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Abstract 

Chromosome specific painting probes of human, sheep and the Hirola antelope (Damaliscus 

hunteri) derived by flow sorting of chromosomes were used in multi directional chromosome  

painting experiments to better define the  karyological  relationship  within  Bovidae  species 

(specifically, Caprini  and  Alcelaphini  tribes) and  humans. Although  not  all chromosomes  

of Damaliscus  hunteri could  be resolved into  single peaks by flow-sorting  we managed  to  

present  a complete  homology  map  for chromosomes  between the  three species. When 

comparing  the karyotype  of Damaliscus hunteri with human  all of the main known motives in 

mammalian  chromosome  evolution  are present  (i.e. associations  of human  homologous  

chromosomes 3-21, 4-8, 7-16, 14-15, 16-19 and two forms of 12-22) which were also 

confirmed with the sheep paint probes.  Further,   we  observed  those  patterns   that  have  

been  described  as  common  derived  traits  for artiodactyls (i.e. associations  of human  

homologous  chromosomes 5/19  and a complex alternating  pattern of  hybridizations  with  

human  chromosome  14 and  15 probes).  As  known  from  classical  karyotyping some of the 
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Damaliscus chromosomes  are biarmed  and were supposedly involved in Robertsonian trans- 

locations  frequently  found  in karyotype  evolution  of bovids.  We refined these 

rearrangements with the molecular probes and also delineated a chromosome painting pattern 

that should be the result of a paracentric inversion in the Damaliscus  hunteri karyotype.  This 

study demonstrates that multidirectional chromosome painting will be a valuable tool for the 

investigation of the dynamics of chromosome evolut ion in exotic bovid species. 

 
Introduction 

Despite great variations in chromosome 

numbers, chromosome evolution in Bovidae 

seems to have been predominantly 

conservative. Whereas the chromosome 

numbers range from 2n ¼ 30 to 2n ¼ 60, the 

number of autosomal arms (NAA) has 

remained almost constant at 56–58 for most 

species. Changes in the autosomes of the 

Bovidae have occurred primarily through 

centric fusions (Wurster & Benirschke 1968, 

Effron et al.  1976, Buckland & Evans 1978, 

Gallagher & Womack 1992, Gallagher et al. 

1994).  Although  there  is good evidence of 

tandem  rearrangements in some species 

(Gallagher  & Womack 1992) and  simple 

translocations in others (Crawford et al. 1995, 

Vaimann   et  al.  1996, de Gortari et al.  

1998, Frönicke & Wienberg 2001), they seem 

to be the exception rather than the rule. 

The g e n u s  D a m a l i s c u s  ( family 

B o v id a e , s u b family Alcelaphinae) 

comprises three species: D. hunteri, D. 

lunatus, and D. pygargus (Kumamoto et al. 

1996). Habitating in grasslands and open 

woodlands  throughout much  of sub-

Saharan Africa, populations  of Damaliscus 

have undergone drastic  declines due  to  

hunting,  encroachment  of agriculture,   

competition  with  domestic  livestock, and   

drought   (Nowak   1991,  Kumamoto  et   al. 

1996). D.  hunteri  is now  restricted  to  a  

narrow strip  between  the  Tana  River  in  

Kenya  and  the Juba  River  in Somalia, and 

is regarded  as endangered (Ansell 1977, 

Kingdon 1982, East 1995, Kumamoto et al. 

1996). 

The karyotype of the Hirola antelope 

(Damaliscus hunteri) was first descr ibed by 

Kumamoto et a l . (1996) with G-and C-banded 

karyotypes. They reported  that  this  species 

has  2n ¼ 44 chromosomes  in which: eight 

autosome pairs are metacentric/sub- 

metacentric  and  the  remaining  thirteen  

autosome pairs are acrocentric/telocentric. As 

most autosomes, the sex chromosomes are also 

acrocentric. 

The  acrocentric  nature  of  the  majority  of  

the bovid  chromosomes  is a  source  of  

problems for the construction  of karyotypes.  

In addition, banding patterns for va r io us  

c h r o m o s o m e s  are ve r y similar. This had 

led to several revisions of the International 

System for Chromosome Nomenclature of 
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Domestic Bovids [the last one date from 

2000, (ISCNDB 2000)]. Comparative 

molecular cytogenetics s t u d i e s , however , 

are le ss  prone t o  errors s in c e  

chromosomes a r e  compared on the basis of 

their DNA content rather than on 

morphological differences.  Thus, this 

approach has proven to be very helpful in the 

understanding of even complex 

rearrangements that occurred during the 

evolutionary process (Chowdhary et al. 1998, 

Wienberg et al. 2000, for reviews). 

