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Zoo-FISH delineates conserved chromosomal segments in horse and man 
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Human chromosome specific libraries (CSLs) were in- 
dividually applied to equine metaphase chromosomes 
using the fluorescence in situ hybridization (FISH) 
technique. All CSLs, except Y, showed painting signals 
on one or several horse chromosomes, in total 43 
conserved chromosomal segments were painted. 
Homoeology could not, however, be detected for some 
segments of the equine genome. This is most likely 
related to the very weak signals displayed by some 
libraries, rather than to the absence of similarity with 
the human genome. In spite of divergence from the 
human genome, dated 70-80 million years ago, a fairly 
high degree of synteny conservation was observed. In 
seven cases, whole chromosome synteny was de- 
tected between the two species. The comparative 
painting results agreed completely with the limited 
gene mapping data available in horses, and also en- 
abled us provisionally to assign one linkage group (U2) 
and one syntenic group (NP, MPI, IDH2) to specific 
equine chromosomes. Chromosomal assignments of 
three other syntenic groups are also proposed. The 
findings of this study will be of significant use in the 
expansion of the hitherto poorly developed equine 
gene map. 
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I n t r o d u c t i o n  

During the past few years, research in basic domestic 
animal genetics has centred around developing a better 
unders tanding of genomes of various farm animal spe- 
cies. The work is directed primarily at comprehending 
(i) inheritance and expression of genetic diseases and 
(ii) variation in economically important  traits. The in- 
formation is intended to be used for a more accurate 
DNA-based diagnostics approach for inherited disor- 
ders, and developing systems for marker-assisted se- 
lection for economically important  traits. Notewor thy  
progress has been made in pigs and cattle, and also to 
some extent in chicken and sheep, where a 30- to 40-fold 

increase in the number  of loci mapped has contributed 
to significant initial breakthroughs. Important  issues 
such as mapping  of inherited disease traits (e.g. the 
weaver disease in cattle, Georges et al. 1993; and ma- 
lignant hyperthermia in pigs, MacLennan et al. 1990) 
and quantitative trait loci (e.g. fat locus in pigs, An- 
dersson et al. 1994) have been successfully addressed 
during recent years. 

Unlike pigs, cattle, sheep and chickens, genome ana- 
lysis in horses (Equus caballus) is not directly needed for 
the s tudy of production traits. Instead, it is mainly 
required for the s tudy of the underlying genetics of 
the numerous inherited disorders, for which no clear 
diagnostic tools are at hand. Plenty of documented 
records on genetic disorders in horses are available 
(Bowling 1992), but  little is known at the DNA level 
about these conditions. To enable analysis of genetic 
disorders in horses, a basic knowledge of the equine 
genome, defining its general organization, is essential. 
Hence, a skeletal physical and genetic linkage map that 
can act as a platform for future research and expansion 
has to be developed. A cursory analysis reveals that, in 
spite of the impetus gained during the past 3 years, the 
horse gene map is still in an early stage of development. 
Organized efforts are therefore needed for the expan- 
sion of the equine gene map. 

Comparat ive genome analysis has emerged as a n  
important  tool, not only in developing a better under- 
standing of genome organization and evolution be- 
tween different mammalian  species, but also in 
revealing the most conserved segments of their gen- 
omes (Edwards 1994, Rettenberger et al. 1995a,b, 
Chowdhary  et al. 1996). This further enables a rapid 
expansion of gene maps in 'map-poor '  species, e.g. 
horse, with the help of data available from 'map-rich'  
species, e.g. humans  and mouse. Of the various stra- 
tegies employed to develop comparative maps, the 
recently developed cross-species chromosome painting 
- also referred to as zoo-FISH - provides direct infor- 
mation on similarities between chromosomal segments 
(see Scherthan et al. 1994, Hayes 1995, Rettenberger et 
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al. 1995a,b, Solinas-Toldo et al. 1995, Chowdhary  et al. 
1996, Fr6nicke et al. 1996). In the present study, we use 
this technique to find conserved segments in the human  
and equine karyotypes. The results are coupled with 
available gene mapping  information in horses to pro- 
vide an updated comparative map between the two 
species. The information will be of specific significance 
in expanding the hitherto poorly developed equine 
gene map. 

