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Abstract

	 Fifty	years	have	elapsed	since	the	discovery	of	the	number	of	human	chromosomes	in	1956.	Newer	
techniques	have	been	developed	since	then,	ranging	from	the	initial	conventional	banding	techniques	
to	 the	 currently	 used	molecular	 array	 comparative	 genomic	 hybridisation.	With	 a	 combination	 of	
these	conventional	and	molecular	techniques,	cytogenetics	has	become	an	indispensable	tool	for	the	
diagnosis	of	various	genetic	disorders,	paving	the	way	for	possible	treatment	and	management.	This	
paper	traces	the	history	and	evolution	of	cytogenetics	leading	up	to	the	current	state	of	technology.
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History of cytogenetics

	 It	 was	 the	 Swiss	 botanist	 Nageli	 who	 first	
described	 thread-like	 structures	 in	 the	 nuclei	
of	 plant	 cells	 in	 the	 1840s,	 and	 what	 he	 called	
“transitory	 cytoblasts”	 are	 now	 known	 as	
chromosomes.	Later,	in	1888,	Waldeyer	coined	the	
term	“chromosome”	after	staining	techniques	had	
been	 developed	 to	 make	 them	 more	 discernible	
(chromos	 =	 Greek	 for	 colour;	 soma	 =	 Greek	 for	
body).	 Cytogenetics	 is	 the	 study	 of	 the	 structure	
and	 properties	 of	 chromosomes,	 their	 behaviour	
during	 somatic	 cell	 division	 during	 growth	 and	
development	 (mitosis),	 and	 germ	 cell	 division	
during	 reproduction	 (meiosis),	 as	 well	 as	 their	
influence	on	phenotype.	Cytogenetics	also	includes	
the	 study	 of	 factors	 that	 cause	 chromosomal	
changes	(1).
	 Initially,	 it	 was	 difficult	 to	 determine	 the	
diploid	number	of	mammalian	species	because	the	
chromosomes	were	crowded	in	metaphase.	In	the	
1950s,	several	technical	improvements,	such	as	the	
addition	of	colchicines	to	arrest	cells	in	metaphase	
and	the	use	of	hypotonic	solution	to	obtain	better	
chromosome	spreads,	were	made	(2,3,4).	In	1956,	
the	 diploid	 number	 of	 chromosomes	 in	man	was	
established	as	46	(5),	and	the	peripheral	leucocyte	
culture	method	of	Moorehead	et	al.	(6)	was	adopted	
by	 many	 cytogeneticists.	 It	 was	 then	 possible	 to	
describe	correctly	the	normal	human	chromosome	
number	 and	 chromosome	 abnormalities.	 This	

enabled	 detection	 of	 numerical	 chromosome	
aberrations	like	trisomy	21	in	Down	syndrome	(7),	
45,	X	in	Turner	syndrome	(8),	47,	XXY	in	Klinefelter	
syndrome	(9),	trisomy	13	(10),	trisomy	18	(11),	and	
Philadelphia	chromosome	in	a	patient	with	chronic	
myeloid	 leukaemia	(12).	 It	was	also	reported	 that	
cells	 cultured	 from	 amniotic	 fluid	 could	 be	 used	
to	 determine	 the	 chromosome	 content	 of	 the	
foetus	 (13).	 The	 metaphase	 chromosomes	 were	
classified	 into	 seven	 groups	 based	 on	 the	Denver	
classification	 (1960)	 (14),	 with	 revisions	 at	 the	
London	 Conference	 (1963)	 (15)	 and	 the	 Chicago	
Conference	 (1966)	 (16).	 Jau-hong	 Kao	 et	 al.	 (17)	
described	 a	 chromosome	 classification	 based	 on	
the	band	profile	similarity	along	 the	approximate	
medial	axis.

