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ABSTRACT 

Gene mappi ng in nonhuman mammal ian s pec ies is a 

field of inc reas ing importance in man' s efforts to 

understand genome organization, to develop a nimal models  

for human genetic  diseases , and to i nves tigate 

phylogenetic  relationships and evolutionary mechanisms . 

The primates are of particular i nterest  in these s tudies 

because of the i r  morphological and phys iolog ical 

s imilarit ies  to man. The avail ability and convenient 

s i ze of the baboons ( Papio species ) make them the 

primates of choic e  for various areas of res earch having 

appl icat ions to  man . The baboons also appear to have 

many chromosomal and genetic homolog ies to man as we ll  

as to  the other primates , al though the ir precise  

taxonomi c  relat ionship to  some of  these other primates 

is not yet c lear . 

In order to evaluate some of the proposed 

chromosomal homolog ies between the baboons and other 

s pec ies , to shed add itional l ight on the taxonomi c  

relationships , and t o  further explore the baboons as 

model s  for human diseas e ,  this study sought to develop 

or extend the gene maps of two s pecies of baboons , Papio 

papio and P .  hamad ryas . Baboon x mouse or  Chinese 

hamster somatic cell hyb rids seg regating baboon 
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chromosomes were analyzed for baboon gene and chromosome 

content us ing enzyme electrophores is and chromosome 

band ing techniques . Eighteen genes were as s igned to 

chromosomes in P. hamad ryas and four in P. papio by 

their  c oncordant segregation with the chromosomes or 

with previousl y  ass igned gene markers. Several other 

independently seg regating gene markers or syntenic 

g roups were also identified in these  s pecies.  The gene 

maps of the two baboon spec ies were found to be the same 

where they can be compared. These maps are compared 

with those  available for man and other s pec ies , 

particularly the rhesus monkey ( Macaca mulatta ) ,  which 

is cons ide red to be c losely related to the b aboons . A 

possibl e primate model for human lymphoid d isease is 

also discus s ed . 
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I .  INTRODUCTION TO COMPARATIVE GENE MAPPING 

IN BABOONS 

Gene mapping is the area of genetics  concerned with 

the location of genes in the chromosome set of a 

spec ies:  on which chromosome a gene is l ocated , where 

on the chromosome , and how far--cytol og ical ly or 

genetically--from other known genes . Gene maps , many of 

them quite detailed , currently ex ist  for a number  of 

spec ies of animal s ,  plants , and microorganisms ( see 

O ' Brien , 1 9 84 ) . The human gene map is  obv ious l y  of 

prime interest and is at present the bes t known of any 

mammal ian gene map . A numbe r of fine reviews of gene 

mapping in man and the implicat ions or appli cat ions to 

various aspects  of genetics and med icine are available 

( see for instance Ruddle , 1 98 1 ; Puck and Kao , 1 982 ; 

Shows et al . ,  1 9 8 2 ) ,  and these wil l  not b e  d i s cussed at 

l ength here . 

Gene mapping in nonhuman mammal i an spec ies is also 

of g reat interest ,  both for potential app l ications to 

knowledge about humans , and for knowledge of these other 

spec ies for their  own sakes . The maj or  obj ectives of 

comparative gene mapping include an inc reased 

understanding of genome organ izat ion in general and the 

genetics of domestic and laboratory animal s  in 



2 

part icular , the discovery and evaluation of potential 

animal models  for human genet ic diseases , and the 

inves t igation of phylogenetic relationships and 

evolutionary mechanisms . The human and mouse gene maps 

are the bes t-defined mammal ian maps thus far . Les s  

detailed maps exist for othe r rodents ( rat , Chinese 

hamster ) , rabbits , some carnivores ( cat , dog ,  American 

mink ) , a few of the hoofed animals ,  and a numbe r  of 

primate species  ( Table 1 ;  see al so O ' Brien , 1 9 8 4 ; Lalley 

and Mc Kusick ,  1 9 85 ) . The primate species  for whi ch gene 

maps ex ist inc lude most  of the great apes ,  s everal Old 

World and New World monkeys , and one pros imian . 

The primates  are obviously of special interest for 

genetic s tud ies because of the i r  morpholog i cal and 

phys iolog ical s imilarities to man ( see Curie-Cohen et  

al . ,  1 9 83 ) . Various primate species are widely used  as 

l aboratory animal s in stud ies having applicat ion to man , 

and s everal primat e models of human genet i c  d isease or  

predispos it ion to disease have been desc ribed or 

proposed . For ins tance , the cotton-topped tamarin , 

Saguinus oed ipus , has been sugges ted as a model for 

human gas t rointestinal d iseas e ,  inc lud ing colon cancer 

( Lushbaugh et al . ,  1 9 84 ) . Various genetic  fac tors 

pos s ibly contributing to atheroscleros is or  heart 

disease are under study in the baboon ( Papio species ) ,  
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Table 1 .  List of Mammalian Orders , Showing Members for 
Which Genes Have Been Mapped . 