Materials and methods 

Chromosome preparation 
Horse (Equus caballus) chromosome spreads were obtained 
from pokeweed (Seromed) stimulated peripheral blood lym- 
phocytes according to standard techniques. The preparations 
were stored at - 20~ until use. 

DNA probes  and  labelling 
DNA was prepared from human chromosome specific plasmid 
libraries (CSLs) (Collins et al. 1991) and PCR libraries (Vooijs et 
al. 1993) generously provided by J. Gray, Department of 
Molecular Cytometry, University of California, San Francisco, 
CA, USA. The probes were nick translated with biotin-14- 
dATP (Life Technologies) and/or digoxigenin-11-dUTP (Boeh- 
ringer Mannheim) according to a standard protocol (BioNick 
Labeling System). For human chromosome 11, a commercial 
probe (Oncor, Coatasome 11) was used. 

In situ hybridization, washing and signal detection 
Zoo-FISH was performed primarily as described elsewhere 
(Scherthan et al. 1994, Fr6nicke et al. 1996), but with some 
modifications. Briefly, in cases in which the hybridization 
signal was undetectable with the standard protocol (CSL 
11; CSL 21; CSL 22), prolonged hybridization time (6-7 days) 
was used. In the post-hybridization washing, the preparations 
hybridized with biotin-labelled CSLs were blocked in 5% 
bovine serum albumin (BSA), in order to reduce background. 
For each human CSL, at least 15-20 horse metaphase spreads 
were analysed and the results were confirmed through at least 
two hybridization experiments. The signals were classified as 
strong, medium or weak according to visual estimation. 

Microscopy and chromosome identification 
A Zeiss Axioskop fluorescence microscope equipped with 
single bandpass filters (Chroma Technology), was used to 
visualize FITC, rhodamine and DAPI fluorescence. Images 
were captured and processed using the ISee software (Inovi- 
sion Corporation, Durham, NC, USA), which controlled a 
cooled CCD camera (Photometrics PXL, KAF 1400) mounted 
in a TV-port of a Zeiss Axiovert 135M/TV inverted micro- 
scope. The microscope was equipped with a filter wheel with 
excitation filters, multibandpass mirror and emission filter 
(Chroma Technology, Brattleboro, VT, USA) to avoid image 
shift from filter changes. Equine chromosomes were identified 
by DAPI staining, which produced a G-band like pattern. 
After capturing images, GTG banding was performed on the 
same preparations (Chowdhary et al. 1996). For chromosome 
identification the standard karyotype of the domestic horse 
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(Richer et al. 1990) was used. Schematic drawings of G-banded 
horse chromosomes were used for demonstrating segments of 
equine chromosomes painted by the human CSLs. 

R e s u l t s  and  d i s c u s s i o n  

The 24 h u m a n  CSLs (representing 22 autosomes and the 
sex chromosomes) used on horse metaphase chromo- 
somes successfully detected conserved chromosomal 
segments between the two species. Except for the Y- 
CSL, all other CSLs painted one or several such seg- 
ments on the horse (Equus  caballus,  ECA) chromosomes. 
The huma n  Y-CSL did not cross-hybridize with any 
equine chromosome. Centromeres of equine chromo- 
somes in general did not show cross-hybridization(s). 
An overlay of the results on an ideogram of G-banded 
horse chromosomes (Figure 1) shows that a high degree 
of conservation could be detected for a majority of the 
chromosomes. However, some autosomes, namely 
ECA6p, 12, 13p, 27 and 31 could not be painted with 
any of the CSLs used. For the latter three chromosomes 
it is also possible that the hybridizat ion signals were 
very weak, and therefore went  unnoticed.  A summary  
of equine chromosomal segments painted by individual  
huma n  CSLs along with the intensity of signal (strong, 
medium or weak) observed on each painted segment is 
presented in Table 1. Some representative partial me- 
taphase spreads showing paints on equine chromo- 
somes are presented in Figure 2. The identification 
of all equine chromosomes, except ECA28 and 29 was 
unequivocal.  The latter were difficult to identify both 
through DAPI band ing  and post-hybridizat ion G-band-  
ing. Hence, the suggested homoeologies to these equine 
chromosomes are tentative unt i l  confirmed through 
other methods or better visible band ing  patterns. 

