Cytogenetics with special
reference to domestic animals

Essential Genetics:
a genomic perspective.
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chromosome analysis
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Obtaining and preparing cells for
chromosome analysis

[0 Cell source:
B Blood cells
B Skin fibroblasts
B Amniotic cells / chorionic villi

[0 Increasing the mitotic index
(proportion of cells in mitosis) using
colcemid

[0 Synchronizing cells to analyze
promoetpahase chromosomes

Bl

Karyotyping and chromosome
banding

[0 Chromosome banding

[0 Molecular interpretation of
chromosome bands

[0 Chromosome nomenclature
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Chromosome banding

Box Chromosome banding:

G-banding -~ the are j i to controlled
digestion with trypsin before staining with Giemsa, a DNA-
binding chemical dye. Positively staining dark bands are known
as G bands. Pale bands are G negative.

Q-banding — the are stained with a fluorescent
dye which binds preferentially to AT-rich DNA, such as
Quinacrine, DAPI (4°,6-diamidino-2-phenylindole) or Hoechst
33258, and viewed by UV fluorescence, Fluorescing bands are
called O bands and mark the same chromosomal segments as G
bands.

R-banding - is essentially the reverse of the G-banding pattern,
The chr are heat-denatured in saline before being
stained with Giemsa. The heat treatment denatures AT-rich DNA,

and R bands are 0 negative. The same pattern can be produced
by binding GC-specific dyes such as chromomycin Ag
olivomycin or mithramycin.

T-banding - identifies a subset of the R bands which are
especially concentrated at the telomeres. The T bands are the
most intensely staining of the R bands and are visualized by
using either a particularly severe heat treatment of the
chromosomes prior to staining with Giemsa, or a combination of
dyes and fluorochromes.

C-banding - is thought to demonstrate constitutive hetero-
chromatin, mainly at the centromeres. The chromosomes are
typically exposed to denaturation with a saturated solution of
barium hydroxide, prior to Giemsa staining.
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Chromosome banding

Yl ) o
. ] g
. > i c
L g 5% jj é:' 2 8 £
He ' |
" ex® 3&‘ i i )Q ; E
I h g ¥
& F- | F - * @ E
g ! 2 3 4 5
HgLﬂ -&-: i LW “ &
s 2 U e i T
1 % 3% A A TN 4
& 7 8 9 10 1 12
o R L .3 e ' »
EE 8 '?q?- € b | g2
I . ¥ > s 2R 3§
13 14 15 16 17 a" 18
L B: ' ! i
19 20 21 bl X Y
Figure 2.14, G-banded p of mitotie from lymphocytes of & normal male at betwean 550 and 850

bands per haplaid set.

Compare with the ideelized ideograms in Figure 2 15 Overall lengths of mataphase chromosomes range between 2 and 10 jum; the DNA of

the cell, if stretched out, would ba about 2m lang. R

d from Cross and

{2001). In Human Cytogenetics: Constitutional

Analysis, 3rd Edn [ed. D. E Rooney). Repraduced by parmission of Oxford University Press




Molecular interpretation

[0 G+ bands (= R- bands)
B AT rich
B Gene poor
B LINE rich
B Late replicating
[ |

SAR (Scaffold Attachement Regions) rich

From DNA duplex to metaphase
chromosome
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Molecular interpretation
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[0 G- bands (= R+ bands)
B GC rich
Gene rich
SINE rich
Early replicating
SAR (Scaffold Attachement Regions)
poor

Chromosome nomenclature

Table 2.3: Human chromosome groups

Group Chromosomes Description

A 1-3 Largest; 1 and 3 are ig but 2is sul entric

B 45 Large; submetacentric with two arms very different in size

C 6-12, X Medium size; submetacentric

] 13-15 Medium size; acrocentric with satellites

£ 16-18 Small; 16 is metacentric but 17 and 18 are submetacentric

| 19,20 Small; metacentric

G 21,22, ¥ Small; acrocentric, with satellites on 21 and 22 but noton the Y

Autosomes are numbered from largest to smallest, except that chromosome 21 is smaller than chromosome 22.
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Chromosome nomenclature

e

The International Sy for ytog
Nomenclature (ISCN) is fixed by the Standing Committee on
Human Cytogenetic Nomenclature (see Further reading). The
basic terminology for banded chromosomes was decided at a
meeting in Paris in 1971, and is often referred to as the Paris
nomenclature.

