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Chapter 24
FISH

Kaoru Suzumori

Abstract  The establishment of fluorescence in situ hybridization (FISH) tech-
niques has enabled the detection of DNA copy number changes for the mapping of 
target DNA sequences [Hopman et al. (Molecular neuroanatomy. Elsevier, 1988)]. 
This technique has a wide range of applications, such as for gene mapping and the 
ordering of DNA sequences on chromosomes and as an adjunct to conventional 
cytogenetics for characterizing chromosomal aberrations [Ferguson-Smith and 
Yates (Am J Hum Genet 48:178, 1991)]. Probes for FISH analysis may consist of 
DNA segments, such as α-satellite DNA from the centromeric regions, other repeti-
tive DNA sequences, and unique DNA sequences of chromosomes. Widely used 
chromosome-specific probes are classified as ‘repetitive’ (centromeric regions) 
probes [Cremer et al. (Hum Genet 74:346, 1986)], ‘painting’ probes, and ‘locus-
specific’ probes according to their complementary location on the chromosome. 
The use of fluorescence microscopy allows the detection of multiple probes, each 
labeled with a different color. The advancement of this technology now allows com-
binational fluorescence with 24 different colors that can be visualized on the same 
metaphase spread, thereby highlighting each chromosome pair [Schröck et  al. 
(Science 273:494, 1996), Speicher et al. (Nat Genet 12:368, 1996)].

This chapter focuses on FISH analysis for fetal aneuploidies, meiotic segregation 
modes in men with constitutional chromosomal abnormalities, and the prenatal 
diagnosis of carriers of a complex constitutional chromosome abnormality using 
spectral karyotyping.
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24.1  �Rapid Prenatal Diagnosis of Aneuploidies by FISH

The frequency of chromosomal abnormalities has been estimated to be 0.65–0.84% 
in surveys of newborn babies [1–4], and approximately 80–95% of these abnormali-
ties are common aneuploidies in chromosomes 13, 18, 21, X, or Y [5, 6]. Of note, 
the risk of these common aneuploidies is correlated with maternal age, and the total 
frequency of these aneuploidies was 2.26% among pregnancies with a maternal age 
of over 35 years [7]. Since the 1980s, indications for a prenatal diagnosis of preg-
nancies at risk of common aneuploidies have included advanced maternal age, 
abnormal maternal serum screening results, abnormal ultrasound findings in the 
fetus, and a family history of chromosomal abnormalities. For the past 50 years, 
G-banding chromosome analysis using cultured amniotic fluid cells has been a key 
procedure for prenatal diagnosis. Prenatal cytogenetic diagnosis has improved due 
to the use of metaphase harvesting and a significant reduction in test turnaround 
times, and final test results can now be obtained within 10–12 days. When cytoge-
netic results indicate a serious chromosomal abnormality, even a short wait for 
results can increase the emotional burden on the patient and/or physician.

Rapid detection for aneuploidy in chromosomes 13, 18, 21, X, and Y from inter-
phase amniotic fluid cells is possible with the use of directly labeled, multicolored, 
commercially available DNA probes. The probes comprise two sets: one set con-
tains 13 unique sequences at 13q14.2 (green), the region 21q22.13 (orange), and the 
second set contains α-satellite centromere probes for chromosomes X (green), Y 
(orange), and 18 (blue). Such commercially available probe kits include Cytocell 
(Oxford Gene Technology, Cambridge, UK) and AneuVysion (AbbotT/Vysis, 
Downers Grove, IL), among others. Figure 24.1 shows FISH results from four preg-
nant women with normal female fetus (a), trisomy 21 male (b), trisomy 13 male (c), 
and trisomy 18 female (d). With probe set 1 (left cell), a normal cell should show 
two green and two orange (2G, 2O), and with probe set 2 (right cell), a female cell 
should show two green and two blue signals (2G, 2B) (Fig. 24.1a). While male cells 
with trisomy 21 should show two green and three orange signals (2G, 3O) with 
probe set 1, and one green, one orange, and two blue signals with probe set 2 (1G, 
1O, 2B) (Fig. 24.1b). With probe sets 1 and 2, male cells with trisomy 13 should 
show three green and two orange signals (3G, 2O) and two blue, one green, and one 
orange signals (2B, 1G, 1O) (Fig. 24.1c). However, cells having an extra chromo-
some 18 should show two green and two orange signals (2G, 2O) and two green and 
three blue signals in female samples (2G, 3B) (Fig. 24.1d).