Advent of banding techniques

	 Caspersson	 et	 al.	 (18)	 discovered	 one	 of	 the	
first	chromosome	banding	techniques	(Q-banding),	
which	 involved	 staining	 chromosomes	 with	 a	
fluorochrome,	 such	 as	 quinacrine	 mustard	 or	
quinacrine	 dihydrochloride,	 and	 examining	 them	
with	 fluorescence	 microscopy.	 This	 technique,	
however,	was	less	than	optimal	for	routine	studies,	
as	 the	 fluorescent	 staining	 quickly	 quenched.	
Hence,	 several	 other	 banding	 techniques	 were	
developed,	 for	 example,	 G-,	 R-,	 C-	 and	 NOR	
banding,	 each	 having	 its	 own	 specific	 properties	
and	applications	(19).
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	 In	 due	 course,	 G-banding,	 produced	 by	
staining	 the	 chromosomes	with	 Giemsa	 solution,	
became	the	most	frequently	used	method	(20).	This	
gave	 better	 resolution	 than	 Q-banding,	 allowed	
permanent	 preparations,	 and	 did	 not	 necessitate	
the	 use	 of	 fluorescence	 microscopy.	 Pardue	 and	
Gall	(21)	first	reported	C-bands	in	1970,	when	they	
discovered	 that	 the	 centromeric	 region	 of	mouse	
chromosomes	is	rich	in	repetitive	DNA	sequences	
and	 stains	 darkly	 with	 Giemsa.	 C-bands	 localise	
in	 the	 heterochromatic	 regions	 of	 chromosomes.	
Many	chromosomes	have	regions	that	differ	among	
individuals	 but	 have	 no	 pathological	 importance.	
These	 polymorphic	 regions	 can	 be	 visualised	
optimally	 with	 C-band	 methods.	 C-banding	 is	
also	 useful	 to	 show	 chromosomes	 with	 multiple	
centromeres,	 to	 study	 the	origin	of	diploid	molar	
pregnancies	 and	 true	 hermaphroditism,	 and	 to	
distinguish	 between	 donor	 and	 recipient	 cells	 in	
bone	marrow	transplantation.	Nucleolar	organising	
region	 (NOR)-banding	 is	 a	 technique	 that	 stains	
NORs	 of	 chromosomes	 (22).	 These	 regions	
are	 located	 in	 the	 satellite	 stalks	 of	 acrocentric	
chromosomes	and	house	genes	for	ribosomal	RNA.
Goodpasture	 et	 al.	 (23,24)	 developed	 a	 simple	
silver	nitrate	staining	technique	for	NOR-banding	
that	 is	 useful	 in	 clinical	 practice	 to	 study	 certain	
chromosome	 polymorphisms,	 such	 as	 double	
satellites.
	 However,	 the	 resolution	 of	 chromosome	
studies	 remained	 relatively	 limited	 because	 the	
total	 number	 of	 bands	 produced	 on	 metaphase	
chromosomes	 was	 low,	 and	 it	 was	 difficult	 to	
detect	 rearrangements	 involving	 small	 portions	
of	 chromosomes	 due	 to	 excessive	 condensation.	
This	situation	was	improved	by	the	development	of	
high-resolution	banding	by	Yunis	(25),	which	was	
achieved	by	synchronising	the	lymphocyte	cultures	
and	 obtaining	 more	 cells	 in	 pro-metaphase	 or	
even	 prophase.	 High	 resolution	 cytogenetics	
provided	 greater	 precision	 in	 the	 delineation	 of	
chromosomal	breakpoints	and	assignment	of	gene	
loci	 than	 earlier	 techniques	 could	 since	 analysis	
of	 late	 prophase	 sub-banding	 reveals	 more	 than	
twice	the	number	of	bands	seen	at	metaphase	(26).	
By	 applying	 this	 technique,	 several	 well-known	
clinical	syndromes,	like	Prader-Willi	and	Angelman	
syndromes	with	deletions	at	the	proximal	long	arm	
of	 chromosome	 15,	 Smith-Magenis	 and	 Miller-
Dieker	syndromes	with	(different)	deletions	in	the	
short	arm	of	chromosome	17,	and	DiGeorge/Velo	
Cardio	 Facial	 (VCF)	 syndromes	with	 deletions	 in	
the	 long	arm	of	 chromosome	22,	 could	be	 linked	
to	small	chromosome	aberrations,	and	the	concept	
of	the	micro-deletion	or	contiguous	gene	syndrome	
was	born	(27).

