delineated by L1.84. (Countesy of
A, Brickner.}

two-dimensional work is carried out, such as mapping of signals on metaphase
chromosomes, the much cheaper CCD camera systems seem preferable,

When purchasing equipment for digital imaging microscopy, special
attention should be paid to the computer hardware, in particular to memory
and storage capacity, as well as software capability for specialized applica-
tions.

7. Advanced techniques and applications

Polymerase chain reaction (PCR) provides a rapid and easily applicable
alternative means of generating DNA probes useful for the specific delinea-
tion of chromosomal regions. Oligonucleotide primers can be used to gener-
ate probes for chromosome specific sequences, such as chromosome specific
DNA repeats (56, 57). IRS-PCR (interspersed-repetitive sequence — poly-
merase chain reaction) protocols have been applied to generate human DNA
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probes from human-rodent somatic hybrid cells (58, 59) which are useful for
chromosome painting (60, 61). This approach is based on oligonucleotide
primers that anneal specifically to human specific subsequences within IRS,
e.g. within Alu- or L1-elements. During the PCR, human sequences between
appropriately located human Alu- or L1-elements are amplified. In this way,
probes can be generated for human chromosome sub-regions of interest
contained in hybrid cells or YACs.

The potential of almost all applications of in situ hybridization is greatly
enhanced by multicolour detection of simultaneously hybridized probes. This
is particularly useful when structural chromosome aberrations involving dif-
ferent chromosomal regions are to be diagnosed, or when several numerical
aberrations should be detected in parallel. Three fluorochrome colours can be
easily distinguished, and by combinations of three different labelling/
detection procedures—i.e. by labelling single probes with one, two or three
colours—an even higher number of targets can be distinguished (62). The
advent of commercially available nucleotides directly conjugated with
fluorochromes will improve the ability to combine multiple colours in one
experiment. These nucleotides can be incorporated into DNA probes by nick-
translation resulting in directly fluorochrome labelled DNA probes. Wiegant
et al. (63) have demonstrated the feasibility of such an approach for rapid
cosmid mapping. While the sensitivity of detection is somewhat reduced as
compared to indirect detection procedures, background problems seem also
considerably reduced.

Non-isotopic in situ hybridization to prometaphase chromosomes has
become a powerful tool in the investigation of the linear order of DNA
sequences located on a given metaphase or prometaphase chromosome (42).
The maximum resolution which has been achieved in this way depends on the
localization of the two target sites, e.g. in G- or R-bands, but targets which
are considerably closer to each other than 1 Mb can generally not be ordered.
To further improve the mapping resolution, chromosomal DNA can be ana-
lysed in more de-condensed states as, for example, in interphase nuclei. The
average distance which can be measured between two point-like cosmid
signals in interphase nuclei has been shown to increase linearly from 30 kb
up to a distance of about 1 Mb (64, 65). Therefore, average distances be-
tween multiple probes could allow the indirect ordering of closely spaced
probes.

An interesting alternative approach to in situ hybridization (as described in
this chapter) is hybridization of oligonucleotide primers to cellular nucleic
acids followed by primer extension in the presence of labelled nucleotides
(66, 67). Although the general sensitivity of this assay has to be proven, it
may allow the detection of allelic differences in siru. Choosing the appropriate
primer or primer combination, sequence differences or small deletions could
be detected by the presence or absence of signals.
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ABSTRACT

A human yeast artificial chromosome (YAC) library was screened by
polymerase chain reaction with oligonncleotide primers defined for DNA
sequences of the BCR gene and the protoencogenes c-raf-1, c-fins, and
c-erbB-2. Alu-PCR-generated human DNA sequences were obtained from
the respective YAC clones and used for fluorescence in sita hybridization
experiments under suppression conditions, After chromosomal in situ
suppression hybridization to GTG-banded human prometaphase chro-
mosomes, seven of nine initially isolated YAC clones yielded strong
signals exclusively in the chromosome bands containing the respective
genes. Two clones yielded additional signals on other chromosomes and
were excluded from further tests. The band-specific YACs were success-
fully applied to visualize specific structural chromosome aberrations in
peripheral blood cells from patients with myelodysplasia exhibiting
del{5)(q13q34), chronic myeloid lenkemia and acute lymphocytic leuke-
mia with t(9;22)(q34;q11), acute promyelocytic leukemia (M3} with

t(15;17)(q22;q21), and in a cell line established from a proband with the .

constitutional translocation £(3;8)(p14.2;q24). In addition to the analysis
of metaphase spreads, we demonstrate the particular usefulness of these
YAC clones in combination with whole chromosome painting to analyze
specific chromosome aberrations directly in the interphase nucleus.

INTRODUCTION

Specific chromosomal anomalies play a role in initiation and
progression of neoplastic diseases. The unequivocal diagnosis
of such aberrations using chromosome banding techniques,
however, often suffers from a lack of mitotic tumor cells. In
addition, the quality of chromosome spreads is often not suffi-
cient for detailed cytogenetic analyses of the affected chromo-
somes, and it remains doubtful whether the results of such
analyses are representative for the whole tumor cell population.
Recent improvements of fluorescence in situ hybridization have
provided a tool to visualize chromosome aberrations of interest
in tumor cells at all stages of the cell cycle. Libraries from

. sorted human chromosomes have been used for CISS? hybrid-

ization to “paint” whole chromosomes in tumor cells (1-3),
while individual DNA clones have been applied to delineate
breakpoint regions with high resolution {4-8). YAC clones (9),

- which span several hundred kilobases within a chromesome
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region of interest, provide an ideal tool for such studies (10—
13). Recently, Alu-PCR (14) has been applied as a rapid means
to amplify human DNA sequences from YAC clones with
complexities which generally yield strong signals both on met-
aphase spreads and in interphase nuclei {15). General use of
such clones in tumor cytogenetics, however, is still limited by a
lack of appropriate YACs.

In this study we have screened a YAC library for clones
containing the BCR gene and the human protooncogenes c-raf-
1, c-fins, and c-erbB-2. Nine clones were isolated which con-
tained the expected sequences from the respective genes. After
CISS hybridization seven of these clones showed signals exclu-
sively within the expected bands of GTG-banded prometaphase
chromosomes. We demonstrate that these clones can be used
with high reliability for the detection of structural chromosome
aberrations in patients with various hematological diseases and
constitutive chromosome translocations, respectively, at all
stages of the cell cycle. Double color CISS hybridization of
YAC clones in combination with whole chromosome painting
libraries was used to facilitate the mapping of clones with
respect to the localization of the breakpoint in individual
tumors.

MATERIALS AND METHODS

Human Cells, Metaphase spreads and interphase nuclei were pre-
pared from phytohemagglutinin-stimulated normal male and female
human blood lymphocytes, from Epstein-Barr virus-transformed lym-
phocytes of a proband carrying the translocation t{3:;8)(p14.2;q24), and
from nonstimulated lymphaocytes of patients with various hematological
diseases, including CML and ALL with t(9;22)(q34;q11), acute pro-
myelocytic leukemia (M3) with t(15;17)(q22;q21), and myelodysplasia
with del(5)(q13q34). Metaphase chromosome spreads were prepared
using standard techniques of Colcemid treatment, hypotonic treatment,
and methanol/acetic acid fixation. Conventional chromosome analyses
were performed in GTG-banded metaphase spreads. For high resolu-
tion mapping, prometaphase chromosomes were obtained by the meth-
otrexate synchronization technique described by Yunis (16}, Prepara-
tions were stored in 70% ethanol at 4°C until use, Prometaphase
chromosome spreads were GTG banded, photographed with a black
and white film (AgfaOrtho), and postfixed as described by Klever er af.
(17) prior to use in CiSS hybridization experiments.

DNA Library Probes. Bacteriophage libraries from sorted human
chromosomes were obtained from the ATCC (chromosome 3,
LAO3NS02; chromosome 35, LAOSNSOI) (18). The plasmid library
from sorted human chromosomes 17 was a generous gift from Dr. Joe
Gray, University of California, San Francisco (19). Bacteriophage
libraries were amplified in liquid culture using Escherichia coli LE 392
as the bacterial host, DNA from bacteriophage and plasmid libraries
was purificd as described by Maniatis et al. (20).