The h u m a n  chromosome specific libraries painted a 
total of 43 conserved chromosomal segments on the 
horse karyotype. A matrix indicat ing segmental  homo- 
eology between huma n  and horse chromosomes (Figure 
3) shows that eight huma n  chromosomes painted only 
one segment each in horses, whereas another  11 painted 
two segments each. Further, there were three huma n  
chromosomes that showed homoeology to three sepa- 
rate horse chromosomes; HSA12 was the only huma n  
chromosome that painted four separate blocks. Con- 
versely, except for ECA1 and 8, which corresponded to 
six and three different human  chromosomes respective- 
ly, a majority (22) of equine chromosomes were painted 
by only one huma n  CSL each. The remaining five 
equine chromosomes showed correspondence to two 
different huma n  chromosomes each. 

Most of the intrachromosomal rearrangements  are 
considered/assumed to be species specific (Rettenber- 
ger et al. 1995b). Interchromosomal exchanges/reshuf- 
fles in the ancestral mammal ian  genome, however, are a 
part of karyotype evolution in different species (Ohno et 
al. 1964, Lundin  1993). The latter phenomenon  accounts 
for variability in chromosome number,  shape and size. 
Painted chromosomal segments of one species by CSLs 

Chromosome Research Vol 4 1996 219 



220 Chromosome  Research Vol 4 1996 



Table 1. Conserved chromosomal segments detected on 
equine metaphase chromosomes after zoo-FISH with indi- 
vidual human chromosome specific libraries (CSLs). 

Human 
CSLs for 
chromosome no. 

Conserved ECA chromosome 
segments revealed by 
zoo-FISH 

1 _2p (W), 5(S); 30(W) 
2 lq(W); 15(M); 18(M) 
3 16(M); 19(S) 
4 2q(S); 3q(S) 
5 14(S); 21(W) 
6 10q(S); 20(M) 
7 4(M) 
8 9(M) 
9 23(M); 25(W) 
10 lp(S); 29(W) 
11 7p, q(S) 
12 lq(W); 6q(S); 8p(W); 26(M) 
13 17(S) 
14 lqter (M); 24(S) 
15 lq(M) 
t6 3p(S); 13q(M) 
17 11(S) 
18 8q(S) 
19 10p(S); 7qcent(W) 
20 22(M) 
2! 28(W) 
22 l pter(W); 8pter(S); 26ter(M) 
X X(S) 

Bold and underlined segments represent correspondence be- 
tween human and equine gene mapping data. Relative signal in- 
tensity on horse chromosomes: (S) strong; (M) medium; (W) 
weak. 

of another  species demons t ra te  this in terchromosomal  
reshuffle in the mammal i an  genome,  and the observa-  
tions can be used to (i) precisely define interspecies 
chromosomal  homoeologies ,  (ii) reconstruct  the most  
likely ancestral  ka ryo type  with  the help of knowledge  
on conserved segments  in different species, and (iii) 
define the number  of breaks needed  to convert  kar- 
yotype  structure from one species to another. Data 
presented in Figure 3 indicate that a total of 20 breaks 
in the human  karyotype ,  fol lowed by  appropr ia t e  fu- 
sions, are needed to reconstruct  the equine karyotype .  
On the contrary, only  seven breaks  and a number  of 
fusion rearrangements  are needed  in the human  gen- 
ome, to recreate the cat ka ryo type  (Rettenberger et al. 
1995b). 