Monot remata 
*Marsupial ia - ( several spec ies ) 

Insectivora 
De rmoptera 
Chiroptera 
Edentata 
Phol idota 

*Lagomorpha - rabbit 
*Rodentia - MOUSE , rat , Chinese hamster 

Ce tacea 
* Carnivo ra - cat , dog , American mink 

Pinniped ia 
Tubulidentata 
Probosc idea 
Hyracoidea 
Sirenia 

*Perissodactyla - horse 
* Artiodac tyla - cow, sheep , pig , ( Indian muntj ac ) 
* Primates  - Famil ies: 

Tupai idae 
*Lemuridae - Microcebus 

Indridae 
Daubentoni idae 
Loris idae 
Tars iidae 

*Ceb idae - Cebus , Aotus 
*Call ithric idae - Saguinus , ( Call ithrix ) 
* Ce rcopithec idae - Cercopi thecus , Macaca, Papio 
*Hylobat idae - Hylobates 
* Pong idae - Pan , Pongo , Go rilla 
*Hominidae - HOMO 

An asterisk ( * )  ind icates an order or family in which 
syntenies or gene ass ignments  are known for at l e as t  one 
membe r .  Spec ies or genus names in all capitals ind icate 
species with more than 7 0 0  mapped genes ; underl ined 
names indicate species with more than 50 mapped genes ; 
names in parentheses indicate species with less  than 1 0  
mapped genes each . 

References: Wal ke r ,  1975 ; Lal ley and McKusick ,  1 98 5 ; de 
la  Chappel l e , 1 9 8 5 . 



includ ing a heritable factor affecting serum cholesterol 

levels ( Flow et al . ,  1 9 8 1 ) and a polymorphism of 

compl ement component 3 (VandeBerg and Aival iotis , 1 9 8 4 ; 

Cheng et  al . ,  1 9 8 4 ) . 

Homologies of gene content or of banding patterns 

between chromosomes of various species  have been noted 

( for  ins tance Lal ley et  al . ,  1 9 78b ; Nash and O ' Brien , 

1 9 8 2 ;  Finaz et  al . ,  1 9 7 7 ; Dutrillaux et  al . ,  1 9 78 ) ,  and 

these are of particular interest  for phylogenetic or  

taxonomical studies . The probl ems to be add res sed here 

include the correlation , if any ,  between b anding 

patterns and reg ions of genetic homology ; the 

re lationship of chromosome rearrangements to 

spec iation--whether chromosome rearrangement is  a method 

or a by-product of spec iation ; and the interpretat ion of 

l inkage g roup conservation ( observation of the same 

l inkage group in two spec ies ) --whether the arrang ement 

is by necess ity or by chance , pe rhaps s imply a func tion 

of the distance betweeen two genes . The high deg ree of 

s imilarity of chromosome band ing patterns between 

various primate spec ies and man suggest l arge reg ions of 

chromosome homology between these d ifferent species  ( for  

rev iew see de Grouchy et al . ,  1978 ; Dutrillaux , 1 9 79 ) , 

and phylogenetic  trees based on the banding pat terns and 

mechanisms of spec iation by chromosome rearrangement 
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have been propos ed . A key goal of gene mapping stud ies , 

therefore , i s  to determine whethe r regions of 

chromosomes whi ch appear similar on the bas i s  of banding 

patterns are , in fac t , homologous on the bas i s  of gene 

content . 

The baboons , genus Papio , are membe rs of the Old 

World monkey family Cercopithec idae , whi ch is considered 

further removed from man than the Pongidae or  

Hylobat idae ( the great apes and the gibbons ) but  c loser 

than the Cebidae ( New World monkeys ) .  Thei r  large s ize 

and their availab i l ity make them valuab l e  animals fo r 

various areas of res earch , inc lud ing reproduc t ive 

b iology , expe rimental surgery , and behavio ral research 

( Goodwin and Coelho , 1 982 ) . Highly soc ial animal s whose  

natural range includes most of  Africa and part of 

Arab ia,  the b aboons inc lude five species in two species 

groups ( Napi e r  and Napie r ,  1967 ) or  superspecies  ( Jolly,  

1 9 6 6 ; Hil l ,  1 9 6 7 ,  1 9 7 0 ) . The Papio cynocephalus group 

includes P .  anubis ( the olive baboon ) ,  P .  cynocephalus 

( the yel low baboon ) ,  P .  papio ( the guinea baboon ) ,  and 

P .  urs inus ( the chacma baboon ) ;  P .  papio is cons idered 

the type spec ies of the group . The second species group 

contains the s ingl e  member ,  Papio hamadryas ( the s ac red 

or hamadryas baboon ) . These c las s ificat ions are based 
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primarily on geographical , morpholog ical , and behavioral 

c riteria.  