In general, molecular cytogenetic data show 

high consistency with each other. 

Comparative chromo- some painting   maps 

g ive a complete o ver v ie w about the 

major conserved homologous segments. 

Painting segments also define the boundaries 

of con- served homologous segments, 

providing a data set complementary to higher 

resolving but still patchy gene mapping 

between artiodactyls (Fr˛nicke & Schmitz  et  

al. 1998, Wienberg 2001). Moreover, 

comparative chromosome painting is of 

extremely value for exotic species (e.g. 

Damaliscus  hunteri), where no gene mapping 

data are available. The comparative painting 

and gene mapping data, already available 

for domest ic bo v id species (e.g.  sheep, 

goat and cattle), will be easily transferable 

for these exotic species, disclosing conserved 

chromosome segments suitable for 

phylogenetic analysis. 

In the present  st udy, we  established 

c h r o mo - some painting probes from 

Damaliscus hunteri by bivariate 

fluorescence-activated flow sorting of 

chromosomes of a large part of the 

karyotype.  We used  these  probes  together  

with  painting  probes from  human  and  

sheep (Burkin  et  al. 1997) in a 

multidirectional  paint   experiment  between  

these three species to better define the 

karyological relationship    of   the   Bovidae   

species   (specifically, Caprini and 

Alcelaphini tribes) and human. This report 

also complements previous chromosome 

painting results with human probes on 

domestic bovids [cattle (Hayes 1995,  

Solinas-Toldo   et  al. 1995, Chowdhary et  al. 

1996), river bu¡alo (Ian- nuzzi e t  al.  

1998), and sheep ( Iannuzzi   et al. 1999)]. 

Moreover, t o  our knowledge it represents 

the  first  chromosome  painting  study in an  

exotic species of the Bovidae. 

 

Materials and Methods 

 

Chromosome flow sorting and generation of 

painting  probes 

Sorting of Damaliscus hunteri chromosome 

was performed using a dual laser sorter 

(FACS Vantage; Becton Dickinson Immuno-

Cytometry Systems).  This  system 

allowed  a  bivariate analysis o f the 

chromosomes   by size and ba s e - pair 

composit ion   (Rabbits   et al.  1995). About 



 

4 

 

four   hundred   chromosomes   were s o r t e d    

from each peak in the flow karyotype.  

Chromosomes were sorted directly into PCR 

tubes containing distillated   water.    Painting    

probes   of   various sheep  and  human  

chromosomes  was  done  with the same 

approach while others  were the same as 

described  before  (Burkin  et  al.  1997).  

Chromo- some-specific probes were made by 

degenerate oligonucleotide   primed  PCR   

(DOP-PCR)   from the  flow-sorted   

chromosomes   by  using   6MW- PCR 

primers and amplification conditions as 

previously  described  (Rabbitts   et  al.  1995).  

The same PCR primer was also used to label 

the chromosome paints with digoxigenin-

dUTP or biotin-dUTP (Roche  Molecular  

Biochemicals)  in a secondary  PCR. 

 

Cell culture and chromosome preparation 

A fibroblast cell line from a single male 

Damaliscus hunteri (DHU) was used. The  

cell line was obtained  from  the collection  

held at  the Laboratory  of  Genomic  

Diversity,  NCI-Frederick, but was 

originally  established  at  the  San  Diego  Zoo 

(USA). Standard cell culture and 

chromosome preparation techniques for both 

flow sorting and cytogenetics wer e  followed.  

Metaphase   preparations  from  sheep [Ovis 

aries  (OAR),  ‘‘Churra da Terra  Quente’’  

breed]  were  prepared  from  peripheral  blood  

using  standard   protocols   (Chaves et al. 

2002). In various cases G-banding before in 

situ   hybridization   was a s  p e r f o r m e d    

that   followed a previously published 

protocol (Wienberg et al. 1992). 

Fluorescent in situ hybridization and 

image processing 

In situ hybridization of painting probes to 

Damaliscus hunteri and sheep metaphase   

spreads w a s  as previously described 

(Wienberg et al. 1997). Briefly, 15 ml of the 

hybridization mixture (50% formamide,  2    

SSC, 10% dextran  sulfate,  500 ng of painting   

probe,   5 mg   of   sonicated    Damaliscus 

genomic  DNA,  5 mg  of sonicated  sheep  

genomic DNA   or  5 mg  human   cot-1  DNA,  

respectively, and 10 mg of salmon  sperm 

DNA) were denatured at 70  C for 10 min, 

allowed to preanneal  90 min at 37ºC, dropped 

on denatured c h r o mo s o me  p r eparations, 

and mo u n t e d  w i t h  22×22 mm  cover slips.  

