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Fluorescent in situ hybridization (FISH) methodology is one of the most powerful
and versatile experimental systems for current biology. It bridges the molecular bi-
ology and cytology by providing direct and precise research tools for gene mapping,
chromosomal structure study and genome analysis[1]. One major breakthrough for
FISH analysis, is the introduction of the concept and methodologies of high resolu-
tion fiber FISH[2, 3]. By FISH detecting on released, less condensed, and linearized
chromatin or DNA fibers, the ultra high resolution mapping data can be generated
over the conventional chrOmosome-based FISH or interphase FISH[4], making a sig-
nificant contribution for current genome project. This novel approach also provides
an ideal tool for chromosome and genome structure and function studies[5-8].

Hypothesis of high resolution FISH mapping using released chro-
matin

The resolution of FISH detection depends on the target of hybridization. From
DNA to metaphase chromosomes, DNA molecules are packaged to approximately
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10,000 times. Thus, it is difficult to obtain high resolution data from condensed chro-
mosomes. Less condensed chromatin of interphase nuclei or surface-spread pachytene
chromosomes were used to solve this problem in certain degree[9-10].

The use of released chromatin fibers for FISH mapping based on our hypothesis
that the chromatin can be released from nuclei and, while the three dimensional
organization of the chromatin is reduced into two dimensional linear fiber, the phys-
ical mapping information is preserved. The released chromatin fiber can also be
used as the hybridization targets for FISH detection, so the physical mapping in-
formation can be "read out" directly from the chromatin fiber. If succeeded, this
approach should also be very useful for studying chromosome and genome structure
in addition to physical mapping, for it opens a window to directly visualize DNA
fragments and DNA/protein complexes at various level of chromatin condensation,
allowing one to trace the process of high order structure formation. In fact, this pow-
erful experimental system was initially developed in China when one of us (HHQH)
was a graduate student over 15 years ago.

Free chromatin: Chromatin or not ? Useful or not ?

In 1982, to establish the method to band the amphibian chromosome, the proto-
col of using less condensed prophase chromosomes were introduced by us under the
supervision of Prof. Wen Yuan Chen from Sichuan University. By control the degree
of chromosomal condensation, this research not only generated the effective band-
ing methods for studying amphibian chromosome[11-12], but also led to an exciting
discovery that various forms of chromatin can be found after conventional chromoso-
mal slide preparation[13-15]. Feulgen staining, H-labelling and DAPI staining have
demonstrated that these "rope" and "spindle"-like materials were DNA-containing
fibers rather than the non-chromatin structures generated during slide preparation.
NOR (Nuclear Organizer region) staining and electron microscopy analysis further
showed that these structures were chromatins and there is no visible nuclear enve-
lope surrounding these 30 nm chromatin fibers. "Free chromatin" was then used to
describe these released chromatin. Our research also demonstrated that free chro-
matin can be generated from different animal and plant cells and certain reagents
can increase their frequency[16-17] Interestingly, our results suggested that in ad-
dition to the use of studying the high order structure formation of chromosome
free chromatin should also be used for the high resolution gene mapping[18]. Un-
fortunately, however, due to their unconventional morphology, the free chromatin
and other structure we observed were suspected to be non-chromatin artifacts. In
fact, so many investigators have noticed such structures from the very beginning
of their career being a cytogenetist. They firmly thought that these structures are
non-chromatin contaminations. A few scientists agreed that these might be chro-
matin after reviewing our data, nevertheless, they doubted the usefulness of released
free chromatin. As to any new discoveries, we certainly raised mon. questions than

120



Heng HHQ and XM Shi

we could answer. Another factor was, our concepts and hypothesis contradicted
to a decades-long conventional assumption regarding the nature of free chromatin,
therefore we had great difficulty even in reporting our findings to national and inter-
national journals. With the encouragement and help from Drs. Lu Ji SHI, Zu Dong
LIU, Yong Chao WANG, Ji Liang FU, Li Min SHI, Ming WU, D. H. Hamer, A. K.
Sharma, T. H. Yoshida and C. L. Markert, we continued to push to introduce our
ideas and experimental systems to others and try to convince more investigators in
this field to use free chromatin, sister unit fiber and uncompleted-packing-mitotic-
figures. Despite of our efforts, this research has finally been interrupted for another
5 years since the appearance of our initial reports for the reason that cytogenetics
community showed almost no interests to this new development.