Related spec ies include the mand ril l ( Mandrillus 

sphinx ) ,  the drill  ( M .  leucophaeus ) ,  the Gelada baboon 

( Theropithecus gelada) , and the macaques ( Macaca 

spec ies ) ,  including the rhesus monkey , M .  mulatta 

( nomenc lature from Napier and Napie r ,  1 9 67 ) . Other 

c l as s ificat ions include the mandrill  and drill as 

members of genus Papio ( P .  sphinx and P .  l eucophaeus , 

respec tively ; see for ins tance Walker ,  1 9 75 ) . 

Buettner-Janus ch ( 1 9 6 6 ) suggests that the baboons , the 

mandrill  and d ril l ,  and the Gel ada baboon properly 

belong in  the same genus , Papio , as members of only four 

species:  P .  c ynoc ephalus , the common baboon ; P .  gelada, 

the Gel ad a  baboon ; P .  hamad ryas , the s ac red b aboon ; and 

P .  sphinx , the mandrill and d ril l . The other species 

would more accurately be cons idered subspec ies , and P .  

hamadryas m ight also b e  a subspecies of P .  cynocephalus . 

Various members of Papio have successful l y  

interb red with each other and with members of rel ated 

g enera such as Mand ril lus , Theropi thecus , and Mac aca 

( reviewed by Buettner-Janusch,  1 9 6 6 ,  and Chiare ll i ,  

1 97 3 ; see also  Maples , 1 97 2 ;  Nagel , 1 9 7 3 ; Dunbar and 

Dunbar , 1 9 7 4 ; Markarj an et al . ,  1 9 7 4 ) .  Mos t  of the 

inte rgeneric hyb rids have occurred in captiv i ty and have 
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not been fertile . Hybridizat ion between Papio species 

does occur in the wild , and " intermed iate " zones are 

found along some species bord ers ( Maples , 1 97 2 ; Nagel , 

1 9 73 ) . In other cases , however , the species  borders 

remain d is tinc t ,  and no apparent hyb rid izat ion occurs 

even though no obvious geographical obstacle is p resent 

to prevent it . Jol ly and Brett ( 1 97 3 ) s uggest that 

large-s cal e population studies to examine gene flow 

between the various baboon species or  races  be conducted 

in o rder to make an accurate revis ion of the taxonomy . 

These studies have not yet been carried out ,  al though a 

numbe r  of potent ially useful genetic  and immunolog ical 

markers have been identified ( see for instance 

Moor-Jankowski et  al . ,  1 973 ; Moor-Jankowski and Socha , 

1 97 9 ; Crawford et  al . ,  1 98 4 ; Lockwood et al . ,  1 9 8 4 ; 

Dykes et  al . ,  1 9 85 ) . 

Al l species  of Papio , Mandril lus , Theropithecus , 

and Macaca have forty-two chromosomes ( reviewed by 

Bender and Chu , 1 963 ; Ardito , 1 979 ) . Us ing current 

techniques of chromosome band ing , Cambefort et  al . 

( 1976a , 1 97 6 b )  and Dutrillaux et  al . ( 1 9 7 8 ,  1 9 7 9 ,  1 9 8 2 ) 

have shown that the karyotypes of the baboon ( Papio ) 

species are identical . The karyotypes of Mand rillus 

sphinx and M .  l eucophaeus are ident ical to each other 

and d iffer from those of Papio by one rearranged 
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chromosome . The banded karyotypes of various Macaca 

spec ies are again nearly identical to each other , with 

that of M .  mulatta being ident ical to that of Papio 

( Finaz et  al . ,  1 9 78 ;  Dutrillaux et al . ,  1 9 79 ) . A banded 

karyotype of T .  gelada is not availab l e , but its 

unhanded karyotype is quite s imilar to that of Papio 

( Chiare ll i ,  1 9 62 ) . Gene mapping in these various 

species wil l  be of interest  to determine whether the 

maps agree as nicely as do the banded karyotypes . It 

wil l  also help in the eventual determinat ion of an 

accurate t axonomy for these primates . 