A compar ison of the pa t te rn  of segment  conservat ion 
among the  meta / submetacen t r ic  (1-13) and acrocentric 
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(14-31) equine chromosomes  with  the h u m a n  chromo- 
somes (Figure 1) shows specific differences. The former 
group  of chromosomes,  in add i t ion  to whole  chromo- 
some conservat ion with  h u m a n  counterpar ts  (e.g. 
HSA4, 5 and 9), exhibits b reakage  in synteny conser- 
vat ion on some pairs  (e.g. ECA1, 2, 3, 8, etc.). However ,  
if ind iv idua l  ch romosome arms are considered as single 
units,  most  of the arms show complete  correspondence  
with  a human  chromosome,  but  on some chromosome 
arms (e.g. l p ,  lq ,  8p, etc.), synteny breakages  are 
ev ident  and ind iv idua l  arms show correspondence  with  
two or more human  chromosomes.  All  the acrocentrics 
on the other  hand,  except ECA26, are pa in ted  as single 
blocks showing  total  preserva t ion  of synteny conser- 
vat ion with  only one human  chromosome each. Al- 
though minor  segments  of synteny preserva t ion  with  
the h u m a n  genome will  p robab ly  be detected with  the 
expans ion  of the equine gene map  (segments  smal ler  
than 5-7 Mb are usual ly  difficult to detect  th rough  
cross-species chromosome paint ing;  Scherthan et al. 
1994), the present  results  suggest  that  as compared  
with  the me ta / submetacen t r i c  chromosomes,  the lat ter  
group of chromosomes  has not  been subjected to major 
in te rchromosomal  evolu t ionary  rearrangements .  Map-  
p ing  da ta  on these chromosomes  are needed  to further 
verify these observat ions  th rough  compara t ive  analysis  
wi th  other  species. 

Of the different human  CSLs used  in the present  
study, seven demons t ra ted  total  ch romosome conser- 
vat ion be tween  horses and man.  These one-to-one 
homoeologies  include HSA7/ECA4;  HSA8/ECA9;  
HSA13/ECA17; HSA17/ECA11; HSA20/ECA22; 
HSA21/ECA28 and HSAX/ECAX (Figure 1). HSA11 
is also conserved as a whole  chromosome on ECA7, 
however,  the constant  thin c ross-hybr id iz ing  band  of 
HSA19 on this equine chromosome prevents  us from 
concluding this as one-to-one homoeology.  A compar-  
ison of the four species hi therto zoo-FISH ana lysed  wi th  
human  CSLs shows that  a total  of three, four, five and 
seven chromosome pairs  ( including the X chromosome)  
in cattle, pigs, cats and  horses respectively,  each share 
complete  (one-to-one) cor respondence  with  a human  
chromosome.  A deta i led  compara t ive  analysis  of these 
conserved chromosomes  in different species (B. P. 
C h o w d h a r y  et al. in prepara t ion)  wil l  assist in the 
future construct ion of the ancestral  m a m m a l i a n  kar- 
yotype.  

Conservat ion  of HSA20 as a single equine chromo- 
some cor responds  to s imilar  observat ions  in pigs where  
this human  chromosome paints  SSC17 (Fr6nicke et al. 
1996). Further, conservat ion of HSA13 and 17 each as a 
single equine chromosomes  prov ides  further suppor t  to 