The choice of banding technique
	 For	routine	analysis,	however,	the	G-banding	
technique	 using	 trypsin	 and	 Giemsa	 became	
the	 most	 accepted	 worldwide	 (28).	 The	 banding	
pattern	enabled	the	detection	of	various	structural	
aberrations	 like	 translocations,	 inversions,	
deletions,	 and	 duplications	 in	 addition	 to	 the	
well-known	 numerical	 aberrations.	 This	 led	 to	
the	 cytogenetic	 investigation	 of	 healthy	 family	
members	of	known	carriers	and	of	couples	suffering	
from	repetitive	spontaneous	abortions	(29).

Specialised techniques to visualise 
chromosomes

Sister Chromatid Exchange (SCE)
	 SCE	 enabled	 visualisation	 of	 interchanges	
between	 brightly	 and	 dully	 fluorescent	 segments	
of	 sister	 chromatids.	 This	 was	 made	 possible	 by	
incorporating	 BrdU	 (in	 place	 of	 thymidine)	 into	
replicating	 cells	 for	 2	 cell	 cycles.	 The	 biologic	
importance	 of	 SCEs	 is	 uncertain,	 but	 some	
mutagens	and	carcinogens	increase	their	frequency	
(30).	It	has	been	noted	there	is	an	increase	of	SCE	
in	 patients	 with	 ankylosing	 spondylitis	 (31),	 in	
smokers	(32),	in	women	after	exposure	to	biomass	
fuels	 (33),	 and	 in	 patients	with	 carcinoma	 of	 the	
cervix	uteri	(34).

Fragile sites and chromosome breakage
	 Gaps	 that	 are	 consistently	 seen	 at	 the	 same	
chromosome	 locus	 are	 called	 fragile	 sites.	 Some	
fragile	 sites	 are	 associated	 with	 specific	 medical	
conditions	 such	 as	 Fragile	X	 Syndrome,	which	 is	
associated	 with	 a	 fragile	 site	 at	 Xq27.3	 (35,36).	
All	 humans	 experience	 increased	 chromosome	
breakage	when	exposed	to	cytotoxic	agents,	but	in	
certain	autosomal	recessive	disorders,	the	inability
to	 repair	 DNA	 is	 associated	 with	 certain	 kinds	
of	 chromosome	 damage	 (37).	 The	 detection	 of	 a	
fragile	site	in	a	patient	often	causes	concerns	due	to	
its	potential	significance,	and	it	must	be	followed-
up	properly	with	genetic	counselling	(38).