The present study has involved the two type species 

of Papio ( accord ing to Napier and Napie r ,  1 9 67) , P .  

pap io and P .  hamadryas . A number  of l inkage  groups were 

identified and genes as s igned to chromosomes in these 

two species . The ir  gene maps are compared with each 

other and with those presentl y  available for man , Macaca 

mulatta , and other species . 
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II.  STRATEGY AND METHODOLOGY OF GENE MAPPING 

USING SOMATIC CELL HYBRIDS 

The history , me thodolog ies , and strateg ies of gene 

mapping are dis cussed in detail in s everal excel l ent 

reviews , includ ing those by Ruddl e  and Creagan ( 1 9 75 ) ,  

Ringertz and Savage ( 1 976 ) , McKus ick ( 1 9 80 ) , Ruddle 

( 1 9 8 1 ) , Shows et al . ( 1 9 82 ) , Womack ( 1 982 ) , D ' Eustachio 

and Ruddle ( 1 9 8 3 ) ,  and Kao ( 1 9 8 3 ) . The key to any 

method of gene mapping is genetic variation . Clas s ical 

gene mapping or l inkage anal ys is , as done by family or 

b reed ing s tudies , requires distinguishabl e  genotypes 

( indicated by diffe ring phenotypes ) within a group of 

related individual s .  The pattern of inheritance of the 

variable  trait is observed , and , if several such traits 

occur in the s ame family,  l inkage--a correlated or 

nonindependent pat tern of inheritance--may sometimes be 

observed . Variation or  structural pol ymorphism in a 

chromosome may correlate with that of a gene marker , 

permitt ing the ass ignment of the gene to that 

chromosome . Fo r ins tanc e ,  Donahue et al . ( 1 968 ) made 

the first autosomal gene ass ignment in man by 

demonstrating l inkage in several families of the Duffy 

blood g roup to an anomalous uncoiled reg ion of human 

chromosome 1 .  
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A large l inkage map for the mouse  was worked out 

through breed ing stud ies , and a few autosomal genes and 

a number  of X-l inked genes were as signed to chromosomes 

in man us ing family studies . Certain difficulties with 

this type of s tudy ex is t ,  howeve r ,  especially in man, 

but also with many other species . One is  the relative 

s carc ity of useful genetic variants . Those attributable 

to only one gene pair are often present in the 

population in too low a frequency to be of widespread 

use . The res triction fragment l ength polymorphisms 

produced by recent molecular techniques now provide a 

large number  of genetic variants , but other 

disadvantages to family stud ies in man remain , inc luding 

the long generation time , the small  number  of offspring , 

and the random ( to the investigato r )  mating s . In other 

spec ies , s uch as the primates or the domestic  animals , 

the inves tigator can control the mat ings , but the 

generation t ime and number of offspring are often still  

not opt imal . 

The development of two techniques in the early 

1 9 70 ' s  c i rcumvented these d ifficul ties to permit  

comparatively rapid gene mapping in man and virtually 

any other species  of interest . These are the techniques 

of chromosome banding and of interspec ific  somat i c  cell  

hybridi zation . 
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Several new methods o f  chromosome staining became 

avai l able in 1 9 70 and 1 971 which pe rmitted the 

identificat ion of each individual chromosome pair in a 

karyotype by a spec ific pattern of "band s "  ( for ins tance 

Caspersson et  !!·, 1970 ;  Arrighi and Hsu ,  1 971 ; 

Seabright , 1 9 71 ;  Sumne r et  al . ,  1 9 71 ) . Rearrangements of 

chromosomes such as t ranslocat ions or invers ions could 

also b e  read i ly ident ified by chromosome banding 

methods . While  identificat ion of specific chromosome 

pairs would not help gene ass ignment by family s tudies 

unless a chromosome pai r which differed in banding 

pattern ( due to an invers ion in one member ,  for 

instance )  were observed , the band ing techniques did open 

the door for util ization of somat ic cell  hybrids . 

Interspec ific somatic  cell  hyb rid izat ion is a 

parasexual technique-- it does not require mating of two 

individuals for genetic analysis . Rather ,  it t akes 

advantage of genetic variation between spec ies , which in 

general is much greater and eas ier to find than 

variat ion within a spec ies . 

Spontaneous fus ion of cells  in cul ture was first  

observed by Bars ki e t  al . ,  ( 1 9 6 0 ,  1 9 6 1 ) . Subsequent 

work showed that hybrid cells  can be produced at much 

higher rates by the use of inact ivated Sendai v irus 

( Harris and Watkins , 1 9 6 5 ; Yerganian and Ne l l ,  1 9 6 6 ) or  
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polyethylene glycol ( Pontecorvo , 1 9 75 ) ,  both of which 

cause the cel l memb ranes to fuse , resulting in 

multinucleated cells . Fus ion can occur between cells  of 

two d ifferent spec ies ( Ephrussi  and We iss , 1 9 6 5 ; Harris 

and Watkins , 1 9 65 ) , and both genomes can be expressed in 

the hybrid cells ( Weiss  and Ephrussi , 1 9 6 6 ) . 