Short arm locations are labeled p (petit) and long arms
q (quewe). Each chromosome arm is divided into regions labeled
pl. p2, pd etc., and g1, g2, 3, etc., counting outwards from the
centromere. Regions are delimited by specific fandmarks, which
arg consistent and distinct morphological features, such as the
ends of the chromosome arms, the centromere and certain
bands, Regions are divided into bands labeled p11 (one-one, not

elevenl), p12, p13 etc., sub-bands labeled p11.1, p11.2 ete. and
sub-sub-bands for example p11.21, p11.22, in each case counting
outwards from the centromere (Figures 2.13, 2.15),

Relative distance from the centromere is described by the words
proximal and distal. Thus, proximal Xq means the segment of
the long arm of the X that is closest to the centromers, while
distal 2p means the portion of the short arm of chromosome 2
thatis most distant from the centromera, and therefore closest to
the telomere. Other common terms are as below.

When comparing human chromosomes with that of another
species, the convention is to use the first letter of the genus
name and the first two lettars of the species name (e.g. HSA18
means human — Homo sapiens) chromosome 18.

Chromosome nomenclature
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Chromosome nomenclature
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Studying chromosomes

[0 Classical karyotyping

O Fluorescent in Situ Hybridization
(FISH)

[0 Chromosome painting
[0 Molecular karyotyping
[0 Chromosome sorting




Fluorescence in situ hybridization

(FISH)

STANDARD FISH or

v

PURIFIED DNA CLONE

Chromosome preparation on
microscope slide

CHROMOSOME
PAINTING

Heterogeneous collection
of many DNA clones with
inserts derived from

many different regions of

a single chromosome

Denature DNA
in situ

=

Allow to anneal,
expose to UV and
visualize fluorescence in situ

ML
& or 7\*?
W i - s
——— Single probe Chromosome
bound paint bound

Figure 2_16 Human Molecular Genetics, Sle. (@ Garland Science 2004)

y Label by incorporating
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Fluorescence in situ hybridization
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Fluorescence in situ hybridization
(FISH)
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Studying chromosomes

[0 Classical karyotyping

[0 Fluorescent in Situ Hybridization
(FISH)
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[0 Molecular karyotyping
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Chromosome painting
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Studying chromosomes
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[0 Classical karyotyping

[0 Fluorescent in Situ Hybridization
(FISH)
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[0 Chromosome sorting
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Molecular karyotyping
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[ 24 flow-sorted
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Studying chromosomes
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[0 Classical karyotyping

[0 Fluorescent in Situ Hybridization
(FISH)

[0 Chromosome painting
[0 Molecular karyotyping
O Chromosome sorting
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Flow-sorting chromosome
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Overview
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[0 Studying chromosomes

O The normal karyotypes of domestic

animals
[0 Chromosome abnormalities

[0 Chromosome abnormalities of
domestic animals
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The normal karyotype of domestic e
animals
Human, Homo sapiens 23 Cat, Felis catus 19
Horse, Equus caballus 32 Dog, Canis familiaris 39
Pig, Sus scrofa 19 Mouse, Mus musculus 20
Cattle, Bos faurus 30 Rat, Rattus norvegicus 21
Sheep, Ovis aries 27 Chicken, Gallus domestic Ca. 39
(haploid chromosome number)
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Sheep: (Differences between species

often involve Roberstonian fusions)