PCR Screening of Human YAC Clone Library. Qligonucleotide
primers defined for the amplification of DNA sequences of the pro-
tooncogenes c-raf-1 {21}, c-fins (22), and c-erbB-2 (23} and for an
intron-exon junction region of the BCK gene (24) were used for PCR
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screening of the Washington University human YAC library as de-
seribed previously (25),

c-raf-1

RAF1: 5 AGA GGT GAT CCG AAT GCA GGA 37
RAF2: 5’ TCA ATG GAA GAC AGG ATC TGA 3/
Predicted length of amplification product, 611 base pairs

c-fins

FMS1: 5° TTC TGC TGA GGA GTT GAC GAC ¥
FMS2: 5’ CTT GGT GTG GCC AGC CAA TGC ¥
Predicted length of amplification product, 690 base pairs

c-erbB-2

ERBI: 5 GAC ACC TAC GGC AGA GAA CCC ¥
ERB2; 5° GTA CAA AGC CTG GAT ACT GAC 3’
Predicted length of amplification product, 510 base pairs

BCR gene

BCRI1: 5 GAC ACT GGC TTA CCT TGT GC 3/
BCR2: 5 GAC GAT GAC ATT CAG AAA CC 31
Predicted length of amplification product, 183 base pairs

PCR of human genomic DNA with these primer pairs showed
specific amplification products of the predicted length. Clones identi-
fied in the appropriate filters by colony hybridization were grown and
confirmed by coleny PCR (26).

Molecular Characterization of YAC Clones. Methods for the growth
of YAC-containing yeast strains, the preparation of DNA for conven-
tional and PFGE, and Southern analysis of DNA have been described
previously (9, 27). PCR products to be used as probes were purified
using polyacrylamide gel electrophoresis as described previousky {(25).
DNA probes for RAF-1, BCR, FMS, and ERBB2 were obtained from
the ATCC {(Accession nos. 41050, 59120, 41017, and 57584, respec-
tively). The DNA probes were labeled radicactively (**P) using the
random-hexamer priming method of Feinberg and Vogelstein {28).

Alu-PCR Amplification of YAC Clones, CISS Hybridization, and
Probe Detection. For CISS hybridization human sequences were gen-
erated by Alu-PCR amplification from the YAC clones as described in
detail elsewhere (15). Briefly, agarose plugs prepared for pulsed field
gel electrophoresis containing individual YAC clones were equilibrated
in PCR buffer [10 mum Tris-HCI (pH 8.4), 50 mm KCl, 1.5 mM MgCl,,
0.001% gelatin]. After careful equilibration, plugs were melted for 5
min at 70°C, and an aliquot equivalent to approximately 100 ng of
genomic YAC clone DNA was added to the Alu-PCR assay using the
primer pair as follows; CL1: 5° TCC CAA AGT GCT GGG ATT ACA
G 3" CL2: 5 CTG CAC TCC AGC CTG GG 3" (15). Each primer
was used at a concentration of 0.25 uM in a total volume of 100 pl of
PCR buffer containing 250 xM of each of the four nucleotides and 2.5
units of Tag polymerase (Perkin Elmer/Cetus). After initial denatura-
tion at 96°C for 3 min, 30 cycles of PCR were carried out with
denaturation at 96°C for 1 min, annealing at 37°C for 30 s, and
extension at 72°C for 6 min. Ten-ul aliquots of amplified DNA se-
quences were fractionated by gel electrophoresis. Alu-PCR amplifica-
tion products were labeled with biotin-11-dUTP using standard nick
transiation procedures (29). DNA library probes (see above) were nick
translated with digoxigenin-11-dUTP.

Chromosome preparations were pretreated with RNase A and pep-
sin, postfixed for 10 min in 3% paraformaldehyde, and stored in 70%
ethanol overnight (8). CISS hybridization and detection of YAC probes
with FITC conjugated to avidin were carried out as described previously
(30) with the following modifications. For hybridization, 100 to 150 ng
of the Alu-PCR-amplified YAC DNA were used as a probe after
preannealing with various amounts (30 to 100 ug) of an uniabeled Cotl
DNA fraction (BRL/Life Technologies; Catalogue No. 52795A}). The
signals were amplified once (31). In two-color CISS hybridization
experiments with biotinylated YAC probes and digoxigenin-labeled
library probes, the latter were detected by indirect immunofluorescence
using mouse antidigoxin (Sigma) and goat anti-mouse Ig-TRITC

{Sigma). After FITC signal detection, cells were counterstained with
1 pg/ml of DAPI and 0.2 pg/ml of propidium iodide. In two-color
CISS hybridization experiments DAPI was used as the only counter-
stain. Cells were mounted in fluorescence antifading buffer {1 mg of p-
phenylendiamine in 1 ml of glycerine buffer, pH 8.0) and evaluated
with a Zeiss Photomicroscope EI or a Zeiss Axiophot equipped with a
double band pass filter (Zeiss). Microphotographs were taken with
AGFACHROM 1000 RS or Kodak Ektachrome 400 color slide films.

RESULTS

Isolation and Molecular Characterization of YAC Clones for
the BCR Gene and the Protooncogenes c-raf-1, ¢-fins, and
c-erhB-2

Nine YAC clones containing the BCR gene or the protoon-
cogenes c-raf-1, c-fms, or c-erbB-2, respectively, were isolated
by PCR screening of the Washington YAC library established
from human genomic DNA. Each of the nine isolated YAC
strains was checked for the presence of expected gene-specific
sequences by Southern blot analysis of digested DNA samples.
The amplified PCR products and previously characterized on-
cogene sequences from the cloned region [obtained from ATCC
(see “Materials and Methods™)] were used as DNA hybridiza-
tion probes for these analyses. Each isolated YAC carried the
expected sequences (data not shown}, although two clones
which contained c-erbB-2 sequences (A153G3 and B217G7)
were later found to contain additional DNA from chromosomal
regions apparently unrelated to the c-erbB-2 gene (see the CISS
hybridization experiments described below). PFGE of three of
the nine clones {A230A7, D107B4, and A168H4) showed mi-
nor YAC bands which were related to the major YAC band of
the respective clone as indicated by Southern blot hybridization
with the respective oncogene probes. The seven oncogene-
bearing YAC clones which apparently contain DNA only from
the expected human genomic regions are listed in Table 1.

Alu-PCR amplification from an aliquot of melted agarose
plugs containing 100 ng of YAC clone DNA yielded numerous
bands of 0.1 to at least 4 kilobases in length for each clone (Fig.
1). The size and intensity of individual bands were found to be
specific and reproducible for each YAC clone. YAC clones
which were isolated for the same genomic site all showed some
bands with apparently identical position and intensity, while
other bands were distinctly different. These results confirm
that PCR screening of the YAC library yielded different YAC
clones for the BCR gene and the protooncogenes c-raf-I and
c-erbB-2.

High Resolution Mapping of Alu-PCR-amplified YAC Clones

Alu-PCR-amplified probes obtained for each of the nine
isolated YAC clones were used for CISS hybridization on

Table ¥ YAC clones with DNA only from expected human genoniic regions

YAC clone Gene Size (kilobases)
BI9E1 BCR [15

DI107F9 BCR 215

D73A7 cofims 205

DI22AS c-erhB-2 500

A230A7 c-erbB-2 115 (135)°
Al68H4 c-raf-i 550 (420)
D1078B4 c-raf-! 240 (210}

? Numbers in parentheses, secondary YAC band of the indicated size, related
to the primary YAC band (both contain the expected secquences), also present in
the YAC-bearing yeast sirain.
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A56B789

— 4.3 kb
—2 kb

—550 bp

—246 bp
—123 bp

Fig. 1. Agarose gel (1.2%) of Alu-PCR-amplified YAC clone DNA. Lanes 1
to 4, c-erbB8-2 YAC clones A153G3, B217G7, D122AS5, and A230A7; Lanes 5
and 6, BCR YAC clones D107F9 and B99E11; Lanes 7 and &, ¢-raf-] YAC clones
Al68H4 and D107B4; Lane 9, c-fins YAC clone D73A7; marker Lane A, A/
Hindl1l; marker Lane B, 123-base pair ladder.

normal human metaphase and prometaphase spreads (46, XY,
approximately 800 to 1000 band level) (Fig. 2). Prometaphase
chromosome spreads were GTG banded prior to CISS hybrid-
ization. For each YAC clone, at least 50 metaphase spreads
and 25 prometaphase spreads were evaluated, and the localiza-
tion of the signals was compared with the localizations of the
respective genes reported elsewhere (32-34), Fig. 2, E to L,
shows examples of the high resolution mapping of site-specific

- YAC clones. The two BCR YACs mapped to 22ql I, the two ¢-

raf-1 YACs mapped to 3p25, the c-fins YAC mapped to 5933,
and two of the c-erbB-2 clones {D122A5 and A230A7) mapped

- exclusively to 17q12-21.1 (see Fig. 2, 4 to D, for examples).

However, two of the four YAC clones obtained for the c-erbB-
2 protooncogene (A153G3 and B217G7) showed additional

-~ band-specific signals on other autosomes {data not shown).