Standards for evaluating samples need to be instituted and followed. It has been 
suggested that a minimum of 50 interphase nuclei with defined hybridization sig-
nals should be enumerated for each chromosome and that 80% of cells should show 
two signals to be considered disomic, while 70% of cells should show three signals 
to be considered trisomic.

The first clinical trial of FISH analysis for the detection of common aneuploidies 
involving chromosomes 13, 18, 21, X, and Y was reported in 1990 by Klinger et al. 
[8]. The usefulness of interphase FISH analysis for the rapid prenatal diagnosis of 
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aneuploidy has since been confirmed in a number of studies [9–11]. With commer-
cially available FISH prenatal enumeration probe kits, Weremwicz et  al. [12] 
reported an extremely high performance with 94% sensitivity for common aneu-
ploidies and at a 0.1% false positive rate in informative samples. Many papers have 
demonstrated that inconclusive or informative results are seen in a low percentage 
of cases, such as those with bloody amniotic fluid or oligohydramnios [13]. In gen-
eral, this FISH-based procedure cannot detect aneuploidy of nontargeted chromo-
somes, nor is it currently designed to detect euploid states with other cytogenetic 
abnormalities, such as translocations, inversions, and marker chromosomes. It has 
been shown that careful genetic counseling is an important adjunct when ordering 
FISH testing, and it is essential to explain to patients the limitations of FISH, includ-
ing its inability to detect all chromosomal abnormalities as well as the possibility of 
maternal cell contamination, rare technical failures, and uninformative or false neg-
ative results in some cases.

Despite its usefulness, care must be taken for the clinical application of FISH 
assays due to possible pitfalls. The American College of Medical Genetics [14] has 
issued a policy statement for the clinical application of prenatal interphase FISH 
assays because of the severe implications of a false positive result. The policy state-
ment called for the reliability, reproducibility, and accuracy of the clinical applica-
tion of FISH probe sets is to be demonstrated. Prenatal interphase FISH is not a 
standard procedure and should only be used as an adjunct test with conventional 
chromosome analysis serving as the primary diagnosis and confirmatory evaluation. 
Appropriate physician and patient consent should be obtained, and patient manage-
ment decisions should not be made based on results obtained by FISH alone.

a b

c d

XX XY,+21

XY,+13 XX,+18

Fig. 24.1  Examples of interphase cell FISH results
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The ACMG recommends the following provisions: (1) Proper informed consent 
should be obtained following explanations of the purpose, accuracy, potential risks, 
and limitations of FISH testing; (2) FISH should be used in prenatal interphase 
cytogenetics only in conjunction with standard cytogenetic analysis; (3) Irreversible 
therapeutic action should not be initiated on the basis of FISH analysis alone; (4) 
Providers should confirm the applicability of FISH analysis in prenatal diagnosis 
after assessing the reproducibility, sensitivity, specificity, and positive and negative 
predictive values; (5) Appropriate quality assurance/quality control for reagents, as 
well as techniques in the development of standardized protocols, must be estab-
lished for FISH analysis.

In conclusion, prenatal FISH detection is valuable for the screening of com-
mon aneuploidies, followed by a complete chromosome analysis to confirm 
anomalies.

24.2  �Aneuploidy in Human Spermatozoa: FISH Analysis 
in Men with Constitutional Chromosomal Abnormalities

Balanced Robertsonian or reciprocal translocations are constitutional chromosomal 
abnormalities that predispose carriers to the production of chromosomally abnor-
mal gametes. These abnormalities contribute to recurrent abortions of conceptuses 
with monosomy or trisomy. In general, most autosomal monosomies are eliminated 
after fertilization, during early pregnancy or in the perinatal period. For this reason, 
most of them are found in spontaneous abortions [15]. Reproductive failures are 
closely associated with parental chromosome abnormalities. Male carriers of con-
stitutional chromosome abnormalities may have fertility problems associated with 
low sperm counts and abnormal sperm morphology. Indeed, among 9207 infertile 
males reviewed, 0.8% were carriers of a Robertsonian translocation and 0.6% were 
carriers of a reciprocal translocation [16].