Figure 1. Horse ideogram demonstrating segmental conservation with human chromosomes and the status of type I loci 
(coding sequences) physically mapped in horse (Oakenfull et al. 1993, Sandberg & Andersson 1993, Williams et aL 1993). 
Coloured patterns representing individual human (HSA) chromosomes are presented at the bottom. HSA chromosomes 
showing homoeology to particular equine chromosomes are presented at the bottom right of each chromosome. Vertical 
bars and symbols of loci adjacent to horse chromosomes show physically mapped genes; loci belonging to the same 
linkage group are in italic. 
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F i g u r e  3. Matrix showing the distribution of conserved 
chromosomal segments between horse (left) and man 
(top). Black squares represent a single equine chromoso- 
mal segment painted by the corresponding human CSL. 
Striped squares indicate painting of the same equine chro- 
mosome in two distinct segments by the same human CSL. 
The bottom row shows the number of segments painted by 
individual human CSLs; the rightmost column shows the 
number of human chromosomes contributing to conserva- 
tion with individual equine chromosomes. For ECA12, 27 
and 31, no correspondence with human CSLs could be 
detected in the present work. 

earlier reports that consider these chromosomes as 
ancestral (Scherthan et al. 1994, Hayes 1995, Rettenber- 
ger et al. 1995a,b, Solinas-Toldo et al. 1995, Chowdhary  
et al. 1996, Fr6nicke et al. 1996). Exception to synteny 
conserva'tion of HSA17 is found in gorilla, where this 
chromosome corresponds to parts of chromosomes 4 
and 19 (Wienberg et al. 1990). It is very likely that this 
disruption is a more recent evolutionary event in gor- 
illa, especially in the light of conservation observed in a 
number  of other species. With regard to the painting 
homoeology between HSA13 and ECA17, it is inter- 
esting to note that the two chromosomes share similar 
morphology, replication patterns and even fragile sites 
in corresponding bands (Ronne 1992). The conservation 
observed between HSA21 and ECA28 is also of sig- 
nificance as the human chromosome is considered to be 
of ancestral nature (see Stanyon et al. 1995). Detection of 
a similar trend in horses further strengthens this con- 

Z o o - F I S H  in horse  a n d  m a n  

tention. Lastly, complete correspondence between 
HSAX and ECAX observed in this s tudy is also in 
close accordance with the results of comparat ive stu- 
dies (banding, gene mapping  and painting) on mam- 
malian sex chromosomes (see O'Brien et al. 1993, 
Morizot 1994, Rettenberger et al. 1995b, Chowdhary  
et al. 1996). 

The horse gene map is one of the most poorly de- 
veloped among those of farm animals. A total of about 
70 loci (35 coding sequences) has so far been mapped,  of 
which five gene loci have been localized by in si tu 
hybridization. As far as is known,  13 syntenic/l inkage 
groups, comprising 52 loci, have also been established 
(Sandberg & Andersson 1993, Williams et al. 1993, 
Bailey et al. 1995). This limited information is insuffi- 
cient to make broad comparisons between the painting 
and gene mapping  results. Nevertheless, the available 
gene mapping  data on four equine chromosomes 
(ECA2, 10, 13 and 20) accurately fit with the painting 
results we observed (Figure 1, Table 1). It is, however, 
expected, that as in other species (see Chowdha ry  et al. 
1996), 'misfits" between the two sets of observations 
will be noticed as more specific genes are mapped  in 
horses. 

The comparat ive painting data observed in the pre- 
sent s tudy enable us to predict the location of some of 
the unassigned l inkage/syntenic groups. The nucleo- 
side phosphorylase (NP), monophosphate  isomerase 
(MPI) and isocitrate dehydrogenase 2 (IDH2) loci are 
syntenic in horses (Williams et al. 1993). The former 
locus maps to HSA14, whereas the last two map to 
HSA15. The two human  chromosomes show correspon- 
dence with ECAlq,  to which the syntenic group can be 
provisionally assigned. Further, the equine linkage 
group 2 comprising ALB, E, GC, ES, GOT2, RN, TO 
and HP loci (for detail of locus names see Sandberg & 
Andersson 1993) has not been assigned to any chro- 
mosome. Most of these loci map either to HSA4 or 
HSA16. The only equine chromosome painted with this 
combination of human  chromosomes is ECA3, to which 
we tentatively assign linkage group 2. In horses, two 
syntenic groups comprising LDHB-PEPB-IGF1 and 
ADA-PEPC loci were recently reported (Williams et 
al. 1993). In man, these two groups of loci are located 
on HSA12 and HSA1 respectively. HSA12 paints four 
(ECA1, 6, 8, 26) and HSA1 three (ECA2, 5, 30) different 
equine chromosomes,  owing to which precise predic- 
tion of the chromosomal localization of these two syn- 
tenic groups in horses is not possible. However,  the 
results of comparative painting, allow us to reduce the 
number  of candidate horse chromosomes for these 
syntenic groups from 31 pairs to the above specified 
four and three chromosome pairs respectively. Al- 
though well supported with the comparat ive painting 
data, these predictions will have to be verified in the 