These clones were excluded from further experiments.

Application of Alu-PCR-amplified YAC Clones in the Analysis

. of Structural Chromosome Aberrations

Analysis of Metaphase Spreads. The Alu-PCR-amplified
YAC clones were used to delineate specific deletions and trans-
locations (Fig. 3). In each case a minimum of 50 tumor meta-

- phase spreads was evaluated. Even metaphase spreads with very

poor spreading could be easily evaluated.
Fig. 34 shows a metaphase spread from a patient with 5q—

- syndrome after two-color CISS hybridization with a human

chromesome 5 genomic DNA library and the biotinylated -

= fms YAC probe D73A7. The hybridization signal of the c-fins

YAC clone is visible only on the normal chromosome 5. In the
other chromosome 5 the signal is lost because of an interstitial
deletion involving the c-fins protooncogene (32).

Fig. 3D shows a metaphase spread with t(9;22)(q34;q11) from
a patient with CML after CISS hybridization with the BCR

: YAC clone D107F9. The normal chromosome 22, the Phila-
_ delphia (Ph') chromosome, and the der(9) are clearly labeled.

These results were obtained with both BCR YAC clones
D107F9% and B99E] in three CML patients and in one patient
with ALL carrying the Ph' chromosome (data not shown).
These results demonstrate that both clones span the breakpoint
cluster region on chromosome 22 involved in these patients.
Notably, the relative signal intensities observed on the der(9)
differed for the two clones; i.e., the signals obtained with B39E1
were considerably weaker than with D107F9.

Fig. 3F shows a metaphase spread from a patient with APL
carrying the translocation t{15;17)(q22;q21). Two-color CISS
hybridization was performed with a human chromosome 17
genomic library and the c-erbB-2 YAC clone A230A7. The
hybridization signal of the YAC clone is visible on the normal
chromosome 17 and the translocation chromosome (17pter—s
17q21::15922—»15qter). The same result was obtained with the
c-erbB-2 clone D122A5 (data not shown), These findings con-
firm directly that the breakpoint in APL is distal to the c-erbB-
2 sequences contained in these clones (35).

Fig. 3G shows a metaphase spread from an individual carry-
ing the constitutional translocation t(3;8)(p14.2:q24). Two-
coler CISS hybridization was performed with a chromosome 3
genomic library and the c-rgf-! YAC clone A168H4. The
hybridization signal of the YAC clone is visible on the normal
chromosome 3 and the translocation chromosome (8pter—
8q24:3pi4.2—-3pter). As expected, the breakpoint in 3p is
proximal to the c-raf-1 sequences contained in these clones.

Analysis of Interphase Nuclei. Alu-PCR-generated probes
from YAC clones yielded specific signals in interphase nuclei.
The intensity of these signals varied with different clones, but
was generally comparable to signals obtained from chromo-
some-specific alphoid probes. For example, Fig, 4 shows the
result of CISS hybridization of the c-raf~1 YAC probe A168H4
to normal lymphocyte nuclei. Table 2 shows the results of
interphase cytogenetics performed with the seven band-specific
YAC clones both in normal lymphocytes and in cells with the
specific structural aberrations described above. These data were
fully consistent with the conclusions obtained by the analysis
of metaphase spreads. Interphase nuclei carrying the
t(3;8)(p14.2;q24) translocation showed two signals after CISS
hybridization with the c-raf-7 YAC clone A168H4. Additional
painting of chromosome 3 showed large and small domains
both carrying a c-raf~] YAC-specific signal, while a third me-
dium-sized domain did not (Fig, 3f). CISS hybridization of the
¢-fms YAC clone D73A7 to lymphocyte interphase nuclei of
three patients with 5q— syndrome showed one distinct green
signal only in most nuclei {Table 2), which was located within
one of the two red-painted chromosome 5 domains (compare
Fig. 3, B and C). Interestingly, Patient 1 showed only 2 of 200
interphase nuclei with a normal painting pattern; ie., two
chromosome 5 domains both carrying the c-fins YAC clone
signal, while 24% and 35% normal nuclei, respectively, were
observed in Patients 2 and 3. For comparison, Patient 1 showed
only metaphase spreads carrying the del(5q) (n = 34), while
Patient 2 and Patient 3 showed 9% (n = 46) and 34% (n = 21)
normal metaphase spreads. The differences between the per-
centages of normal and aberrant metaphase spreads and inter-
phase nuclei in Patient 2 suggest that metaphase cell popula-
tions are not necessarily representative of the heterogeneity of
normal and tumor cells present in the interphase cell popula-
tion. CISS hybridization of the BCR YAC clone DIOTF9 to
tuntor interphase nuclei of a patient with CML showed that
most nuclei contained three signals, as expected from a clone
overlapping the breakpoint region in 22q11 (Fig. 3E),

DISCUSSION

In this study we have screened a human YAC library for YAC
clones containing the BCR gene and the protooncogenes c-raf-
I, c-fms, and c-erbB-2. Seven YAC clones contained sequences
from these genes and showed signals exclusively within the
bands to which the respective genes have been previously
mapped. The localization of the two c-erbB-2 clones could be
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Fig. 2. Whole metaphase spreads after CISS hybridization of Ale-PCR-amplified probes from the BCR YAC D107F9 (A), the c-raf-] YAC A168H4 (B), the c-
Jfms YAC D73A7 (C), and the c-erbB-2 YAC D122A5 (D). Biotinylated probes were detected with avidin-FITC. Chromosomes were counterstained with propidium
iodide. E to L, high-resolution mapping of Alu-PCR-amplified YAC clones. Prometaphase chromosomes were GTG banded (Fig. 3, / to L) and used for CISS
hybridization after destaining, Biotin-labeled probes were detected with avidin-FITC, Chromosomes were counterstained with propidium iodide (Fig. 3, Eto H). E
and /, partial prometaphase with chromosome 22 indicating the localization of the BCR YAC clone D107F% on 22q11 (arrow). F and J, partial prometaphase with
chromosome 3 indicating the localization of the c-raf-J YAC clone A168H4 on 3p25 (errow). G and X, partial prometaphase with chromosome 5 indicating the
Iocalization of the c-fins YAC clone D73A7 on 5q33 {arrow). H and L, partial prometaphase with two chromosomes 17 indicating the localization of the c-erbB-2

YAC clone A230A7 on 17q12-21.1 (arrows).

narrowed down to 17q12-g21.1. The signals obtained with Alu-
PCR-amplified YAC clones in metaphase spreads and inter-
phase nuclei are clearly superior to signals which can generally
be obtained with individual bacteriophage or cosmid clones.
These strong signals, combined with a low background, make
these probes ideal for tumor interphase cytogenetics and allow
analyses using conventional fluorescence microscopy.
Recently, it has been demonstrated that interphase cytoge-
netics can also be applied to paraffin-embedded sections from
solid tumors (36-38). We are presently exploiting the possibil-
ities of using the c-raf~-I YAC clones to diagnose deletions of
3p in several solid tumors, such as renal cell carcinomas (39)
and small cell carcinomas of the lung (40). In addition, the c-
erbB-2 YACs may provide a useful tool to study the possible

amplification of this region in patients with breast cancer (41,
42).

As demaonstrated for the two BCR YAC clones in the case of
CML and ALL cells with t(9;22){(q34:q11), small populations
of interphase tumor cells carrying a specific translocation can
be easily distinguished from normal interphase cell populations
with YAC clones spanning the breakpoint region of interest.
Similarly, tumor cell populations carrying a specific deletion
can be discriminated from normal cells as exemplified for the
c-fms YAC clone in several cases with the 5g— syndrome. The
ability to diagnose specific chromosome aberrations at the
single cell level makes interphase cytogenetics particularly use-
ful to study heterogeneous cell populations. The unequivocal
classification of individual nuclei, however, may be complicated
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Fig. 3. Metaphase spread () and interphase nuclei (B and C) of a patient with Sq— syndrome after two-color CISS hybridization with a biotinylated Alu-PCR-
-/

amplified probe of cfins YAC clone D73A7 (detection with avidin-FITC, green) and with a digoxigenin-labeled bacteriophage Hbrary from sorted human chromosomes

5 {detecrion with TRITC-conjugated antibodies, red). In A, the normal chromosome 5 shows strong specific labeling with the c-fins YAC on both chromatids, while
the signal is missing on the deleted chromosome 5. In B8, twa nuclei exhibit one signal of the c-fins YAC clone only. [n €, the same nuclei show two ehromosome 5
domains. Note that the c-fms signal shown in 8 colocalizes with one domain. Mesaphase spread (£} and interphase nucleus (£) of a patient with CML exhibiting the
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Fig. 4. Five normal lymphocyte nuclei with two signals each obtained after
CI88 hybridization with the ¢-raf~f YAC A168H4. Alu-PCR-generated, biotiny-
lated probes were detected with avidin-FITC. Nuclei were counterstained with
propidium todide.