A Robertsonian translocation is a fusion of the long arms of two acrocentric 
chromosomes 13–15, 21, and 22 after a breakage in the short arms. An individual 
with what is called a balanced Robertsonian translocation shows only 45 chromo-
somes, with the translocation chromosomes containing the two complete long arms 
of the two acrocentric chromosomes involved. The short arm fragments of the trans-
located chromosomes are lost. Carriers are divided into six groups according to the 
chromosomes in the translocation: der(13;14), der(14;21), der(13;15), der(14;15), 
der(13;22), and der(14;22). Logically, during meiosis, pairing and segregation occur 
through the formation of trivalent in meiosis I. Alternative segregation results in two 
balanced gametes of either normal chromosomes A and B or derivative der(A;B). 
The babies with this mode of segregation are usually phenotypically unaffected. In 
contrast, adjacent segregation modes lead to either sperm nullisomy A or sperm 
disomy B and produce unbalanced products with monosomy A or trisomy B. The 
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3:0 mode of segregation leads to sperm double nullisomy or disomy, resulting in 
unviable monosomy or possibly viable trisomy (Fig. 24.2).

In the late 1980s, investigation of the meiotic segregation of human sperm was 
made possible by the karyotyping of spermatozoa after the penetration of zona-free 
golden hamster oocytes [18–20]. However, this test enabled the analysis of only a 
limited number of spermatozoa. Since the 1990s, FISH has been introduced for the 
study of the chromosomal content of spermatozoa [21]. Many studies using this 
technique to estimate meiotic segregation modes in spermatozoa have been pub-
lished. In the majority of sperm FISH analyses of Robertsonian translocations, dual- 
or triple-colored FISH approaches have been used, including directly labeled, 
subtelomeric, locus-specific, centromeric probes for chromosomes involved in the 
translocation.

There have been several descriptions of meiotic analyses in male Robertsonian 
translocation carriers. Lamotte et  al. [17] reviewed a total aggregated set of 210 
patients and analyzed their segregation modes. In the review, spermatozoa from 116 
der(13;14), 38 der(14;21), 16 der(13;15), 11 der(14;15), 11 der(14;22), 5 der(13;21), 
5 der(13;22), 4 der(21;22), 3 der(15;22), and 1 der(15;21) individuals were 
described. Dual- and triple-colored FISH analysis using directly labeled subtelo-
meric and/or locus-specific and/or centromeric probes for chromosomes 13, 14, 15, 
21, and 22 was carried out on spermatozoa obtained from translocation carriers. As 
shown in other literature, the most common Robertsonian translocation is der(13;14), 
followed by der(14;21). According to the meiotic segregation modes obtained from 
the compiled Robertsonian translocation carriers, for the alternate segregation 
mode, it is assumed that translocation carriers have a similar meiotic pattern among 

Formation of a trivalent:
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Fig. 24.2  Schematic depiction of trivalent formation and its segregation mode at meiosis in 
Robertsonian translocation carrier [17]
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the chromosomes involved [22]. This hypothesis is strongly supported by the simi-
larity in the balanced gamete rate among the different Robertsonian translocation 
carriers. However, Lamotte et al. [17] demonstrated that the alternate segregation 
mode is predominant in Robertsonian translocation carriers with 73.45% ± 8.05% 
balanced spermatozoa (min. 50.92%; max. 89.99%). Their results were consistent 
among the different types of Robertsonian translocations except for der(13;15), 
which exhibited lower balanced spermatozoa rates when compared to der(13;14), 
der(14;21), der(13;21), and der(15;22). The proportion of chromosomally normal 
(balanced) segregation rates commands two over three, whereas the rate of unbal-
anced segregation (mostly adjacent, but also extremely rare 3:0 segregations) varies, 
ranging between 10% and 21%. The adjacent segregation modes result in either 
monosomic or trisomic gametes. Chromosomal monosomy is not identified in con-
ceptuses, while most trisomic conceptuses abort spontaneously, except for those 
with trisomy 13, 18, and 21, which can remain viable for several hours to several 
years or more. In a 3:0 segregation, one gamete receives double disomy, resulting in 
a zygote with 47 chromosomes. The other corresponding gamete receives double 
nullisomy, resulting in a zygote with 44 chromosomes. The 3:0 segregation mode is 
quite a rare event (rate of 0.0–5.0%). In the 3:0 segregation mode, one gamete 
receives three chromosomes, resulting in a double trisomic zygote. The other cor-
responding gamete receives no chromosome, resulting in a double monosomic 
zygote. The conceptus resulting from this segregation is not clinically identified.