Cel l  fus ions can be designed so  as to permit the 

selection of hybrid cells  from parental cells . The most 

commonly used selection sys tem , HAT ( for hypoxanthine , 

�minopterin , and thymidine ) , makes use of c e l l  l ines 

defic ient in one of the nuc leotide salvage pathway 

enzymes HPRT ( hypoxanthine phospho ribosyl transferas e )  or  

TK1 ( thymid ine kinase ; Szybalski et al . ,  1 9 6 2 ;  

Littlefield , 1 9 64 ) . When aminopterin i s  present in the 

culture medium ,  a cell ' s  normal de � pathways for 

nuc leotide synthesis  are blocked , and the c e l l  dies . If 

hypoxanthine and thymidine are supplied with the 

aminopterin , however , the cell  can then use  the 

nucleotide salvage pathways to replace the blocked de 

� routes and the reby will  survive . A normal cell  can 

thus g row in HAT medium ,  but a cell  deficient in either 

HPRT or  TK1 cannot use the salvage pathways and 

therefore will  die in HAT med ium . If an HPRT- or 

TKl-deficient cell is  fused with a cel l containing the 

no rmal gene , the hyb rid cel l ,  because it now can make 
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the functional enzyme , can grow i n  the HAT med ium , while 

the HPRT- or TKl-deficient parental cell  cannot . Fus ion 

of an HPRT-defic ient cell with a TKl -defic ient cell  

results  in  a cell  containing both normal genes ( one from 

each parental c e l l ) and which can survive in HAT medium ;  

both parental c e l l  types d ie i n  HAT medium , thereby 

permitt ing selection of only hybrid c el l s , or those 

containing both genomes . 

In a standard fus ion procedure , a transformed 

rodent cell  l ine deficient in either HPRT or TKl is 

general ly used as one of the parental cell  types . 

Transformed c e l l  l ines are fas t growing and essentially 

immortal in cul ture , and the defic iency of HPRT or TKl 

permits select ion against any unfused rodent parental 

cells  by the us e of HAT medium . The transformed rodent 

cells  are fused with normal cells  from s ome species of 

interest , for example a baboon or other primate species . 

The hyb rid cell s , having obtained the functional HPRT or 

TKl gene from the normal parental cel l ,  can grow in HAT 

med ium .  The unfused normal parental c e l l s  can often 

grow in HAT medium also , so that another means of 

s election mus t b e  used agains t them . 

If the no rmal parental cel l s  are l ymphoc ytes or  

l ymphoblas toid-type cells , they wil l  be lost  when the 

medium is changed ; these types of cells  do not at tach to 
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the culture d ishes , while the rodent c e l l  l ines used and 

the result ing hybrid cells wil l attach to the culture 

dish . Fibroblas t-type normal parental cell s , which also 

attach to the culture dish, wil l  often g row much more 

s lowly than the hybrid cells ( which usually  have the 

fast  growth characteristics of the transfo rmed rodent 

cell  l ine ) , so that hybrid clones can be isolated before 

the normal parental cells  have become very numerous . 

Occ as ional ly the normal parental cells  will  grow 

rapidly , so that another type of selection mus t be 

appl ied against  them ; one often-used method takes 

advantag e  of species  differences  in sens itivity to the 

d rug ouabain ( Kuche rlapat i et al . ,  1 9 74 ) . Rod ent cells  

and the i r  hyb rids can survive a concentration of ouabain 

which wil l kill  most  primate cells . A combinat ion of 

HAT- and ouabain-selection thus ensures that only hybrid 

cells  wil l  grow . 

After the fus ion , each hyb rid cell  contains two 

nuc lei , one from each spec ies ; these c e l l s  are known as 

hete rokaryons . Following the first  mitos is , the 

chromosomes of each original cell  are comb ined in a 

s ingl e  nuc l eus in the hybrid cell ; the hybrid cells  are 

now cal led synkaryons . The synkaryons pro l iferate , and 

each is eventual ly isolated as a separate hyb rid clone . 

As each synkaryon prol iferates ,  it  tends to lose or 
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segregate chromosomes from the normal parental cell  

( Weiss  and Green , 1 967) . 