F i g u r e  2. Partial equine metaphase spreads showing (arrows) painting sites with human (HSA) chromosome specific 
library (CSL) probes. The CSL used and the equine (ECA) chromosomal arm segments painted are as follows: 
HSA4/ECA2q, 3q (a); HSA8/ECA9 (b); HSA13/ECA17 (r HSA18/ECA8q (d); HSA14/ECA1qter, 24 (e); HSA16/ECA3p, 
13q (f); HSA15/ECA1q (g); HSA17/ECA11 (h); HSA20/ECA22 (i); HSAX/ECAX (j). 

Chromosome Research Vol 4 1996 223 



T. R a u d s e p p  et al.  

future wi th  physical  m a p p i n g  data.  Further,  it was also 
interest ing to note that  two of the nucleolus organizer  
region (NOR)-bearing human  chromosomes  (HSA21 
and 22) cor responded  in par t  to two equine chromo- 
somes (ECA28 and l p  respectively),  known  to have 
NORs (Richer et al. 1990). Al though  it is too early to 
classify this correspondence  either as conservat ion or a 
mere  coincidence, the ana logy  is wor th  noting. 

Al though  the present  zoo-FISH exper iment  demon-  
strates conserved segments  for most  of the human  and 
horse chromosomes,  there are certain regions of the 
horse genome for which the human  homoeologies  are 
not known (see Figure 1). The avai lable  CSLs failed to 
give any specific hybr id iza t ion  signal  at these sites. It is 
highly unl ike ly  that  the segments  represent  regions 
wi th  no correspondence  to the human  genome. Like 
h u m a n  CSL11, which d id  not  cross-hybr id ize  satisfac- 
tor i ly wi th  the equine chromosomes  (and we had  to use 
a commercia l  l ibrary  to get results),  it is p robable  that  
l ibraries cor responding  to these regions d id  not demon-  
strate detectable  signals. It is unclear, however,  which 
of the l ibraries are showing  this phenomenon.  

The major i ty  of evolu t ionary  changes in m a m m a l i a n  
ka ryo types  are thought  to be l imited to regional  re- 
a r rangements  ( translocations) (Lundin 1993, Edwards  
1994, Lyons et al. 1994, Morizot  1994) or to intrachro- 
mosomal  events (Hayes 1995, see C h o w d h a r y  et al. 
1996). Karyo type  evolut ion  in equids,  however,  is 
known  to have occurred at a re la t ively rap id  rate (on 
an evolu t ionary  t ime scale), resul t ing in complex and 
interspecific chromosomal  rear rangements  (Bradley & 
Wichman 1994). The f indings of the present  invest iga-  
t ion show that  the number  of pa in ted  segments  of 
human  CSLs in horses are not much different from 
those observed  in cattle and pigs  (Rettenberger et al. 
1995a, Solinas-Toldo et al. 1995). A large major i ty  of 
equine chromosomes  (22) are pa in ted  by  only one hu- 
man chromosome each. The pa in t ing  results  are thus in 
accordance with  the idea that  dur ing  the evolut ion of 
m a m m a l i a n  genomes,  chromosomal  regions have 
moved  a round  in fair ly large pieces wi th  s t rong con- 
servat ion of close to modera te  l inkages (Ohno et al. 
1964, Lundin  1993). 