N
/\

e

1

RS

i
i
i
i
b

(X

i
i
i

Epﬂ\ Ua

Fig. 101

B

Texas U Marker  Human Lenglh Reading ISCNDA ISCNDA  1SCNDA Sheep
standard group gene  chromosome % * (GTG) (GTG) (QFQ) (RBA/RBG) chromosome
1 ui0 som 3,21 1 1 1 1 19
2 U117 VL 1, 20 2 2 2 2 20
3 U & HSD3B 1p 3 3 3 3 i[]
4 U13 INHBA Tp 4 4 4 4 4
5 U 3 IFNG 1q,12, 22 3 5 3 S dq
(i} U1s CSh@ 4 ] B [ G il
7 1122 RASA 5q, 19p 7 7 7 7 5
B U18 FNA  Bp. 9q 8 8 8 B 2p
9 U 2 IGF2R Gq 9 9 9 8 i)
10 U 5 CYP19 5q, 14,15 10 1o 10 10 rd
11 U6 LGB  2,9q 11 11 11 1 ap
12 u27 RB1 13 12 12 12 12 10
13 U1t IL2ZRA  10p, 20 13 13 13 13 13
14 u24 16 14 14 14 14 L]
15 U19 FSHB 5,11p 15 15 15 15 15
16 U 1 PIGR 16 16 16 16 12
17 U23 FGG 4q, 12q, 22 17 17 17 17 17
18 U 9 GPl 16q, 199 18 18 18 18 14
19 U211 GH 17 19 19 19 19 11
20 U114 MAPIB 5 20 20 20 20 16
21 U 4 IGH&@ 14,15 21 21 2 21 18
a2 Uiz LTF 3 22 22 22 22 19
23 U20 BOLA 6 23 23 23 23 20
24 U288 DsCI 1g 24 24 24 24 23
25 U B ELN Tq 16p 24
26 U26 APT1  10g 26 26 26 26 22
7 U25 DEFB@ 8 . 26
28 U29 CGN1 10g 28 27 27 28 25
29 U 7 LDHA 11 21
X PGK1 X X X X X X
¥ IFY \ Y Y ¥ Y Y
*Ch 1 as relative length of the haploid genome.

5 d cluster of loci,
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Z00-FISH

Conserved synteny between the human and
mouse genomes. Regions from different
mouse chromosomes (indicated by the
colors of each mouse in B) show conserved
synteny (gene order) with the indicated
regions of the human genome (A). For
example the genes present in the upper
portion of human chromosome 1 (orange)
are present in the same order in a portion of
mouse chromosome 4. Regions of human
chromosomes that are composed primarily
of short, repeated sequences are shown in
black. Mouse centromeres (indicated in
black in B) are located at the ends of
chromosomes; no known genes lie beyond
the centromere on any mouse chromosome.
For the most part, human centromeres,
indicated by constrictions, occupy more
internal positions on chromosomes (see
Figure 4-11). (Adapted from International
Human Genome Sequencing Consortium,
Nature 409:860-921, 2001.)

Overview

[0 Studying chromosomes
[0 The normal karyotypes of domestic

animals

O Chromosome abnormalities
[0 Chromosome abnormalities of

domestic animals




Chromosome abnormalities

[0 Types according to chromosome change:
B Aberrant chromosome number
O Aberrant euploidy (polyploidy)
O Aneuploidy (trisomy, monosomy)
O Mixoploidy
B Aberrant chromosome structure (del, inv, dup,
ins, R, mar, t, der)
B Aberrant chromosome parental origin
[0 Types according to body extent:
B Constitutional
B Somatic (=>mosaic)

Aberrant euploidy (polyploidy)

66% 5 10%

DNA duplication

but no cell division
{endomrlosns]
Tetraploldy

Figure 2-19 Human Molecular Genetics, e, (D Garland Science 2004)
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Aneuploidy

0 Trisomy and monosomy
[0 Chromosomal non-disjunction or
anaphase lag

O
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Consequences of numerical
chromosomal abnormalities

‘Table 2.4: Consequences of numerical chromosomal abnormalities.