Slides were denatured   in 70% formamide, 

2×SSC at 70 º C for 1 min.  In-situ 

hybr id izat ion was performed fo r  72 h at 

37ºC. Detection o f the hybridization signal 

was as published (Pinkel et al. 1986, Wienberg 

et  al.  1997).  After  hybridization and 

washing of the slides, digoxigenin-labeled 

chromosome  paints were detected with 

rhodamine- labelled goat-anti-digoxigenin 

antibodies (Roche Molecular Biochemicals),  

and biotin-labelled probes were detected with 

Avidin-FITC (Vector Laboratories). 

Digital   images  were  obtained   with  a  
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cooled CCD  camera  (Photometrics  Quantix  

series) coupled  to   a  Zeiss  Axioplan   II   

microscope.   The DAPI,  rhodamine, and    

FITC    images    were acquired and merged 

by using Smart-Capture VP software 

(DigitalScientific, Cambridge, UK). To 

facilitate chromosome identification, 

computer- enhanced   4’-6-diamidino-2-

phenylindole   (DAPI) banding was used 

concurrently with in-situ hybridization. 

Chromosome numbering  for sheep and 

Damaliscus followed the standardization of 

the Domestic Bovid karyotypes (ISCNDB 

2000). 

In Figure 2, DAPI  staining was presented in 

red to optimize differentiation in printing,  

and  consequently  rhodamine  (red)  was 

presented  in white; contrast   and  color  

optimization   functions  were used  and   all  

afected   the  whole  of  the  image equally. 

 

Results 

 

Damaliscus hunteri  flow karyotype 

The bivariate flow  karyotype o f  Damaliscus 

hunteri was resolved in 17 peaks.  Flow 

sorting and  DOP-PCR provided   

chromosome   paints   from each peak.  These 

paints were then hybridized to  Damaliscus 

hunteri metaphases to identify the 

chromosome content of each peak of the flow 

karyotype. Individual paints were obtained 

for chromosomes 2, 3, 6, 8, 9, 10, 14, 16, 

17, X and Y, (see Figure 1 ).  Six peaks 

contained m u l t i p l e  chromosomes.   When 

p rocess ing  the DNA   from the   sorted    

chromosomes    all   peaks    provided paints 

of exceptionally good quality. 

 

Reciprocal chromosome painting 

between Damaliscus hunteri a n d  Ovis 

aries 

Paints o f  individual   chromosomes   from 

D a m a liscus hunteri   were hybridized   to   

sheep   meta- phases (Figure 2a–b). The 

reciprocal chromosome painting    was   also   

performed    by   hybridizing paints of all 

sheep chromosomes onto Damaliscus hunteri 

metaphases (Figure 2c–d). The reciprocal 

chromosome   painting   between   Damaliscus 

a n d  sheep gave consistent results in both 

directions. Damaliscus chromosome specific 

paints derived from chromosomes 9, 10, 14, 

16, 17, X and Y hybridized to a single sheep 

homologue each (OAR8, OAR13,  OAR18, 

OAR20,  OAR23,  OARX, OARY;  

see Figure  3). All other individual paints that 

were derived from the biarmed 

chromosomes showed hybridization signals on 

two sheep homologs each (OAR2q/OAR24, 

OAR1p/OAR11, OAR6/ OAR12, 

OAR7/OAR10; see Figure 3 and Table 1). 

In the reverse painting the complete set of 

sheep paints on Damaliscus metaphases 

gave  a total o f 31 distinct signals (Figure 

3). No reciprocal translocation was 
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observed that would distinguish the 

karyotype of these two species. Fifteen 

Damaliscus chromosomes (9-21, X and Y) 

were entirely delineated by sheep 

chromosome paints. The remaining   eight   

chromosomes   from   Damaliscus   (the 

biarmed ones) were painted by two sheep 

paints. Chromosomes OAR1/OAR14, 

OAR2/OAR24, OAR1/OAR11, 

OAR4/OAR5, OAR3/OAR9, 

OAR6/OAR12, and OAR2/OAR3 painted 

Damaliscus chromosomes from 1 to 8, 

respectively (Figure 3). 