The result of an interspecific  cell  fus ion 

experiment is a set of hyb rid c lones , each from a 

d ifferent synkaryon,  and each of which has the ful l 

chromosome complement of the transformed rodent parental 

cell  l ine and some number and comb ination of chromosomes 

from the normal parental cells . If a particular gene or  

gene product can be d istinguished betwen the two 

species , it i s  then poss ible to correlate the presence 

or abs ence in the hyb rid cells  of a gene from the normal 

parental cells  with the presence or absence of a 

particular chromosome from that parent, as determined by 

chromosome banding techniques . 

Each somatic cell  hyb rid clone is  examined for the 

presence o r  absence of a number  of genes or  gene 

products from the normal parental cel l s , and each clone 

is karyotyped for determination of the chromosome 

content . Two genes l'lhich segregate concordantly--are 

always both pres ent or both absent ( both expressed or 

ne ither expressed ) in the set of hybrids--are most 

l ikely on the same chromosome and are said to be 

syntenic . ( "Linkage" and 11synteny" are not entirely 

synonymous--l inked genes must be synteni c , but syntenic 

genes are not necessarily l inked . )  If a gene s egregates 
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concordantly with a chromosome , it  i s  as s igned t o  that 

chromosome . A gene can also be as s igned to a chromosome 

if it  is shown to be syntenic with a previously ass igned 

gene ; this necessarily assumes the accuracy of the 

previous ass ignment . Subchromosomal or reg ional 

assignments  of genes are poss ible when the parental 

cells  contain a translocation or when b reaks or  

translocat ions occur { spontaneously or  induced ) in a 

hyb rid c lone . Chromosome and gene analyses are done in 

parallel cell  cultures { set up at the same time from the 

same dish of cell s )  in order to avoid confus ion or error 

caused by continued segregation of chromosomes .  Hybrid 

c lones are often uns table--they continue to lose 

chromosomes--so that chromosome and gene analyses done 

weeks apart might not correlate with each other . 

Enough hybrid c lones mus t be examined to pe rmit 

assignment of a gene to one particular chromosome while 

exclud ing all  other chromosomes .  An ass ignment can be 

made if there is less than ten percent discordancy in 

the s eg regation of a gene and a chromosome { and there is 

no other chromosome for which the concordancy is 

greater ) .  Discordant resul ts are sometimes caused by 

chromosome b reakage ; analys is of dis cordant c lones can 

often give informat ion on subchromosomal locat i ons of 

genes . 
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A gene ass ignment made by  one laboratory is  

cons idered provis ional ; when two or more laborato ries 

have agreed upon an ass ignment or  when two different 

mapping techniques give the same resul t ,  it  is then 

cons idered confi rmed . Except for the mouse , gene 

mapping in any particular nonhuman spec ies has usually 

been done by only one laboratory ; much of the 

comparative mapping data mus t therefore be cons idered 

provis ional . 

Several types of analysis of genes or  gene products 

have been used in the characterization of somatic cell  

hyb rid s . One type takes advantage of c e l l  cul ture 

markers which d iffer between the two species , s uch as 

ouabain or d iphtheria tox in sens itiv ity , or at leas t  

between the parental cell s , such as deficiencies of TK1 

or HPRT . Another type of analys is involves 

electrophoretic differences between the species for 

various cons titutive enzymes expres s ed in c e l l  culture . 

The mos t  recentl y  developed methods use d i rect  

hybridization to  the DNA of  an RNA or  eDNA probe , either 

by in situ hybrid ization to fix ed metaphase chromosomes 

or by hybridizat ion to Southern blots of hybrid cel l DNA 

which has been treated with restrict ion enzymes ( see for 

ins tance Rudd l e , 1 98 1 ; D ' Eustachio and Ruddle , 1 98 3 ;  

Kao, 1 98 3 ) . 
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The advantage of the enzyme markers in gene mapping 

is  the comparative ease and speed with which they can be 

analyzed , as compared to various DNA hyb ridization 

methods . The l atter are ultimately more powerful and 

are espec i ally  applicable for genes not expressed in 

cultured cells  or for "unidentified" genes or DNA 

fragments . However,  the enzyme markers permit  a b road 

ove rv iew of the genome organization of a species in less  

time than i s  required for the molecular techniques and 

can ,  together with karyotyping , g ive good markers for 

many or  most of the chromosomes of the species . 