Polyploidy
Triploidy (69X}, XXY or XYY) 1-3% of all conceptions; almost never live born; do not survive

Aneuploidy (autosomes)

ation lethal

Nullisomy (missing a pair of | logs) Pre-i
Monosomy (ane chromosame missing) Embryonic lethal

Usually lathal at embryonic or fetal stages, but trisomy 13 (Patau syndrome) and trisomy 18 (Edwards

Trisomy (one extra chromosome)
syndrome) may survive to term and trisomy 21 (Down syndrome) may survive to age 40 or longer

Aneuploidy (sex ch
Additional sex chromosomes (47, XXX 47, XXY; 47, XYY) present relatively minor problems, with normal lifespan

45X = Turner syndrome. About 39% of cases abort spontaneously: survivors are of normal

Lacking a sex chromosome
intelligenca but infertile and show minor physical signs. 45,Y = not viable

19



Mixoploidy: e
Mosaicism versus chimerism
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Figura 4-10 Hurnan Molecular Genetics, 3a. (D Garland Science 2004)

Chromosome abnormalities

[0 Types according to chromosome change:
B Aberrant chromosome number
O Aberrant euploidy (polyploidy)
O Aneuploidy (trisomy, monosomy)
O Mixoploidy
B Aberrant chromosome structure (del, inv, dup,
ins, R, mar, t, der)
B Aberrant chromosome parental origin
0 Types according to body extent:
B Constitutional
B Somatic (=>mosaic)
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Nomenclature of chromosome

abnormalities

Box 2.4: Nomenclature of éhfomosome abnormalities,

Numerical abnormalities:
Triploidy 69,XXX, 69,XXY, 69, XYY
Trisomy e.g. 47,XX,+217

Maonosomy e.0. 45X
Mosaicism e.0. 47, XXX/ 46, XX

Structural abnormalities:

Deletion e.g. 46,XY,del(4)(p16.3)°; 46,XX del(5)q13q33)"
Inversion e.g. 46, XY.inv(11){p11p15)

Duplication  e.g. 46,XX,dup(1)(q22q25)

Insertion .9, 46,XX,ins(2)(p13q21931)¢

Ring £.0. 46,XY,r{7)(p22436)

Marker 2.9. 47, XX, +mar!

Translocation, reciprocal £.0. 46,XX,1(2;6){q35;p21.3)°
Translocation, Robertsonian  e.9.45,XY,der(14;21)(q10:910)'
(gives rise to one derivative  46,XX,der(14,21)(q10;q10},+217
chromosome)

Notes:

“Gain of a chromosome is indicated by +; loss of a chromosome by
"Terminal deletion {breakpoint at 4p16.3) and interstitial deletion

(513-q33).

A rearrangement of one copy of ch 2 by

2q21-g31 into a breakpoint at 2p13.

“Karyotype of a cell that ins a marker ch {an extra
unidentified chromasome).

A bal | raciprocal location with breakpoints in 2035 and
Bp21.3.

'A balanced carrier of a 14:21 Robertsonian translocation, q10 is not
really a ch band, but indi the ; der means
derivative chromosome (used when one chromosome from a

translocation is present).