Mammal i an  radia t ion  occurred dur ing  the Paleocene, 
approx imate ly  70-100 mil l ion years  (Myrs) ago, and  the 
evolu t ionary  dis tance be tween man and the horse is 
considered to be about  70 Myrs  (Lyons et al. 1994). The 
results  of the present  zoo-FISH, where  the major i ty  of 
equine chromosomes  showed  homoeo logy  to human  
chromosomes,  s t rongly  suppor t  the idea of long- term 
evolu t ionary  conservat ion of the m a m m a l i a n  genome 
(Morizot  1994). The recent ly publ i shed  s tudies  on si- 
mi lar  cross-species chromosomal  conservat ion of man  
and pig (Rettenberger et al. 1995a, Fr6nicke et al. 1996), 
man and cattle (Hayes 1995, Solinas-Toldo et al. 1995, 
C h o w d h a r y  et al. 1996), man  and cat (Rettenberger et al. 

1995b) and even be tween  species wi th  an evolu t ionary  
dis tance greater  than 80 Myrs  (man and fin whale;  
Scherthan et al. 1994) gives evidence that the zoo-FISH 

technique is an efficient tool for reveal ing evolut iona-  
r i ly conserved chromosomal  segments  between distant-  
ly related mammal i an  species. This can be of vital 
impor tance  in the transfer  of genetic information from 
man and mouse  to less densely  m a p p e d  genomes, e.g. 
horses. Hence, the f indings of the present  s tudy  bear  
special significance, because the zoo-FISH-based homo- 
eology informat ion can be ut i l ized for a rap id  and 
organized  deve lopmen t  of a type  I marker  (defined 
genes; see O'Brien et al. 1993) equine gene map. The 
deve lopmen t  of a compara t ive  gene map  in horse can 
be beneficial in f inding answers  for some of the in- 
heri ted equine d isorders  that are analogous  to similar 
human  condit ions.  

Acknowledgements 

We thank Professor Leif Andersson  for his comments  on 
the manuscr ip t  and  Dr Joe Gray  for generously  pro- 
v id ing  the human  p lasmid  and l inker adap to r  libraries. 
The project was f inancially suppor t ed  by  grants from 
the Swedish  Council  of Agr icul tura l  Research. The 
Swedish  Inst i tute s t ipend ium to Terje Raudsepp  is 
grateful ly  acknowledged .  

References 

Andersson L, Haley CS, Ellegren H et al. (1994) Genetic 
mapping of quantitative trait loci for growth and fatness 
in pigs. Science 263: 1771-1774. 

Bailey E, Graves KT, Cothran EG et al. (1995) Synteny-map- 
ping horse microsatellite markers using a heterohybridoma 
panel. Anim Genet 26: 170-177. 

Bowling AT (1992) Genetics of the horse. In: Evans JW, ed. 
Horse Breeding and Management. Amsterdam: Elsevier, pp 
223-226. 

Bradley RD, Wichman HA (1994) Rapidly evolving repetitive 
DNAs in a conservative genome: a test of factors that affect 
chromosomal evolution. Chrom Res 2: 354-360. 

Chowdhary BP, Fr6nicke L, Gustavsson I et al. (1996) Chro- 
mosome segment homologies detected between the cattle 
(Bos taurus) and the human karyotypes using ZOO-FISH (in 
press). 

Collins C, Kuo W-L, Segraves R et al. (1991) Construction and 
characterization of plasmid libraries enriched in sequences 
from single human chromosomes. Genomics 11: 997-1006. 

Edwards JH (1994) Comparative genome mapping in 
mammals. Curr Biol 4: 861-867. 

Fr6nicke L, Scherthan H, Gustavsson I et al. (1996) Compara- 
tive chromosome painting demonstrates gross homology 
between the karyotypes of domestic pig (Sus scrofa) and 
man (in press). 