In comparative mapping it  is  important to show the 

homology of genes between species . Criteria fo r 

homology include s imilar nucleotide or  amino acid 

s equence ;  immunological c ross-reactivity ; formation of 

functional heteropolymers in the case of polymeric 

enzymes ; s imilar tissue distributions , time of 

d evel opmental appearance , and subcellular location ; 

s imilar substrate specific ity of enzymes ; and c ross­

hyb ridi zation to the same molecular probe ( Lalley and 

McKus ick,  1 9 8 5 ) . The present study has deal t  primarily 

wi th cons iti tutive enzymes expressed in cultured cells  

of baboon spec ies and somatic cell  hyb rids of b aboons 

and rodents . The main c riteria of genetic homol og y  

( baboon t o  man or rodent ) used here have b een the 
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s imilar s ubstrate spec ifi cities of the enzymes as 

evidenced in staining for them and the formation of 

functional heteropolymers between baboon and rodent 

enzyme in the case of polymeric enzymes . 
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MATERIALS AND METHODS 

A .  Cell culture and cell  fus ions 

The P .  papio x mouse somatic cell  hybrids used in 

this s tudy were made by P. A .  Lal ley and are thos e  

desc ribed in Lal ley et  al . ( 1 979 ) and Thiessen and 

Lal ley ( in press ) .  Baboon l ung fibrob lasts  were fused 

with mouse B82  (TK1 defic ient ) cells  in 1 9 7 6 ,  and lung 

fibroblas ts from a second , unrelated baboon we re fused 

with mous e RAG ( HPRT deficien t )  cells  in 1 9 7 8 . Both 

cell  fus ion experiments we re done us ing inact ivated 

Sendai virus accord ing to standard cel l fus ion 

techniques ( see Lal ley et  al . ,  1 9 74 ) . Thi rty-three 

hybrid c lones seg regating baboon chromosomes were 

isolated and maintained in HAT medium . 

The P .  harnad ryas hybrids us ed in the latter part of 

this s tudy were made from a P .  hamadryas l ymphoblastoid 

cell l ine , 2 6CB- 1 ,  which was ob tained from the American 

Type Cul ture Col l ection ( line CRL 1 4 95 ) . This  cell  l ine 

was orig inally es tablished from splenic lymphocytes of a 

lymphomatous male baboon ( Falk et al . ,  1 9 76 ) . These 

cells  were fused to Chinese hamster E36  ( HPRT deficien t )  

cells  ( Thiessen and Lalley , in preparation ) using a 
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variation o f  the method described b y  Fazekas d e  St . 

Groth and Sche idegger ( 1 980 ) . 

Baboon cells  and hamster cells  in a 3: 1 0  ratio were 

fused in s uspens ion us ing 4 5 %  polyethylene glycol 

( molecular we ight 1 54 0 )  in serum-free Dulbecco's 

mod ified Eagle's med ium ( DMEM) , in a fus ion volume of 1 

ml , for 9 0  seconds at 37°C .  This was followed b y  a s low 

dilution ( to 5 ml ove r  10-12  minutes ) with warm complete 

DMEM ( 5 % fetal bovine serum , FBS ) . Fourteen hyb rid 

c lones from two fus ion experiments were isolated and 

maintained in HAT med ium accord ing to Lal l ey et  al . 

( 1 97 4 ) . 

Parental cell  l ines were maintained in DMEM with 5%  

( B8 2 ,  E36 ) or  10%  ( RAG , baboon lung fibroblasts ) FBS or  

in  RPMI 1 6 4 0  with 10%  FBS ( 26CB-1 ) .  

B .  Preparat ion of cell  ex tracts  

Cel l s  were removed from two or  three 150  mm d ishes 

by trypsiniz at ion or  s craping . Fol l owing centrifugat ion 

at 1 0 00 x g fo r 1 0- 1 5  minutes and removal of the 

supernatant , the cells  were rinsed in 30 ml of cold 

serum-free minimum essential medium and centrifuged 

again . Th is was repeated twice . The cells  were then 

suspended in the homogenization buffe r ( 0 . 05 M Tris , 
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pH  7 . 4 )  at a d ilution of 60 x 1 06 cells  per  ml o r  twic e  

the volume o f  the cell  pel let . Cel l s  from l ine 2 6CB-1 

were suspended at 1 2 0  x 1 06 cells  per ml or  an amount 

equal to the pel let volume . Cel l s  were homogenized 

us ing a motor-d riven teflon rod in a glass 

homogenization tube or by repeated ( 4  x )  freez ing in 

l iquid nitrogen followed by rapid thawing i n  a 3 7°C 

water bath . Cel l  extracts we re stored in a freezer at 

c. Enzyme electrophores is and staining 

Cel l ulose  acetate or s tarch gel electrophores is  of 

the cell  ex trac ts  followed by enzyme-specifi c  s taining 

was used to determine the enzyme content of the hybrid 

clones . The following cond itions of electrophores i s  

were used : 

1 )  Tris-EDTA-bo rate buffer sys tem ,  pH 8 . 6  ( 0 . 90 M 

Tris , 0 . 0 1 9 5  M ethylenediaminetetraacetic  ac id , 

0 . 50 M boric ac id , 0 . 4 1 M MgS04 ; used 1 /2 0  for the 

gel , d iluted 1/5 and 1/7 for the cathode and anode 

trays , respec tively ) ,  run at 300 v fo r 1 8-20  hours 

( ACYl ; ADA ; GSR ; ITPA ; LDHA and B; MDH1 ; MPI ; NP ; 

PEPB, C ,  D, and S ;  PGM1 and 2 ;  PKM2 ; PP ; SODl 
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and 2 ;  s ee Appendix A for explanation of gene and 

enzyme symbo l s ) . 