Molecular cytogenetics

Fluorescent in situ Hybridisation (FISH)
	 In	 1986,	 Pinkel	 et	 al.	 (39,40)	 developed	
a	 method	 to	 visualise	 chromosomes	 using	
fluorescent-labelled	 probes	 called	 fluorescent	 in	
situ	hybridisation	(FISH).	FISH	technology	permits	
the	detection	of	specific	nucleic	acid	sequences	in	
morphologically	preserved	chromosomes,	cells,	and	
tissues.	These	techniques	are	useful	in	the	work-up	
of	patients	with	various	congenital	and	malignant	
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neoplastic	 disorders,	 especially	 in	 conjunction	
with	 conventional	 chromosome	 studies.	 Using	
FISH,	 cytogeneticists	 can	 detect	 chromosomal	
abnormalities	that	involve	small	segments	of	DNA	
if	their	probe	is	situated,	fortuitously	or	by	design,	
in	 the	 affected	 chromosomal	 segment	 (41).	 FISH	
can	be	used	 to	establish	 the	order	of	DNA	clones	
relative	to	bands,	naturally	occurring	breakpoints,	
and	 other	 clones.	 Even	 more	 importantly,	 FISH	
permits	karyotype	analysis	of	nuclei	in	non-dividing	
cells.	FISH	has	been	used	for	the	detection	of	t(2;5)
(p23;q35)	 translocation	 in	 anaplastic	 large-cell	
lymphoma	 (42),	 for	 minimal	 residual	 disease	 in	
haematopoietic	 stem	 cell	 assays	 from	 peripheral	
blood	stem	cells	of	acute	myeloid	leukaemia	(AML)	
patients	 with	 trisomy	 8	 (43),	 and	 for	 analysing	
chromosomal	abnormalities	of	tumours	in	children	
(44).

Spectral Karyotyping (SKY) and Multicolour FISH 
(M-FISH)
	 FISH	 paved	 the	 way	 for	 a	 more	 powerful	
technology	 called	 spectral	 karyotyping	 (SKY)	
or	 multicolour	 FISH	 (M-FISH).	 M-FISH	 allows	
all	 of	 the	 24	 human	 chromosomes	 to	 be	 painted	
in	 different	 colours.	 By	 making	 use	 of	 various	
combinations	 and	 concentrations	 of	 fluorescent	
dyes,	 it	 is	 even	 possible	 to	 give	 every	 single	
chromosome	 a	 different	 colour	 (SKY),	which	 can	
be	 of	 particular	 use	 when	 dealing	 with	 complex	
aberrations	 often	 associated	 with	 various	 types	
of	 solid	 tumours.	 SKY	 or	 M-FISH	 enables	
production	 of	 chromosome-specific	 ‘paints’.	
Fluorochromes	 are	 combined	 to	 produce	 24	
colour	 combinations,	 one	 for	 each	 chromosome	
(45),	 resulting	 in	 multicolour	 analyses.	 SKY	
paints	the	entire	chromosome	in	the	same	colour,	
whereas	 M-FISH	 uses	 various	 fluorescence	 dyes	
to	represent	different	painting	probes	at	the	same	
time.	This	offers	the	simultaneous	presentation	of	
all	24	different	human	chromosomes	with	a	single	
hybridisation.	 SKY	 and	 M-FISH	 have	 proven	 to	
be	 extremely	 useful	 in	 detecting	 translocations	
and	other	complex	chromosomal	aberrations.	The	
main	applications	 for	M-FISH	have	been	 in	 solid	
tumours,	which	are	often	characterised	by	complex	
karyotypes,	 and	 in	AML	and	acute	 lymphoblastic	
leukaemia	(46).		

Comparative Genomic Hybridisation (CGH)
	 FISH	 investigations	 have	 proven	 to	 be	
advantageous	 in	 many	 ways,	 but	 they	 are	 time	
consuming	 because	 preparations	 must	 be	
hybridised	 and	 then	 microscopically	 analysed.	
These	 problems	 led	 to	 the	 development	 of	 a	
variation	of	FISH	called	CGH	(47).	Later,	a	further	

improvement	 was	 developed	 an	 array	 based	 on	
comparative	genomic	hybridisation	(48,	49).	CGH	
does	 not	 require	 the	 preparation	 of	 metaphase	
chromosomes	 from	 cells.	 Instead	 of	 hybridising	
a	 labelled	 probe	 to	 human	 chromosomes	 on	 a	
slide,	 it	 is	 now	 possible	 to	 print	 thousands	 of	
different	and	well-characterised	probes	on	a	glass	
slide.	 The	 array-CGH	 is	 even	 more	 promising	
than	 the	 conventional	 CGH	 (50).	 Array-CGH	
is	 the	 equivalent	 of	 conducting	 thousands	 of	
FISH	experiments	at	once,	 and	 it	provides	better	
quantification	 of	 copy	 number	 and	 more	 precise	
information	 on	 the	 breakpoints	 of	 segments	 that	
are	lost	or	gained	than	does	conventional	CGH.	It	
is	faster	and	has	a	better	resolution	than	available	
molecular	cytogenetic	tools	(51).