Georges M, Dietz AB, Mishra A et al. (1993) Microsatellite 
mapping of the gene causing weaver disease in cattle will 
allow the study of an associated quantitative trait locus. 
Proc Natl Acad Sci USA 90: 1058-1062. 

Hayes H (1995) Chromosome painting with human chromo- 
some-specific DNA libraries reveals the extent and distri- 
bution of conserved segments in bovine chromosomes. 
Cytogenet Cell Genet 71: 168-174. 

224  Chromosome Research Vol 4 1996 



Lundin LG (1993) Evolution of the vertebrate genome as re- 
flected in paralogous chromosomal regions in man and the 
house mouse. Analytical review. Genomics 16: 1-19. 

Lyons LA, Raymond MM, O'Brien SJ (1994) Comparative 
genomics: the next generation. Anita Biotech 5: 103-111. 

MacLennan DH, Duff C, Zorzato F et al. (1990) Ryanodine 
receptor gene is a candidate for predisposition to malignant 
hyperthermia. Nature 343: 559-561. 

Morizot DC (1994) Reconstructing the gene map of the verte- 
brate ancestor. Anita Biotech 5: 113-122. 

Oakenfull EA, Buckle VJ, Clegg JB (1993) Localization of the 
horse (Equus caballus) alpha-globin gene complex to chro- 
mosome 13 by fluorescence in situ hybridization. Cytogenet 
Cell Genet 62: 136-138. 

O'Brien SJ, Womack JE, Lyons LA et al. (1993) Anchored 
reference loci for comparative genome mapping in 
mammals. Nature Genet, 3: 103-112. 

Ohno S, Becak W, Becak ML (1964) X-autosome ratio and the 
behaviour pattern of individual X-chromosomes in placen- 
tal mammals. Chromosoma 1"5: 14-30. 

Rettenberger G, Klett C, Zechner U et al. (1995a) Visualization of 
the conservation of synteny between humans and pigs by 
heterologous chromosomal painting. Genornics 26: 372-378. 

Rettenberger G, Klett Ch, Zechner U et al. (1995b) Zoo-FISH 
analysis: cat and human karyotypes closely resemble the 
putative ancestral mammalian karyotype. Chrorn Res 3: 
479-486. 

Richer CL, Power MM, Klunder LR et al. (1990) Standard 

Zoo-FISH in horse and man 

karyotype of the domestic horse (Equus caballus). Hereditas 
112: 289-293. 

Ronne M (1992) Putative fragile sites in the horse karyotype. 
Hereditas 117: 127-136. 

Sandberg K, Andersson L (1993) Horse (Equus caballus). In: 
O'Brien J, ed. Genetic Maps. Cold Spring Harbor, NY: Cold 
Spring Harbor Laboratory Press, pp 4.276-4.278. 

Scherthan H, Cremer T, Arnason U et al. (1994) Comparative 
chromosome painting discloses homologous segments in 
distantly related mammals. Nature Genet 6: 342-347. 

Solinas-Toldo S, Lengauer C, Fries R (1995). Compara- 
tive genome map of human and cattle. Genomics 27: 
489-496. 

Stanyon R, Arnold N, Koehler U et al. (1995). Chromosomal 
painting shows that 'marked chromosomes' in lesser 
apes and Old World monkeys are not homologous 
and evolved by convergence. Cytogenet Cell Genet 68: 
74-78. 

Vooijs M, Yu L-C, Tkachuk D et al. (1993) Libraries for each 
human chromosome, constructed from sorter-enriched 
chromosomes by using linker-adaptor PCR. Am J Hum 
Genet 52: 586-597. 

Wienberg J, Stanyon R, Jauch A et al. (1990) Molecular cyto- 
taxonomy of primates by chromosomal in situ suppression 
hybridization. Genomics 8: 347-350. 

Williams H, Richards CM, Konfortov BA et al. (1993) Synteny 
mapping in the horse using horse-mouse hetero- 
hybridomas. Anita Genet 24: 257-260. 

Chromosome Research Vol 4 1996 225 