Table 2 Resuits of interphase cytogenetics performed with the seven band-specific
YAC clones

The number of evalnated nuclei was 200 to 400.

No. of signals in
interphase nuclei (%)

Chromosome
YAC clone status 0 1 2 3 4
crafed
D10784 Normal diploid 1 1 97 1 0
Al68H4 Normal diploid 0 3 97 0 0
Al68H4 t(3:8) 0 2 95 2 1
c-erbB-2
D122AS Normal diploid 1 3 86 10 0
A230A7 Normal diploid 1 8 89 2 0
A230A7 tf15:17) 1 7 91 1 0
¢-fms
D73A7 Normal diploid 1 3 93 3 0
D73A7 del(Sq); Patient 1 1 98 1 0 4]
D73A7 del{5q); Patient 2 0 76 24 4] 0
D73A7 del(5q); Patient 3 0 65 35 0 0
BCR
B99E11 Normal diploid 0 5 93 2 0
D107F9 MNormal diploid 1 3 90 6 0
DI07F9 1(9;22) 2 6 28 62 2

by incomplete hybridization of a fraction of nuclei resulting in
an underestimation of the true number of specific targets pres-
ent in these cells (false negatives) or by artifactual fluorescent
spots in nuclej which are counted as true signals (false positives).
In cell populations containing both normal cells and tumor
cells, false negatives would simply result in an underestimate
of the fraction of tumor cells, A definitive decision, however,
of whether or not the cell population would contain tumor cells
could still be reached by a sufficiently large sample size. In
contrast, false positives could lead to the erroneous diagnosis
that a small percentage of tumor cells were still present within
a large majority of normal cells. A strategy to discriminate
artifactual from true signals could be based on multiple-color
in situ hybridization experiments (8, 43, 44). For example, the

discrimination of background spots from true hybridization
signals can be facilitated by simultaneous painting of the target
chromosome to which the respective YAC clone maps. In this
case, interphase signals are counted only if they are found within
the corresponding chromosome domain. Alternatively, false
positives could be avoided by applying multiple-color in situ
hybridization of probes which span the breakpoint of interest
and flank it on both sites (8). Obviously, the chance of side-by-
side localization of differently colored artifactual spots should
be a rare event. Evaluation of such multiple-color in situ hy-
bridization experiments will be very much facilitated by recent
developments in digital fluorescence microscopy (45). In partic-
ular, the intriguing prospects of the automated evaluation of
cells with specifically painted chromosome aberrations using
digital image analysis could result in a tremendous reduction
of the human workload (46). Direct labeling of DNA probes
with fluorochromes has recently become possible and will fur-
ther facilitate the application of multiple-color in sitn hybridi-
zation (8, 43).
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ABSTRACT The homology between hylobatid chromo-
sornes and other primates has long remained elusive. We used
chromosomal in sifu suppression hybridization of all human
chromosome-specific DNA libraries to ‘““paint’’ the chromo-
somes of primates and establish homologies between the hu-
man, great ape (chimpanzee, gorilla, and erangutan), and
gibbon karyotypes (Hylobates lar species group, 2n = 44). The
hybridization patterns unequivecally demonstrate the high
degree of chromosomal homology and synteny of great ape and
human chromosomes. Relative to human, no translocations
were detected in great apes, except for the well-known fusion-
origin of human chromesome 2 and a 5;17 translocation in the
gorilla. In contrast, numerous franslocations were detected
that have led to the massive reorganization of the gibbon
karyotype: the 22 autosomal human chromosomes have been
divided into 51 elements to compose the 21 gibbon autosomes.
Molecular cytogenetics promises to finally allow hylobatids to
be integrated into the overall picture of chromosemal evolution
in the primates.

The origin of human and great ape chromosomes is well
understood from comparative chromosome-banding analysis
and has been widely confirmed by gene mapping (1-4). Yet
the lesser apes, which are classified with great apes and
human in the same primate superfamily Hominoidea, appar-
ently show no karyological relationship with any other pri-
mate species (5-7). Only very few gibbon chromosomes
appear to have a similar banding pattern compared with other
catarrhine chromosomes. Even within hylobatids very few
chromosome homologies can be found between species dif-
fering in diploid number (2r = 38, 44, 50, and 52), and there
is little gene-mapping data supporting chromosome homolo-
gies between human and gibbon species (8). Gene-mapping
data for the Hylobates lar species group (2n = 44) has, to our
knowledge, not yet been reported. In contrast to the highly
heterogeneous karyotypes, the hylobatids are fairly homo-
geneous in most other biological characteristics that also
reveal their close relationship to great apes and humans
(9-13). Molecular studies place gibbon divergence from
pongids and humans at 16-23 million years, whereas orang-
utans diverged 12-16 million years ago, and human and
African apes diverged =5-10 million years ago (13, 14).
Recently, chromosomal in situ suppression (CISS) hybrid-
ization (15~17) has been applied to estabiish homologies
between human and primate chromosomes (18-21). In con-
trast to previous comparative gene-mapping experiments that
have been restricted to single-copy sequences, this approach
provides an overall comparison of DNA sequence homolo-
gies for complete chromosomes and extended chromosome
subregions. In the present study phage or plasmid libraries

The publication costs of this article were defrayed in part by page charge
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derived from all 24 flow-sorted human chromosomes were
hybridized to chromosome preparations of chimpanzee, go-
rilla, orangutan, and three of the 44-chromosome gibbon
species (M. lar, Hylobates moloch, and Hylobates klossii).

MATERIALS AND METHODS

Cell Lines and Sample Preparation. Metaphase chromo-
some spreads for in situ hybridization experiments were
prepared and stored as reported (18). Great ape chromosome
preparations were obtained from lymphocyte or fibroblast
cultures established from material provided by the Heidel-
berg Zoo (courtesy of H. Wiesner, Munich, and A. Poley,
Heidelberg). Gibbon chromosomes were prepared from lym-
phoblastoid cell lines HylE-7, HylE-5, and HykE-1 estab-
lished from a male H. lar, a female H. moloch, and a female
H, klossii, respectively. Cell lines were immortalized with
Epstein—Barr virus derived from the B95-8 cell line. (For
further information about the origin of the individuals write
to T.L.). The G-banded karyotypes of all three celi lines are
the same and appeared to be normal diploid (2n = 44),
including a polymorphism for chromosome 8. These hylo-
batids are known to be polymorphic within and between
species for this chromosome (22), For gibbon chromosome 8§
the following karyotypes were found: 8b/8c, 8a/8c, and
8b/8b. Chromosome banding before CISS hybridization was
done as described (23).

DNA Probes and in Situ Hybridization. CISS hybridization
of DNA library probes to human and primate chromosomes
was done as described (15, 16). Briefly, DNA prepared from
chromosome-specific human bacteriophage libraries {Amer-
ican Type Culture Collection nos. LAOINSO1, LLO2NSG1,

LAQ3NS02, LAO4NS02, LAGSNS01, LLO6NSOL,
LAG7NSO01, LLO8NS02, LLLO9NSO01, LLI1ONSO1,
LL1INS0l, LAI12NSO01, LL13NS02, LL14NS01,
LL15NSO1, LL16NS03, LL17NS02, LL18NSO1,
LL1SNSO0I, LL20NS01, LA2INS01, LL22NSO01,

LAGXNS01, and LI.OYNSOL) or plasmid libraries (pBS1 to
pBS4, pBS6 to pBS22, pBSX, and pBSY) were used as
probes, The plasmid libraries were provided by J. Gray
(University of California, San Francisco) and are described in
detail by Collins et al. (24). In some experiments human
genomic DNA obtained from the blood of a male individual
{46,XY) was hybridized to gibbon chromosome preparations.

Library DNA was labeled with either biotin or digoxigenin
by standard nick-translation assays. CISS hybridization was
done as described in detail elsewhere (16). Briefly, 10 pl of
the hybridization mixture [50% (vol/vol) formamide/1x stan-

Abbreviations: AMCA, 7-amino-4-methylcoumarin-3-acetic acid;

C185, chromosomal in situ suppression; FITC, fluorescein isothio-

cyanate; PTR, Pan troglodytes (chimpanzee); GGO, Gorilla gorilla;

PPY, Pongo pygmaeus (orangutan).