"Translocation Down syndrome; a patient with one normal chromosome
14, a Rol location 14,21 ch and two normal

copies of chromosome 21,
This is a short a more

is

defined by the ISCN that allows compl;,m deseription of any

chromosome abnormality - see Further reading,

Origin of structural abnormalities

B

Table 2.5: Structural abnormalities resulting from misrepair of cl breaks or I b non-
I log, chr
One chromosome involved Two chromosomes involved
One break Terminal deletion (healed by adding telomere) -
Two breaks Interstitial daletion; Inversion; Reciprocal translocation (Figure 2.21)
Ring chromosome | Figure 2.20 Robertsonian translocation (Figure 2.21)
Duplication or deletion by unequal Duplication or deletion by unequal bination {Figure 11.7)
sister-chromatid exchange {Figure 11.7)
Three breaks Various e, ion with Inte L ion (direct or inverted)
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Origin of structural abnormalities

2 breaks in same arm 2 breaks in different arms

e 4
%l," Exchange of centric hange of two
and a smn . acentric fragments  ROBERTSONIAN prn mal
TRANSLOCATION | short arms

fragments
RECIPROCAL
- m TRANSLOCATION Lost
Al dim A
| QY]

E/\ P = o
nversion  chromosome Kw / \Wm / \

o U
.gf- ,,/a a0

inversion  deletion i
Genetics, ¥, (© Garland Scienca 2004)
icentric + acentric Stable reciprocal Stable Robertsonian
hmmusomes. translocation translocation
Not stable in mito:
Human enefi Garland Science 2004

Consequences of reciprocal
translocations

—®-©® @
S R |
THX

zygos | H )

|
Q@ @ |

|Partial trisomy|  [Partial yl
e

[Normal Balanced |
carrier | +

Human Molecular Genatics, Me. (@ Garland Sclence 2004)
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Consequences of Robertsonian

fusions
i 08
14 14/5y 2 )/
Possibilities fo.r meiosis
Gametes | | § 1 1| ' ?H g[8
Jel) W D\
Fertilization by a normal gamete
b 4 v v ¥ v v
sl (1) @D () @) (e
Uw W) Wy (s WUy U
— [Normal| |Balanced| |(Trisomy 14)| |(M\ y 14)| (v y 21)| | Trisomy 21|
P ~ | carmer
Figure 2-23 Human Molecular Genetics, 3/e. (© Garand Science 2004)

Chromosome abnormalities

[0 Types according to chromosome change:

B Aberrant chromosome number

O Aberrant euploidy (polyploidy)

O Aneuploidy (trisomy, monosomy)

O Mixoploidy

B Aberrant chromosome structure (del, inv, dup,

ins, R, mar, t, der)

B Aberrant chromosome parental origin
0 Types according to body extent:

B Constitutional
B Somatic (=>mosaic)
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Aberrant parental origin

L

[0 Uniparental diploidy
B Hydatiform moles
O Paternal uniparental diploidy
O Trophoblast hyperplasia
O Risk of transformation in choriocarcinoma

O Most moles are homozygous at all loci
(<chromosome doubling from single sperm)

B Ovarian teratoma
O Maternal uniparental diploidy
O Disorganized embryonic tissue
O <Activation of unovulted oocyte

Hydatiform mole

L

24



Aberrant parental origin
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[0 Uniparental disomy:

Paternal or maternal
Isodisomy or heterodisomy

Matings between heterozygotes for

reciprocal translocations
Trisomy or monosomy rescue

Anomalies if involved region contains

imprinted genes.

Parental imprinting

o BOTH PARENTS EXPRESS &
&~ THE SAME ALLELE OF GENE A {

MEIDSIS AND REMOVAL OF IMPRINTING

FEMALE IMPRINT ESTABLISHED

A\ — /
N mRNA _/

somatic cell in offspring

MALE IMPRINT ESTABLISHED

g = >
e \—\., . :,'-B
/ fiid ", OFFSPRING DIFFER  / mANA \
| Tae—— | N THE ALLELE ( ]
| = OF GENE A E_
j | THAT IS EXPRESSED | s

\, - /
o e A

samatic cell in offspring
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Chromosome abnormalities

[0 Types according to chromosome change:
B Aberrant chromosome number
O Aberrant euploidy (polyploidy)
O Aneuploidy (trisomy, monosomy)
O Mixoploidy
B Aberrant chromosome structure (del, inv, dup,
ins, R, mar, t, der)
B Aberrant chromosome parental origin
[0 Types according to body extent:
B Constitutional
B Somatic (=>mosaic)