Reciprocal translocations are the most common structural chromosome rear-
rangements in humans, with an incidence of 1 per 1175 newborns [23]. A reciprocal 
translocation does not change the amount of chromosomal material, and it involves 
the exchange of chromosome segments between arms of two heterologous chromo-
somes. Carriers of this type of chromosome translocation involving all chromo-
somes have been described, and ideal empirical data should be available for each 
translocation. Usually, empirical data exist only for general categories. In general, 
reciprocal translocations carry an empiric risk of about 10–15% for abnormal off-
spring [24]. Prenatal counseling would ideally take into account the segregation 
modes. FISH analysis in sperm samples obtained from reciprocal translocation car-
riers has been extensively described and reviewed in the literature. During meiosis 
I in a reciprocal translocation carrier, a quadrivalent is formed between the translo-
cated chromosomes and their normal homologous (Fig. 24.3). This structure may 
segregate according to five theoretical modes. Alternate and adjacent-1 segregation 
modes involve a 2:2 disjunction of homologous centromeres to opposite poles. 
Instead, when any homologous centromeres migrate to the same pole, the possible 
segregation modes are adjacent-2 (2:2 disjunction), 3:1 or 4:0 disjunction. There is 
the widespread assumption that 2:2 alternate segregation leads to the formation of 
normal or balanced gametes, while the other segregation modes produce unbal-
anced gametes. The other segregation modes, i.e., adjacent-1, adjacent-2, and 3:1 
and 4:0 segregations, produce unbalanced gametes. In adjacent-1 segregation, non-
homologous centromeres segregate together and pass to the same gamete. In 
adjacent-2 segregation, homologous centromeres pass to the same gamete. Both 
adjacent-1 segregation and adjacent-2 segregation induce partial disomy or nulli-
somy in the zygote and result in partial trisomy or monosomy in the embryo. In a 
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Fig. 24.3  Schematic depiction of quadrivalent formation and its segregation mode at meiosis in 
reciprocal translocation carrier. A, Chromosome A; B, Chromosome B; der(A), derivative chromo-
some A; and der(B), derivative B [25]. The 2:2 alternate segregation leads to the formation of 
normal or balanced gametes, while the 2:2 adjacent-1 or -2 segregations and 3:1 segregation modes 
produce an unbalanced content
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3:1 segregation, one gamete receives two homologous chromosomes (disomy), 
resulting in a zygote with 47 chromosomes. The other corresponding gamete 
receives no chromosome (nullisomy), resulting in a zygote with 45 chromosomes. 
The 4:0 segregation mode produces a gamete with 21 chromosomes and one with 
25 chromosomes, but it is quite a rare event.

In meiosis of reciprocal translocation carriers, four chromosomes must pair in 
reciprocal translocation heterozygotes, and the resulting segregations have a higher 
frequency of unbalanced chromosomes than Robertsonian translocations. There 
have been a number of studies on segregation patterns. Zhang et al. [26] summa-
rized numerous previous studies and revealed that alternative segregation was the 
most frequent mode of segregation (42.71%), followed by adjacent-1, adjacent-2, 
and 3:1 segregations. Adjacent-1 segregation was observed in 31.13% of spermato-
zoa, adjacent-2 segregation was observed in 7.87% of spermatozoa, and 3:1 segre-
gation was observed in 4.63% of spermatozoa. In addition, 4:0 and numerical 
anomalies, presumed to be interchromosomal effects, were observed in 13.66% of 
spermatozoa. Different studies on meiotic segregation patterns of sperm from recip-
rocal translocation carriers have revealed variability in the segregation modes, and 
there is a wide range of unbalanced gamete frequencies, ranging from 18.7% to 
91.0%, among patients (Nishikawa et  al. 2007) [27–30]. Figure  24.4 shows an 

CEP 7 - aqua
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Alternative
(Normal or Balanced)

42.9%
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Fig. 24.4  Probes used in the FISH segregation analysis are CEP(centromere) 7 (aqua), CEP 12 
(orange), and Tel(telomere) 12q (orange). Pictures show sperm resulting from alternate, adjacent-1, 
adjacent-2, 3:1, and 4:0 segregations with different signal patterns
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example of meiotic segregation analysis on a case with t(7;12)(q22;q24.1) 
(Nishikawa et al. 2007).