 

Table 1. A listing of Damaliscus  hunteri  chromosomes  

(DHU)  and their homologues in cattle (BTA) and sheep 

(OAR). The first description  of  the  karyotype  

Damaliscus  hunteri  followed  the ISCNDA  (1989)  

nomenclature   (Kumamoto   et  al.  1996). We present  

the  chromosome  homologies  following  ISCNDB  

(2000) nomenclature. 

 

 

Human chromosome paints on 

Damaliscus hunteri metaphase 

Paints specific to each human chromosome, 

except   the   Y, w e r e  u s e d    to   paint   

Damaliscus metaphases (Figure 2e–h).  The 

23 human pa int s (autosomes and X) 

delineated a total of 51 con- served segments 

on Damaliscus chromosomes (Figure   3).  

Only   on   two   Damaliscus chromosomes a 

hybridization pattern was observed that did 

not c o r r e s p o nd    to t he reported   

patterns   in the c a t t l e    homolog   (Hayes  

1995).  The human paint probe 12 delineated 

two segments on DHU12 

(HSA12/HSA4/HSA12/HSA22, see Figure 

2g magenta arrow and Figure 3). In 

Damaliscus chromosome 5q a less complex 

hybridization pa t t e r n  was observed 

compared to cattle   with   the   human   

chromosome   22 p ro be  (Figure 3). 

 

Discussion 

This is the first report of a multidirectional 

chromosome painting w it h  an exotic 

Bovidae species – Damaliscus hunteri. The 

chromosomes of this species were flowsorted 

a n d  pa int s  w e r e  generated.  The  

hybridization of  Damaliscus  paints  to 

sheep chromosomes  and the reverse 

hybridization of human  and  sheep probes  

to  Damaliscus  chromosomes  revealed  a  
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closely  complete  homology map  between  

the  three  species. The experiments confirm 

the high conservation of the general genome 

organization be tw een  the two bovids. The   

main   differences   between   the   sheep   

and Damaliscus   karyotype   are   several   

independent centric   fusions   of   different   

ancestral   chromosomes in both lineages.  

No reciprocal t rans lo cat io n was observed 

that would distinguish both karyotypes. 

The reciprocal painting confirmed previous 

description of homologies obtained with G-

banding (Kumamoto et al. 1996) which 

conclude that the Damaliscus hunteri 

karyotype has evolved by fusions of   ancestral 

acrocentric chromosomes. There were, 

however, several problems comparing the 

numbering of chromosomes involved in the 

rearrangements.  These  problems  are  due  to  

the very  similar  banding   pattern   of  some  

chromosomes within  the  bovid  karyotype.  

Recently, this lead to several revisions in 

nomenclature for all domestic   bovids. Thus, it 

w a s  difficult to re- evaluate the chromosome 

nu mbe r ing  used in the first 

d e s c r i p t i o n    of t he  G -banded   karyotype   

of Damaliscus hunteri.  The chromosome 

nu mber ing  in the present chromosome 

pa int ing  exper iment s follows the 

International System for Chromosome 

Nomenclature of Domestic Bovids   (ISCND 

2000). The nomenclature i s  now well defined 

by gene mapping, cytogenetics, and also by 

molecular probes such as human chromosome 

speci¢c paints. Table 1 presents the 

homologies observed between Damaliscus 

hunteri and other bovids. In summary, as 

proposed by the ‘centric fusion’ theory 

(Wurster & Benirschke 1968, Effron et al. 

1976, Buckland & Evans 1978, Gallagher 

&Womack 1992, Gallagher et al. 1994), the 

Damaliscus hunteri karyotype   evolved  

through   eight  translocations that  were 

specified  in the  present  experiments  as 

chromosomes   homologous   to  cattle  1;18,  

2;25, 3;19, 4;7, 5;14, 6;16, 8;11 and 10;12. 

Paints specific to each human chromosome 

delineated  51 conserved  segments  (see 

Figure  3) for  the  comparative  map  between  

these two species which is very close to  the  

numbers  observed for  other  bovids  that  are  

48-52 in cattle  (Hayes 1995, Solinas-Toldo  

et al. 1995, Chowdhary  et al. 1996), 48 in 

sheep (Iannuzzi  et al. 1998) and 50 in the 

river buffalo (Iannuzzi et al. 1999). When 

comparing  the  karyotypes  of Damaliscus  

hunteri and humans all of the main motives 

known in mammalian chromosome  evolution 

are present (i.e. associations  of  human  

homologous  chromosomes  3/21, 4/8,  7/16,  

14/15,  16/19 and two forms of 12/22). 