O
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Overview

[0 Studying chromosomes

[0 The normal karyotypes of domestic
animals

[0 Chromosome abnormalities

O Chromosome abnormalities of
domestic animals
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Pig

O Numerical abberations
m Cfr. Above
B Chimerism
O XX/XY chimerism

O Does not necessarily results in intersexuality (vs
bovine- Free-martinism)

O Structural aberrations
B Reciprocal translocations

O « .. at least 50% of breeding boars removed due to
lower than average litter size carried reciprocal
translocation. »

B Other: cfr. Above
O Sex reversal / (pseudo-)hermaphroditism

27



Pig

5
O

B

O Numerical abberations
m Cfr. Above
B Chimerism
O XX/XY chimerism

O Does not necessarily results in intersexuality (vs
bovine- Free-martinism)

O Structural aberrations
B Reciprocal translocations

O « .. at least 50% of breeding boars removed due to
lower than average litter size carried reciprocal
translocation. »

B Other: cfr. Above
O Sex reversal / (pseudo-)hermaphroditism

Bovine

Bl

O Numerical abberations
B Cfr. Above
B Chimerism
O Male-female twins

O XX/XY chimerisms of blood and haematopoeitic
organs

O Masculinization of females < AMH hormone of
brother
O Structural aberrations
B Reciprocal translocations
O T(1;29)

28



Bovine recipr.
translocations

M, chromosoma measurement; C, 6, NOR, R: banding method

Chromosomal abnormalities in
domestic sheep

Table 10.3. C s in d i (Ovis aries).
Abnormality Chromosomes First repon
Centric-fusion translocations 1, (6:24)" Bruere {1969)
1, (910 Bruere and Mils (1971)
1, (7,25)° Bruere ef al (1972)
1, (5:8) Pearce el al. (1994a)
1, (8;22) Pearce elal. {1994a)
Reciprocal franslocations 1p 199t Glahn-Lutt and Wassmuth (1978)
13q7:19q'% Anamihawat-Jonsson ef al, (1992)
2q°3q Slota ef al. (1986)
Autosomal aneuploldy 53,XY/54, XY Dunn and Roberts (1972)
Sex-chromosome aneuploidy 53.X0 Zartman et al. (1981)
53,X0/54 X% Baylis of al. (1984)
55,XXY Bruare af al, (1969)
54 XY/55 XYY Maoraes el al, (1980)
Deletions Numerous Sea Long (1990)
Autosomal duplication 20§ Matejka and Cribiu (1989)
Intersexas 54,00 Dain (1972)
Freemarting. 54, 20054, XY Gemeke (1967)
Testicular feminization 54X Bruere of al, (1963b)
True harmaphrodites 54,%% Fayrar-Hosken ot al. (1992)
C are by ding to the 1985 (Texas) standard. Original designation for;

“1y = (5:26) and 1, = (8,11} in Bruere ef al. (1974). The numbers cited in the table are from Ansari
& al, {1993a) (which are consistent with those of the 1995 standardization)

t1p7119q" = 1p~;19q" in Glahn-Luft and Wassmuth {1978),

$13q 119q" =139 209" inAnamthawal-Jonsson of al. {1992).

§20 = 19 in Matofka and Cribiu {1963}
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Association between Polled and
intersexuality in goats

Bl

[0 In goats, Polled (absence of horns) is
inherited as an autosomal dominant trait.

O It is always associated with sex reversal in
females which is however transmitted as an
autosomal recessive trait.

[0 The PIS locus has been mapped to 1943
and the mutation has been identified by
positional cloning as an 11.7 Kb deletion
which is probably affecting the expression
of the nearby FOXL2 gene.

http://dga.jouy.inra.fr/lgbc/projets/PIS.html
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