TTo whom reprint requests should be addressed at: Institut fiir
Humangenetik und Anthropologie, 6900 Heidelberg, Im Neuenhei-
mer Feld 328, F.R.G. :
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dard saline citrate/10% (wtfvol) dextran sulfate] containing
1-2 pg of labeled phage library DNA or 300-500 ng of labeled
plasmid library DNA, 4-8 pg of human genomic competitor
DNA, and 10 ug of salmon sperm DNA was heated 5 min at
75°C. The denatured DN A was allowed to preanneal for 20 min
at 37°C before the hybridization mixture was dropped on
heat-denatured primate chromosome preparations and cov-
ered with 18 mm X 18 mm coverslips. After hybridization and
washing of the slides, biotinylated DNA probes were detected
with fluorescein isothiocyanate (FITC) coupled with avidin
{Vector Laboratories). In double-hybridization experiments
digoxigenin-labeled probes were detected with FITC-
conjugated mouse anti-digoxigenin antibodies (Boehringer
Mannheim), whereas biotin-labeled probes were detected with
avidin coupled with AMCA (7-amine-4-methylcoumarin-3-
acetic acid; Vector Laboratories). AMCA signals were am-
phified once as previously described for FITC signals (25).

RESULTS

We analyzed the hybridization pattern of all 24 human chro-
mosome-specific libraries in chimpanzee (Pan troglodytes;
PTR), gorilla (Gorilla gorilla; GGO), orangutan (Pongo pyg-
maeus; PPY) and in gibbons (H. lar, H. klossii, and H.
moloch). The resulting hybridization pattern is summarized in
Table 1.

Painting of Great Ape Chromosomes. In all great apes the
human chromoSome 2 library painted two chromosome pairs.
The only other translocation found was a reciprocal translo-
cation between chromosomes homologous to human chro-
mosomes 5 and 17 (Fig. 1 a and b; for further details see ref.
21). Other interchromosomal rearrangements that have been
proposed (for review see ref. 26} could be ruled out. In
particular, no hybridization signals were observed that could
be expected from the proposed translocation in the orangutan
between chromosomes homologous to human chromosomes
8 and 20 (3) (Fig. 1 ¢ and d). Still very small interstitial or
terminal translocations may only be identified with appro-
priate, subregional DNA probes.

Libraries from acrocentric human chromosomes showed
occasional cross hybridization to the short arms of other
acrocentric human and great ape chromosomes, possibly due
to sequence homologies in nuclear organizer regions and/or
pericentric heterochromatin (24). In addition, several other
chromosomal subregions in hominoid chromosomes re-
mained unlabeled. These regions include telomeric hetero-
chromatin in the chimpanzee and gorilla, Y chromosome
heterochromatin in gorilla and orangutan, and an interstitial
heterochromatic band on chimpanzee chromosome 14. In-
triguingly, reduced hybridization was noted on the hetero-
chromatic short arms of chimpanzee chromosomes 12 and 13,
suggesting loss of some genetic material during the formation
of human chromosome 2.

Painting of Gibben Chromosomes. All three 44-chromosome
gibbon species analyzed showed the same G-banded karyo-
type and the same hybridization pattern with the human
chromosome libraries, except for gibbon chromosome 8. In
contrast to the stability of great ape karyotypes the human
libraries detected many translocations in the gibbon karyo-
types (for examples, see Fig. 1 f~j). For all libraries, the
classical G-banding was done before in situ hybridization;
photographs were taken and compared thereafter to the CISS
hybridization patterns. Fig. 2 shows the identification of four
gibbon chromosome segments homologous to the human
chromosome 1 library. Only gibbon chromosomes labeled

- with human chromosome libraries 11, 14, 20, X, and Y were

not involved in interchromosomal rearrangements (for exam-
ple, see Fig. le). Chromosomes homologous to human chro-
mosomes 7,13, 15, 18, 21, and 22 were translocated to another
gibbon chromosome (for examples, see Fig. 1 fand g). Other
hylobatid chromosomes showed multiple translocations com-

Proc. Natl. Acad. Sci. USA 89 (1992)

Table 1. Chromosome homologies between human and
hominoids (chimpanzee, gorilla, orangutan, and gibbons)
revealed by chromosome painting with human
chromosome-specific DNA libraries

Human Homologies detected in hominoid species
chromosome-
specific DNA  Chim-
library panzee Gorilla  Orangutan Gibbon*
Chromosome
1 PTR1 GGO1 PPY1 HLA 5q; 7q;
Sp; 19
2 PTR 12, GGO 12; PPY 12; HLA 1p; 10p;
13 11 11 12p; 16p;
16q
3 PTR2 GGO2 PPY 2 HLA 4p; 1q;
10q; 12q
4 PTR3 GGO3 PPY3 HLA 2q; 3q;
18q
5 PTR4 GGO 4q; PPY 4 HLA 6p; 6q;
15p; 19q 8p or 8q¥;
18p
6 PTRS GGOS5 PPY 5 HLA 3p; 3g 20
7 PTR6 GGO6 PPY10 HLAIp;lq
8 PIR7 GGO7 PPY 6 HLA 7q; 9p;
9q
9 PTR11 GGO 13 PPY13 HLA 8q; 13q
10 PTR & GGO 8 PPY7 HLA 2p; 2q;
3q
11 PTR9 GGO9Y PPY 8 HLA 11
12 PTR 10 GGO10 PPY 9 HLA 7p; 7q;
' 10p; 10q;
14p; l4qg
13 PTR14 GGC 14 PPY14 HLA 4q
14 PTR15 GGO18 PPY15 HILALT
13 PTR 16 GGO 15 PPY 16 HLA 15p; 13q
16 PTR 18 GGO 17 PPY 18 HLA 6p; 6q;
8p
17 PTR 19 GGO 4p; PPY19 HLA 8q; 13p;
4q; 19q lép; 16gq
18 PIR 17 GGO 16 PPY17 HLASp
19 PIR20 GGO 20 PPY20 HLA 10p; H4p;
ldq; 16q
20 PTR 21 GGO2 PPY21 HLAZ21
21 PTR22 GGO22 PPY22 HLA 13q
22 PTR23 GGO23 PPY23 HLA 8p; 8q
X PTIRX GGOX PPYX HLAX
Y PIRY GGOY PPYY HLAY

Assignment of great ape chromosomes was made by simultaneous
4’ 6-diamidino-2-phenylindole (DAPI) banding (data not shown); as-
signment of gibbon chromosomes was achieved by G-banding before
CISS hybridization (compare Fig. 2 and text). Great ape and gibbon
chromosomes or chromosome arms with complete or partial homol-
ogy to specific human chromosomes are indicated. Many gibbon
chromosome arms are painted with more than one library. For details
of the extension of the homologies, see Fig. 3. HLA, H. lar.
*Hylobates sp. 2n = 44},
tGibbon chromosome 8 is polymorphic (see text).

posed of up to five different human chromosome segments
{mode = 2} {for examples, see Fig. 1 h—j}. Accordingly, the
22-autosomal human chromosomes could be divided into 51
segments to compose the 21 gibbon autosomes (Table 1).

CISS hybridization with the human chromosome 5 library
showed a heterozygous pericentric inversion of gibbon chro-
mosome 8§ (type 8¢) in cell line HylE-7 (Fig. 1) as previously
described in H. lar individuals. Instead, type 8a (found in cell
line HykE-1 from the H. klossii individual) hybridization
indicated a translocation between gibbon chromosomes 8 and
13 (data not shown).
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F1G. 1. Metaphase chromosomes of GGG (a and b), PPY (¢ and d) and H. lar (e
chromosome-specific phage or plasmid DNA libraries. Hybridization sites were detecte
(@), avidin conjugated with 7-amino-4-methylcoumarin-3-acetic acid (b), or avidin
stained with propidium iodide. For chromosome identification G-banding was done
metaphase spread from GGO after two-color CISS-hybridization with libraries for
reciprocal translocation detected by these libraries on gorilla chromosomes 4 and
human chromosome & and 20 libraries, respectively. (¢} Human chromosome 11
human chromosome 7 () and chromosome 21 DNA libraries (g) indicates that th
chromosomes 1 and 15, respectively. Note that the nuclear organizer region (f,
the human DNA libraries hybridized under suppression conditions. {(h-j)} Pai
chromosome 4 (f), and chromosome 5 (j) demonstrates the occurrence of multi
unlabeled subregion in gibbon chromosome 4. In J arrows indicate a heterozygo
with the human chromosome 5 library. Note that the painted region is located o

For identification of the apparent breakpoints a compari-
son of G-banding and CISS hybridization patterns was done
in 5-10 metaphase spreads for each human library and
investigated 44-chromosome gibbon species. An idiogram
summarizing all detected breakpoints is provided in Fig. 3.
Still the localization of these breakpoints should be consid-
ered approximate for several reasons. (i} The banding reso-
Iution of the lymphoblastoid samples was limited to ~300-
400 bands. (if) The borders of painted versus nonpainted
chromosome regions were occasionally somewhat fuzzy,
probably due to the denaturation of chromosomes. (i) Some
swelling of the chromosomes was noticed after the in sity
hybridization procedure that also slightly impaired a precise
overlay of the pictures from a piven chromosome after
G-banding and subsequent painting.