Meiotic segregation patterns can be influenced by many factors. Published data 
have indicated that patients with shorter centric segments tended to produce higher 
numbers of adjacent-2 products, whereas those with shorter translocated segments 
produced more adjacent-1 products [31]. Additionally, 3:1 segregations required the 
participation of a small chromosome [31]. Studies on spermatozoa from transloca-
tion carriers help to broaden the understanding of the mechanisms of meiotic segre-
gation. They should be integrated into the investigations of infertile men to provide 
a personalized risk assessment of unbalanced spermatozoa, especially since a cor-
relation was found recently between the percentage of abnormal spermatozoa and 
that of abnormal embryos [32]. Meiotic segregation analysis facilitates the determi-
nation of the reproductive prognosis in male balanced translocation carriers and can 
be used for appropriate genetic counseling.

24.3  �Multicolored Spectral Karyotyping for Complex 
Chromosomal Rearrangements

Complex chromosomal rearrangements (CCRs) are structural chromosome abnor-
malities that involve three or more breakpoints located on two or more chromo-
somes, which makes interpretation difficult. Many studies have reported that carriers 
of a balanced CCR are prone to infertility and recurrent abortions. CCRs with many 
breakpoints are usually difficult to clarify. In 1996, Schröck et al. [33] developed a 
novel approach, termed ‘spectral karyotyping’ or SKY, based on the hybridization 
of 24 fluorescence-labeled chromosome painting probes, which allows the simulta-
neous and differential color display of all chromosomes. This approach was used in 
the case of a pregnant CCR carrier with a previous abnormal child. The first baby, a 
female, suffered from cardiovascular abnormalities, including a ventral septal defect 
and patent ductus arteriosus. The karyotype included a 4q 2.3 trisomy, but further 
details were unknown. Chromosome analysis of the parents revealed that the mother 
had a complex chromosomal insertion/translocation between three chromosomes 
with four breakpoints forming der(4)t(4;16)(q22.2;q22.3), der(13)ins(13;4)
(q31.2;q22.2q31.3), and der(16)t(4;16)(q31.3;q22.3) detected by G-banding. These 
findings of the mother’s chromosomes were confirmed using SKY (Fig. 24.5). The 
couple requested prenatal diagnosis for the second pregnancy [34]. Chorionic villus 
sampling was performed. Cytogenetic analysis by SKY showed a male balanced 
carrier, the same as the mother.

In recent years, many studies have revealed that carriers of a balanced CCR are 
at risk of conceptions with various anomalies and reproductive failures owing to 
unbalanced arrangements due to either the malsegregation of derivative chromo-
somes or formation of a recombinant chromosome [35]. Many female carriers with 
CCRs have been identified after having malformed babies or repeated abortions 
[36]. Most males with CCRs have been shown to be infertile, and there have been 
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several reports of CCRs in male with oligozoospermia [36–38]. According to the 
literature, 70–75% of CCRs are de novo in origin. They are found in almost equal 
proportions among phenotypically normal subjects and individuals with phenotypic 
abnormalities. The de novo CCRs appear to be mostly of paternal origin. This agrees 
with the epidemiological finding that most prenatally diagnosed balanced CCRs are 
maternal in origin (70% maternal versus 30% paternal), while the abnormalities 
found in newborns are of paternal origin [39].

In conclusion, the complexity of chromosomal rearrangements in patients with 
CCRs plays a role in male factor infertility and affects the spermatogenetic process 
rather than the number of chromosomes involved or the location of breakpoints. To 
corroborate this conclusion, further studies with larger sample sizes and advanced 
techniques, such as array-based comparative genomic hybridization, are required to 
characterize the breakpoints in detail [35].
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