Cancer cytogenetics

	 The	involvement	of	chromosomal	aberrations	
and	 the	 deviation	 from	 the	 normal	 copy	 number	
of	 a	 given	 chromosome	 (aneuploidy)	 in	 tumours	
have	 long	 been	 known.	 For	 example,	 balanced	
chromosomal	 translocations	 can	 have	 oncogenic	
effects	 through	the	production	of	 fusion	proteins.	
In	 the	 case	 of	 chronic	 myelogenous	 leukaemia	
(CML),	 95%	 of	 the	 cases	 harbour	 a	 translocation	
between	chromosomes	9	and	22,	which	results	 in	
the	formation	of	what	is	commonly	referred	to	as	
the	Philadelphia	 chromosome.	Glivec	 is	 the	main	
treatment	for	CML,	which	is	a	biological	treatment	
that	targets	a	protein	made	by	CML	cells.	Glivec	is	
a	 type	of	growth	blocker,	 called	a	 tyrosine	kinase	
inhibitor	 (TKI).	 Tyrosine	 kinases	 are	 a	 group	 of	
proteins	that	cells	use	to	signal	to	each	other	to	grow.	
This	drug	stops	the	messages	from	these	proteins	
getting	 to	 cancer	 cells	 and	 thus	 interferes	 with	
their	growth.	Routine	conventional	cytogenetics	is	
used	to	monitor	the	progress	of	this	treatment.	In	
most	people,	there	is	a	major	drop	in	the	number	
of	cells	that	carry	the	Philadelphia	chromosome.	As	
a	consequence,	the	implementation	of	cytogenetic	
analyses,	 at	 least	 at	 diagnosis,	 is	 mandatory	 for	
analysing	the	outcomes	of	many	clinical	trials,	and	
it	can	also	be	used	to	stratify	patients	for	different	
types	of	therapy	(52,53).

The current situation and the future

	 Currently,	 cytogeneticists	 are	 developing	
molecular	 approaches	 for	 deciphering	 the	
structure,	function	and	evolution	of	chromosomes.	
Conventional	 cytogenetics	 using	 regular	 banded	
chromosomal	 analysis	 remains	 a	 simple	 and	
popular	 technique	 to	 get	 an	 overview	 of	 the	
human	 genome.	 Routine	 banded	 karyotype	
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analysis	 can	now	be	 combined	with	M-FISH	and	
various	 other	 molecular	 techniques,	 leading	 to	
more	 precise	 detection	 of	 various	 syndromes	
in	 children.	 The	 combination	 of	 CGH	 (54)	 with	
multicolour	 FISH	 was	 seen	 from	 the	 beginning	
to	 be	 a	 powerful	 combination	 for	 7characterising	
complex	karyotypes	 (55,56,57,58).	More	 recently,	
microarray-based	 formats	 using	 large	 insert	
genomic	 clones,	 cDNAs	 or	 oligonucleotides	
have	 replaced	 metaphase	 chromosomes	 as	 DNA	
targets	 (49),	 providing	 higher	 resolution	 and	
the	 ability	 to	 directly	 map	 the	 copy	 number	
changes	to	the	genome	sequence.	In	other	words,	
chromosomal	 abnormalities	 exist	 as	 nature’s	
guide	to	the	molecular	basis	of	many	unexplained	
human	disorders.	Thus,	techniques	of	cytogenetics	
are	 bound	 to	 continue	 to	 be	 indispensable	 tools	
for	 diagnosing	 genetic	 disorders	 and	 indicating	
possible	treatment	and	management.
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