Notably, cross-hybridization events as found with libraries
from human acrocentric chromosomes in great apes (see

-} painted with biotin- or digoxigenin-labeled human
d with FITC-conjugated antibodies against digoxigenin
-conjugated with FITC (c—j). Chromosomes were counter-
before CISS-hybridization (data not shown). (a and b) Partial
human chromosomes $ (@) and 17 (b}, respectively. Note the
19. {¢ and d) Orangutan chromosomes 6 and 21 painted with
DNA library delineates gibbon chromosome 11, Painting with
¢ entire homologous chromosomes were translocated to gibbon
arfows) on gibbon chromosome 12 was not labeled by any of
nting with human DNA libraries from chromosome 3 (&),
ple reciprocal translocations. In # the arrows point to a small
us pericentric inversion in gibbon chromosome 8 after painting
nt the short arm of one homolog and on the long arm of the other.

above) were not apparent when these libraries were hybridized
to gibbon chromosomes. Furthermore, the single nuclear
organizer region of the *‘marker chromosome®’ (gibbon chro-
mosome 12) (Fig. 1f), as well as several pericentromeric and
interstitial bands in the gibbons, remained uniabeled when
hybridized under suppression conditions with any of the
human chromosome-specific DNA libraries (Fig. 3) or total
human DNA. In contrast, in the absence of competitor DNA
at least some of these regions, especiaily the nuclear organizer
region, became strongly painted with human genomic DNA.

DISCUSSION

In the great apes our results mostly confirm chromosome
homologies previously suggested by chromosome banding
and gene mapping (1-4). Conflicting hypotheses concerning
particular interchromosormal rearrangements were resolved.
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In addition to the well-known fusion-origin of human chro-
mosome 2, the evolutionary-derived reciprocal translocation
in the gorilla between chromosomes homologous to human
chromosomes 5 and 17 was confirmed (18, 21), whereas other
previously proposed translocations were rejected.

Our results show that translocations have played a major
role in the massive karyotypic reorganization in hylobatids.
With exception of gibbon chromosome 8, the consistency of
the translocation patterns in lymphoblastoid cell lines derived
from three different gibbon species indicates that artifacts of
cell transformation and in vitro cultivation can be ruled out.
Although the CISS hybridization technique with human
chromosome-specific libraries is ideally suited to identify
translocations of homologous chromosome segments, its
potential to detect intrachromosomal changes is limited. In
spite of this limitation, our present data indicate the occur-
rence of numerous intrachromosomal rearrangements. To
match the banding patterns of human autosome segments
homologous with gibbon counterparts, intrachromesomal
rearrangements have often to be assumed (data not shown).
In several gibbon chromosomes—i.e., no. 6 (Figs. 1j and 3),
14 (Fig. 3), and 16 (Fig. 3}, two chromosomal subregions
painted by one human autosome library were interrupted by
a region homologous to another human autosome. The as-
sumption of a single translocation followed by a pericentric
inversion appears to be the easiest explanation for these
findings. It is likely that other intrachromosomal rearrange-
ments have occurred in the gibbons but have not been
identified so far. In the future a reliable estimate of the
magnitude of such effects may be obtained by using multiple-
color in situ hybridization with subregional probes.

Balanced inversion and translocation polymorphisms have
been reported for different gibbon species (3, 6, 22, 27).
Inversions were previously hypothesized to account for the
three forms—a, b, and c—of gibbon chromosome 8 (22). Our
data support this hypothesis for chromosome forms 8b and
8c. In contrast, the data suggest that a reciprocal transloca-
tion of gibbon chromosomes 8 and 13 led to form 8a.
However, we cannot exclude the possibility that rearrange-

Proc. Natl. Acad. Sci. USA 89 (1992)

Fic.2. Identification of painted chro-
mosome regions on G-banded chromo-
somes from H. lar. (a) Metaphase spread
painted with a plasmid DNA library from
flow-sorted human chromosomes 1. (&)
Same metaphase spread after G-banding.
(¢) Painted chromosomes shown side by
side with G-banded chromosomes at
higher magnification. The gibbon chro-
mosome number is indicated below each
pair {compare with Fig. 3).

ments restricted to one of the three lymphoblastoid gibbon
cell lines investigated so far have occurred in vitro. Addi-
tional gibbon specimens must be analyzed with in situ hy-
bridization to rule out this possibility.

Although seme subregions in hominoid chromosomes re-
mained unlabeled with chromosome-specific DNA libraries,
hybridization experiments with human whole-genomic DNA
labeled all chromosome regions. One explanation is that
formerly unhybridized regions contain repetitive sequences
that are suppressed in CISS-hybridization experiments.

The data support the hypothesis that changes in the gibbon
karyotype are characterized by an extremely high evolution-
ary rate compared with other primates (7, 28). Papionini
karyotypes (macaques, baboons, mandrills, and cercocebus
monkeys) are conservative and nearly identical in all these
species (29). These karyotypes have frequently been used as
an “‘outgroup’ for determining the direction of chromosomal
rearrangements in hominoid species. Recently, we applied
chromosome painting with all 24 human chromosome-
specific DNA libraries to chromosome preparations of
Macaca fuscata (20). Only three macaque chromosomes
were each hybridized by two separate human libraries. Even
though Papionini are evolutionarily more distant from hu-
mans than hylobatids, all other libraries painted an entire
homologous counterpart in the macaque karyotype.

The mechanism of the rapid rate of chromosomal evolution
in gibbons remains to be explained. It is not clear whether
gibbons have a higher chromosomal mutation rate or whether
chromosomal mutations have occurred at a normal rate but
were more easily fixed, or both. Molecular data show that the
evolutionary rate seen in the gibbon genome is within the
range of other primates (13). Rates of chromosomal rear-
rangements and molecular evolution, however, may be in-
dependent.

1t is generally argued that the heterozygotes for chromoso-
mal rearrangements (especialty translocations) should have
drastically reduced fertility due to the loss of genetically
unbalanced offspring (30,”31). Population bottienecks and
inbreeding have been proposed to explain the rapid fixation of
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Fig, 3. Idiogramatic summary of the hybridization patterns of
human chromosome-specific DNA libraries to G-banded chromo-
somes of H. lar [idiogram after Stanyon and Chiarelli (7)]. Gibbon
chromosome numbers are given below each chromosome. The
nuclear organizer region-bearing chromosome, which so far has been
referred to as “‘marker chromosome’ and not included into the
numbering system, is designated here as chromosome 12, Numbers
at left of each chromosome indicate the subregions painted with the
respective human chromosome-specific library. Bars indicate the
tentative translocation breakpoints identified by superimposition of
G-banded chromosomes with the same chromosomes after CISS
hybridization (=300- to 400-band stage). Some chromosomal subre-
gions indicated by asterisks remained unlabeled with any human
library.

such rearrangements (32, 33). On the one hand, a rapid fixation
may have been favored by gibbon social structure and ecol-
* ogy, including monogamous matings, nuclear family units, and
an arboreal lifestyle. In contrast, the chromosomally conser-
vative Papionini live in large terrestrial groups with multiple
male and multiple female matings (28, 29). On the other hand,
the reduction of fitness due to chromosomal rearrangements
may be less drastic than normally proposed. Even though very
few gibbons have been karyotyped, most species have chro-
mosome polymorphisms. Apparently, all 44-chromosome gib-
bon species share such polymorphisms (22), indicating that
they are not transient but have even survived speciation
events. These findings argue against drastic bottlenecks during
the divergence of the various 44-chromosome gibbon species.
Other gibbon species have probable translocation polymor-
phisms (5, 6) or subspecies with different karyotypes (34),
suggesting that the process of karyological transformation is
still underway. CISS hybridization analysis of larger sample
sizes, especially of free-ranging lesser apes, could provide
further insight into the possible role of chromosome polymor-
phisms during speciation events,

Proc. Natl. Acad. Sci. USA 89 (1 992) 8615

The three other karyomorphs in hylobatids remain to be
fully studied with the CISS hybridization technique. Prelim-
inary data on Hylobates syndacrylus (2n = 50} show trans-
locations not present in the H. lar species group and H.
klossii. For example, the human chromosome 7 library paints
segments on three different chromosomes in H. syndactylus
(18}, in contrast to the 44-chromosome gibbon species, where
only one chromosome is painted. These studies promise to
help resolve the evolutionary relationships within hylobatids
and with other primates and will finally allow hylobatids to be
integrated into the overall picture of chromosomal evolution
in the primates.
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Alu—PCR protocols were optimized for the generation of hu-
man DNA probes from yeast strains containing yeast artificial
chromosomes (YACs) with human inserts between 100 and
800 kb in size. The resulting DNA probes were used in chro-
mosome in sify suppression (CISS) hybridization experi-
ments. Strong fluorescent signals on beth chromatids indi-
cated the localization of specific Y AC clones, while two clearly
distinguishable signals were observed in =90% of diploid nu-
clei. Signal intensities were generally comparable to those ob-
served using chromosome-specific alphoid DNA probes. This
approach will facilitate the rapid mapping of YAC clones and
their use in chromosome analysis at all stages of the ceil
cycle. © 1992 Academic Press, Inc.