One crucial step to enhance the free chromatin research is to demonstrate its
unique power for chromosomal research. In 1987, these various chromatin fibers were
recognized as candidates for in situ hybridization mapping[18]. However, questions
were raised about the legitimacy of these fibers and its application for gene mapping.
It was not until at the demand of the Human Genome Project that free chromatin
fiber was resurrected.

After years of frustration, one of us (HHQH) fortunately met Dr. Lap Chee Tsui
at University of Toronto. He immediately realized the value of using free chromatin
in generating high resolution physical map and encouraged Henry Heng to stay
in his Lab for a trial experiment. To identify the specific target of chromosomes or
geneome, we decided to combine free chromatin with fluorescent in situ hybridization
(FISH) to answer many related questions, such as, how to generate free chromatin?
can FISH be effectively performed on extended chromatin structure? Whether or
not the gene order can be preserved on the released chromatin fiber?

After one more years' hard working, in 1991, we finally submitted our primary re-

sults to the 8th international conference of human Genetics at Washington, USA[2].
Our work initiated a new experimental system of high resolution FISH by demon-
strating the feasibility of FISH detection along released free chromatin fiber and
opening up the possibility of using even more decondensed DNA fibers to order
genes or DNA fragments.

During the course of free chromatin FISH development, valuable supports have
come from many scientists, including Drs. Peter Moens and Barbara Spyropoulos
from York University in Canada, and David Ward from Yale University in USA.

Fiber FISH

Further modifications immediately followed to simplify the procedure for the
fiber generation and to improve the resolution. To establish a protocol suitable
for all type of cultured cells, alkaline releasing buffer was introduced to open the
nuclear envelope since nuclear membrane is unstable under high-pH condition[3].
Alternative approaches were established by generating chromatin fiber with alkaline
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treatment or DNA fiber with DNA "halo" preparations[19]. Within two years, more
straight forward releasing methods were introduced by different groups based on the
use of alkaline solution, non-ionic detergents, SDS and with or without mechanical
force to stretch chromatin or DNA on glass slides[20-25].

Since all these protocols, including "molecular combing" [26-27], are to generate
linearlized chromatin or DNA fiber, the key difference between them is the method
of release and the degree of condensation. FISH detection is essentially the same
as chromosome-based FISH. Various names have been used to describe released
chromatin or DNA fibers generated by different protocols including free chromatin,
free DNA, extended chromatin fiber, extended DNA fiber, elongated chromatin or
DNA fiber, DNA halo, single molecule, and individual stretched DNA molecules.
Recently, it has been suggested that all high resolution chromatin and DNA fiber
FISH methods should be simply referred to as fiber-FISH[28].

Increasing evidences have showed that the fiber FISH methodology plays an im-
portant role for physical mapping and gene identification, especially for constructing
a fine integrated genetic and physical map for sequencing[5, 29-31]. With the devel-
opment of the human genome projects, fiber FISH should have more applications for
studying the function aspects of the genome. Combined with our recent developed
methodology of DNA-protein in situ co-detection[32-34], for instance, fiber FISH will
contribute greatly to study the chromosomal/genome structure and function includ-
ing DNA replication, gene integration, gene amplification, and gene regulation|[1,
81.

Every time, when other scientists make new discoveries by using fiber FISH ap-
proach, it always reminds us of the early days of free chromatin research. The beauty
of being a scientist is to discover, to convince others and to make full use of his/her
discovery for more people, no matter how trivial it is. Free chromatin is just such
an example.
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