Further,  we observed those patterns  that 

have been described as common derived traits 

for artiodactyls (i.e. associations of human 

homologous chromosomes 5/19 and a 

complex alternating  pat- tern of 

hybridizations  with human chromosome 14 

and 15 probes) (Figure  3) (Wienberg et  al. 
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2002). However, when comparing the 

Damaliscus karyotype with the assumed 

ancestral form for bovids as found in cattle 

two minor additional intrachromosomal   

rearrangements w e r e  o b s e r v e d    with   the 

human chromosome painting probes. The 

missing of an  additional  signal with  the  

human  chromo- some  22  probe  on  

Damaliscus  chromosome   5q points to an 

inversion in the phylogeny leading to cattle.  

On the other hand, Damali scus  chromo- 

some 12 had an additional signal with the 

human chromosome 12  probe not found in 

the homolog of other Bovidae. This signal 

would point to a paracentric i n v e r s i o n  

t h a t    should h a v e  occurred   in the 

A l c e l a p h i n i  tribe a f t e r  the s p l i t t i n g  

of t h e  phylogeny leading to other bovids. 

From the present experiment, however, we 

cannot conclude whether t his rearrangement 

is specific to Damaliscus hunteri or is a 

landmark rearrangement for the entire 

Alcelaphini tribe. 

Finally, l ink a ge  mapp ing a n a l y s i s  (de 

Gortari et al. 1998) and comparative    FISH-

mapping with specific markers (Iannuzzi et al. 

2001) demonstrated a translocation of a 

small pericentromeric   region   that   

differentiated bovine   and caprine 

chromosomes 9  and 14 (homologous  to 

OAR8 and OAR9,  respectively). Frönicke & 

Wienberg (2001) confirmed this same 

chromosome rearrangement with sheep paint 

probes. Taken this into  account,  and  as our  

results  suggest  that  the Damaliscus 

chromosomes 5p and 9 are entire homologous 

to sheep chromosomes 9 and 8 respectively, 

HSA6 signals could be expected in the 

pericentromeric   region  of  DHU5p.   Our  

experiments  did  not  delineate  this  specific  

segment  of HSA6 probably because the 

physical mapping between  species  of  

different  orders  (Damaliscus and human) 

provides a lower resolution when compared to 

linkage mapping analysis or com- parative  

FISH-mapping with probes derived from 

different orders.  Similarly, Iannnuzzi et  al. 

(1999) also   did   not   report    such   a   

HSA6   segment when hybridizing human 

paint probes to sheep chromosomes. 

Further experiments   using  both   the  

painting probes presented here and 

comparative FISH- mapping  with locus 

specific probes  such us BAC clones along 

chromosomes  will offer  the  opportunity 

to achieve a more detailed understanding of 

the dynamics of bovid chromosome 

evolution 
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Figure 1.  The bivariate flow karyotype  of the Damaliscus hunteri is shown. Chromosomes were sorted 

for DNA content and AT to GC base pair ratios into 17 peaks after staining with Hoechst (vertical axis) 

and chromomycin-A3 (horizontal axis). The numbers  in the  figure  indicate  11 Damaliscus  

chromosomes   for  which  highly  pure  sorts  of  individual  chromosomes   were  obtained. 
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Figure  2.  Representative FISH  signals  of comparative  chromosome  painting  experiments  on  sheep  

(a-b)  and  Damaliscus  hunteri (DHU)  metaphases  (c-h). The paint probes used are indicated in the corner 

of each picture segment. The target chromosomes are numbered   close t o    the   hybridization   signals.   

(a-b)   Hybridization o f  D H U    chromosome-specific   painting   probes   to   sheep chromosomes.   (c-d)  

Sheep paint p r o b e s  o n  D HU   chromosomes.   (e-h)  Human   paint  probes  on  DHU   chromosomes;   

human paint  probe  HSA12  delineates  a segment  on  DHU  chromosome  12 that  has  not  yet been  

described  in  bovid  homologs  (magenta arrow). 
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Figure 3.  The G-banded karyotype o f  a male Damaliscus hunteri.  The chromosomes a r e  numbered below.  

Homologies  to  sheep chromosomes  are  shown  to  the  left, and  to  with  human  chromosomes  are  shown  

to  the  right  of each  Damaliscus  chromosome 
 