Yeast artificial chromosomes (YACs) (2) containing a
variety of human inserts have recently been mapped by
flucrescence in situ hybridization (FISH) using either
total yeast clone DNA or YAC DNA isolated from
pulsed-field gels [for review see (9, 13)]. However, the
hybridization efficiency of YACs was generally less than
satisfactory in metaphase spreads, while interphase nu-
clei could not be evaluated at all. To overcome these
problems, we have tested whether the Alu—PCR ap-
proach first described by Nelson et al. (10) would allow
the amplification of human DNA sequences from YACs
with complexities sufficient for FISH experiments. Alu
primer 517 (nt positions 220 to 236 of the consensus Alu
repeat) (10}, which was successfully used to amplify hu-
man sequences from rodent X human hybrid cell lines
(5, 8}, did not yield DNA probes useful for in situ hybrid-
ization when applied to YAC clones {data not shown). It
appeared necessary to search for an Alu primer pair and
to define PCR conditions that would allow the specific
amplification of human sequences between Alu blocks in
all pogsible orientations with optimized yields from YAC
clones.

For this purpose we designed two primers, CL1 and
CL2, chosen from the most conserved regions of the Alu
repeat family, which are located close to the 5 and 3’
ends of the approx 300-bp-long Alu block, respectively
(4): CL.1, 5 TCC CAA AGT GCT GGG ATTACA G 3’
(nt positions 23 to 44 of the consensus Alu repeat); CL2,
5 CTG CAC TCC AGC CTG GG 3' (nt positions 244 to
260). Primer 278 described by Nelson et al. (10) is par-
GENOMICS 13, 826-828
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tially identical with primer CL1 but contains 11 addi-
tional bases at the 5 end. Due to the orientation of these
primers, Alu~-PCR-amplified sequences would contain
only very brief Aiu segments. This may facilitate the
effective suppression of labeled Alu sequences in FISH
experiments. For comparison, several other primers
were derived from regions located more interior within
the Alu block, including primers CL3, 5§ GTT GGC CAG
GCT GGT CT 38’ (nt positions 82 to 98); and TC 65 (nt
positions 220 to 236} (10), as well as primer A1 (nt posi-
tions 268 to 285} (1), located at the extreme 3’ end of the
Alu repeat.

Under a variety of amplification conditions, the
primer pairs CL1/CL2, CL1/TCé5, CL1/A1, CL3/CL2,
CL3/TC85, and CL3/A1 were tested for their ability to
amplify a maximum amount of human sequences from
YAC clones; amplification products from yeast DNA
should be avoided. For PCR experiments, 100 ng of puri-
fied genomic yeast clone DNA was used. Alternatively,
agarose plugs prepared for pulsed-field gel electrophore-
sis containing the respective yeast cells and stored in 0.5
M EDTA were equilibrated two times, 30 min each, in 1
M Tris—HCI (pH 8.0} and 30 min in PCR buffer (10 mM
Tris~-HCI, pH 8.4, 50 mM KCl, 1.5 mM MgCl,, 0.001%
gelatin) at room temperature. Afterwards the plugs were
stored overnight in PCR buffer at 4°C. The plug was
melted for 5 min at 70°C, and an aliquot equivalent to
approx 100 ng of genomic yeast cell DNA was added to
the Alu-PCR assay. For rapid testing we were also able
to pick a small amount of yeast cells (just visible on a
sterile pipet tip) directly from clones grown on plates.
After dilution of the cells in 1.5 ml distilled water, ali-
quots of up to 20 pl were added to the PCR assay without
any further pretreatment. This latter approach, how-
ever, provided fewer reproducible amplification yields.

In the PCR assay, each primer was used at a concen-
tration of 0.25 uM in a total volume of 100 ul PCR buffer
containing 250 uM of each of the four dNTPs and 2.5
units of Tag polymerase (Perkin-Flmer/Cetus). After
initial denaturation at 96°C for 3 min, 30 cycles of PCR
were carried out with denaturation at 96°C for 1 min and
extension at 72°C for 6 min. The annealing time was 30
s, while the annealing temperature was varied between
55 and 37°C. Ten-microliter aliquots of amplified DNA
sequences were fractionated by electrophoresisina 1.5%
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FIG. 1. Agarose gel (1.2%) of Alu-PCR-amplified YAC clones of
the CF contig (3). Lanes 1, 2: two independent Alu~PCR amplifica-
tions of a melted agarose plug containing the YAC yCF-1/7/5-R (790
kb). Lanes 3-9: Alu-PCR-amplified YAC clone DNA, yKM19-3 (150
kb); yCF-10 (240 kb); yCF-7 (240 kb); yCF-5 (280 kb); yW30-5 (260
kb); ¥J311-3 (340 kb); yd311-1 (350 kh); marker lane A, A/HindIIl;
marker lane B; 123-bp ladder. Overlapping YAC clones show bands
with apparently identical position and intensity, while other bands are
distinctly different.

agarose gel in 1X TAE (0.04 M Tris—acetate, 0.001 M
EDTA). The highest yield of amplification products was
obtained at the lowest annealing temperature (37°C)
(data not shown). In particular, at decreasing annealing
temperature a smear of amplification products ranging
up to 8 kb became more prominent. Primer combina-
tions CL1/CL2 and CL3/CL2 showed the best yield of
amplification products. Figure 1 shows a typical agarose
gel with Alu-PCR-amplified sequences obtained with
CL1/CL2 from eight YAC clones containing human in-

serts between 150 and 790 kb, which belong to a YAC
contig previously established from the cystic fibrosis
gene at band 7q31 (3). The size and intensity of the indi-
vidual bands were highly reproducible for each YAC
clone. None of the combinations of primer pairs chosen
in these experiments yielded specific amplification prod-
ucts from genomic yeast DNA, although combinations
containing primer CL3 showed a band <50 bp indicating
the formation of primer dimers. Accordingly, we decided
to test amplification products obtained with primer pair
CL1/CL2 for their suitability as FISH probes.

PCR products were ethanol precipitated, resuspended
in double-distilled water, and used for nick translation
with biotin-11-dUTP. Alternatively, biotin-11-dUTP
was directly incorporated during the PCR. Note that the
size of the labeled probes should range between some 100
and 400 bp for efficient FISH with low background. In
the case of PCR labeling, the amplification products
should be post-treated with appropriate concentrations
of DNase I. Chromosome preparations prepared from
phytohemagglutinin (PHA)-stimulated human blood
lymphocytes using standard technigues were pretreated
with RNase A and pepsin, postfixed in 1% acid-free, bufi-
ered formaldehyde, and stored in 70% ethanol overnight
according to the protocol described by Ried et al (12),
Chromosomal in situ suppression (CISS) hybridization
and probe detection with fluorescein isothiocyanate
(FITC) conjugated to avidin were carried out as de-
scribed previously (7) with the following modifications:
For hybridization 100-150 ng of the Alu-PCR-amplified
YAC DNA was used as a probe after preannealing with
titrated amounts (30-100 ug) of unlabeled Cyt 1 DNA
(BRL/Life Technologies, Cat. No. 52798A). The signals

FIG.2. Metaphase spread (A) and interphase nuclei {A, B) after CISS hybridization of the Alu-PCR-amplified YAC clone yCF-1/7/5-Rand

detection of the biotinylated probe with avidin FITC. Chromosomes counterstained with propidium iodide.
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TABLE 1

Number of signals in interphase nuclei (%)
YAC clone 0 1 2 3
yCF-1/7/5-R 1 4 a5 0
¥CF-10 3. 5 90 2
yCE-7 1 3 g2 4
yCF-5 2 4 91 3
yW30.5 0 1 97 2

Note. Number of evaluated nuclei: 200.

were amplified once {11). Cells were counterstained with
1 pg/ml 4,6-diamidino-2-phenylindole-dihydrochloride
(DAPI) and 0.2 pg/ml propidium iodide, mounted in fluo-
rescence antifading buffer (1 mg p-phenylendiamine in 1
ml glycerine buffer, pH 8.0}, and evaluated with a Zeiss
Photomicroscope III.

Figure 2A shows the result of CISS hybridization of
Alu-PCR-amplified sequences from YAC clone yCF-1/
7/5-R to a normal male human metaphase spread. Chro-

-mosome identification was performed after DAPI band-

ing or after simultaneous hybridization with a chromo-

;some 7 alphoid repeat probe (data not shown). In 100
“subsequent metaphase spreads, which were analyzed on
“two slides, strong signals with the expected localization
<on the long arm of chromosome 7 were seen on both
<chromatids. Figure 2B demonstrates that the Alu-PCR
:probe ohtained from this YAC clone also yielded strong
‘specific signals in interphase nuclei. Table 1 shows the

results of signals counted in interphase nuclei of normal
lymphocytes after CISS hybridization with Alu-PCR-
amplified probes obtained from five YAC clones. For
each clone, 90% or more of randomly evaluated nuclei
showed two clearly separated signals.

Possible limitations of this approach should be taken
into consideration. The efficiency of probe generation by
Alu-PCR depends on the number of adequately spaced

. Alu elements that flank site-specific sequences in each

individual YAC. Therefore, YAC clones derived from
parts of the genome with a particularly low content in
Alu sequences may not be used effectively. Up to now we
have tested more than 60 YAC clones containing some
100 to 800 kb of human insert from various regions of the
human genome, including both R- and G-bands. Each of
these clones yielded clearly detectable metaphase and
interphase signals using the protocol described in this
report. While many clones showed signals restricted to
one specific chromosome band, others showed signals on
different chromosome subregions indicating that these
clones either detected sequence homologies within the
respective subregions or contained a chimeric YAC or
several different YACs. Alu-PCR-generated probes
from chromosome band-specific YAC clones provide

SHORT COMMUNICATION

ideal tools for the analysis of specific numerical and
structural chromosome aberrations at any stage of the
cell eycle (6).

ACKNOWLEDGMENTS

We thank Angelika Wiegenstein for photographic work. This work
was supported by grants from the Deutsche Forschungsgemeinschaft
{Cr 59/10-1). C.L.. is the recipient of a scholarship from the Konrad-
Adenauver-Stiftung. ED.G. is a Lucille P. Markey Scholar, and his
work was supported in part by a grant from the Lucille P. Markey
Charitable Trust.

REFERENCES

1. Brooks-Wilson, A. R., Goodfellow, P. N., Povey, S., Nevanlinna,
H. A, de Jong, P. {,, and Goodfellow, P. J. (1990}, Rapid cloning
and characterization of new chromosome 10 DNA markers by
Alu element-mediated PCR. Genomics T: 614-620.

2. Burke, D. T, Carle, G. F., and Olson, M. V. (1887). Cloning of
large segments of exogenous DNA into yeast by means of artifi-
cial chromosome vectors. Science 236; 806-812.

3. Green, E. D,, and Olson, M. V. (1990). Chromosomal region of
the cystic fibrosis gene in yeast artificial chromosomes: A model
for human genome mapping. Science 250: 94-98.

4. Kariya, Y., Kato, K., Hayashizaki, Y., Himeno, S., Tarui, 5., and
Matsubara, K. (1987). Revision of consensus sequence of human
Alu repeats—A review. Gene 53: 1-10.

5. Lengauer, C,, Riethman, H. C., and Cremer, T. (1990). Painting
of human chromosomes with probes generated from hybrid cell
lines by PCR with Alu and L1 primers. Hum. Genet. 86: 1-6.

6. Lengauer, C., Riethman, H. C,, Speicher, M. R., Taniwaki, M.,
Konecki, D., Green, E. D., Becher, R., Olson, M. V., and Cremer,
T. (1992). Metaphase and interphase cytogenetics with Alu-PCR
amplified YAC clones containing the BCR-gene and the pro-
tooncogenes c-raf-1, c-fms, ¢-ertbB-2. Cancer Res. 52: 2590-2596.

7. Lichter, P., Cremer, T., Borden, J., Manuelidis, L., and Ward,
D. C, (1988). Delineation of individual human chromosomes in
metaphase and interphase ceils by in situ suppression hybridiza-
tion using recombinant DNA libraries. Hum. Genet. 80: 224-234.

8. Lichter, P., Ledbetter, S. A., Ledbetter, D. H., and Ward, D. C.
(1999). Fluorescence in situ hybridization with Alu and L1 poly-
merase chain reaction probes for rapid characterization of hu-
man chromosomes in hybrid cell lines. Proc. Natl. Acad. Sci.
[JSA 87: 6634-6638.

9. Lichter, P., Bovle, A. L., Cremer, T., and Wazd, D. C. {1991}.
Analysis of genes and chromosomes by non-isotopie in situ hy-
bridization. Genet. Anal. Technol. Appl. 8: 24-35,

10. Nelson, D, L., Ledbetter, 8. A., Corbo, L., Victoria, M. F., Ra-
mirez-Solis, R., Webster, T., Ledbetter, D. H., and Caskey, C. T.
{1989). Alu polymerase chain reaction: A method for rapid isola-
tion of human-specific sequences from complex DNA sources.
Proc. Natl. Acad. Sci. USA 86: 6686-6690.

il. Pinkel, D, Gray, J. W., Trask, B., van den Engh, G., Fuscoe, J., !
and van Dekken, H. (1986). Cytogenetic analysis by in situ hy-
bridization with Auorescently labeled nucleic acid probes. Cold
Spring Harbor Symp. Quant. Biol. 51: 151-157.

12. Ried, T., Lengauer, C., Cremer, T., Wiegant, J., Raap, A. K., van
der Ploeg, M., Groitl, P, and Lipp, M. (1992). Specific meta-
phase and interphase detection of the breakpoint region in 8q24
of Burkitt lymphoma cells by triple coloer fluorescence in situ
hybridization. Genes, Chrom. Cancer 4: 69-74.

13. Selleri, L., Hermanson, G. G., Eubanks, J. H., and Evans, G. A.
{1991), Chromosomal in situ hybridization using yeast artificial
chromosomes. Genet. Anal. Technol. Appl. 8: 59-66.



Eur. J. of Histochem.
36, 15-25, 1992
© Luigi Ponzio e figlio - Editori in Pavia

Analysis of chromosomes in molecular tumor and radiation
cytogenetics: approaches, applications, perspectives.

h -]

C. Cremer! 2 and T. Cremer?

tInstitute of Applied Physics, University of Heidelberg, Albert-Ueberle-Str. 3-5,
D-6900 Heidelberg, Germany; 2Interdisciplinary Centre for Scientific Computing
(IWR), University of Heidelberg, Im Neuenheimer Feld 368, D-6900 Heidelberg;
nstitute of Human Genetics and Antrophology, University of Heidelberg, Im
Neuenheimer Feld 328, D-6900 Heidelberg

Accepted 3/9/1991

Limitations of conventional cytogenetics

For the study of pathological processes the analysis of chromosomes has become
of ever growing importance. Today, entire journals are dedicated to this task;
thousands of publications so far have shown a close correlation between
chromosome aberrations and malignancy (Dal Cin and Sandberg, 1989). Presently,
information is available on more than 14,000 neoplasms with an abnormal karyotype
(Mitelman et al., 1990). Accordingly, one should have expected that cytogenetics
would play a central role not only in tumor research but also in clinical pathology of
tumors, as well as therapy planning and control. This, however, until now has not
been the case. A major reason for this may be the practical difficulties of
conventional chromosome diagnostics:

1) Using chromosome banding procedures, the human workload is too high for
extensive applications in a clinical environment.

2) Due to the limitations of microscopic banding analysis, tumorrelevant changes
can be detected only if the alterations exceed approximately 2000 to 4000
kilobasepairs (kb) of DNA. Thus, tumorrelevant small alterations (e.g. small
translocations, amplifications below a certain amount; submicroscopic deletions;
viral integration sites, Doerfler, 1989) cannot be detected in this way.

3) Tumor cells are often difficult to cultivate; even then, they may contain only a
few analysable metaphase spreads; it remains unclear whether these few
metaphase spreads are representative for the entire tumor cell population.

4) A detailed diagnosis is possible only with metaphase spreads, NOT with
interphase nuclei. In particular, specific chromosome aberrations cannot be
simultaneously diagnosed in tissue sections viewed by pathologists.
































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