2 )  Tris-citrate system ,  pH 1. 0 ( 0 . 4 5 .M Tris , 0 . 17M 

c itric ac id , pH adjus ted with 1 0  N NaOH ; d iluted 

9 /5 0 0  for the gel and 1/2 for the electrode tray s ) , 

run at 200  v for 1 8  hours [ACP2 , ME l (mouse hyb rids 

only ) , PGD] . The s tock buffer d i luted 1/2 0  was 

used with cel lulose acetate gels ( 200  v for 3 0  

minutes ) for GPI . 

3 )  Tris-cit rate plus Mgso4 sys tem , pH 7 . 4  ( 0 . 1  M 

Tris , 0 . 02 6  M c itric acid , 0 . 04 1  M Mgso4; used full 

st reng th for the electrodes and d iluted 1 /1 0  for 

the gel ) , 250 v for 18 hours [IDHl and 2 ,  MDH2 , MEl 

( hamster  hyb rid s ) ] . 

4 )  Sodium phosphate ( 0 . 2  M )  system ,  pH 6 . 5  ( diluted 

1/20  for the gel , used ful l s t rength for the 

electrodes ) ,  175  v fo r 18 hours ( ACPl , ESD, HEXA ) .  

5 )  Tris-histidine system , pH 7 . 8  ( Kampf et  al . ,  

1 97 5 ; used full s trength for the electrodes , 

d iluted 1/10  for the gel ) , 1 5 0  v for 1 8  hours 

( GLO l ,  SORD) . 

6 )  Tris-glyc ine sys tem , pH 8 . 6  ( 0 . 02 5  M Tr is , 0 . 1 9 

M glycine ) , on cellulose acetate at 300  v for  1 5  

minutes ( LDHA and B ,  TPi l ) .  
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The rodent and baboon forms of several enzymes did  

not  prove s eparable in  these electrophoretic systems . 

The following markers were therefore not analyzed in one 

or both sets of hybrids : ACP l ,  GLO l ,  IDH2 , and PEPB in 

the hams ter hybrids ;  GSR , PEPD , PP,  and TPil in the 

mouse hybrids ( RAG and B82 ) ;  PEPC in the mouse RAG 

hybrids ;  APRT, G6PD ,  GOTl , HEXB , PEPA, PGK, and PGM3 in 

all sets of hyb rids . For various other technical 

reasons , SORD was not analyzed in the hamster hyb rids ; 

SOD2 in the mouse B8 2 hyb rids ; ACP 2 ,  ESD ,  GPI , HEXA, and 

LDHB in any of the mouse hybrids ; or GUSB in any of the 

hyb rid s . 

Staining for the enzymes was carried out as 

desc ribed by Harris and Hopkinson ( 1 976 ) for all enzymes 

except ACYl  ( Kit  � al . ,  1 9 80 ) ,  GLOl ( Parr et  al . ,  

1 9 7 7 ) ,  GSR ( Ni chols and Ruddle , 1 97 5 ; the amount of 

ox id i zed g l utathione was doubl ed ) , and SORD ( modified by 

doub l ing the concentrations of sorbitol and NAD as per 

Creau-Goldberg et al . ,  1 9 83 ) . Some representative gels 

are pictured in Figure 1 .  

D .  Chromosome analysis 

Karyo types of the P.  hamad ryas and Chinese hamster 

parental c e l l s  and hybrid clones were s tudied following 
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MDH2 

+ B 
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1 2 3 4 5 6 7 8 

A .  M itochond rial malate dehydrogenase phenotypes in 
cul tured cells  of hamster ,  baboon , and somatic  cell  
hybrids . 

(1) Hamster + baboon mixture 
( 2 )  Baboon ( P .  hamadryas ) 
( 3 , 4 ,  5 ,  7 ) -Baboon MDH2 negative hyb rids 
( 6 )  Baboon MDH2 pos itive hyb rid 
(8) E3 6 Chinese hamster 

Gel system : Tria-citrate + MgS04 , pH 7 . 4 . 

Figure 1 .  Electrophoretic patterns for four typical 
enzymes fol lowing his tochemical s taining . 
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B .  Esterase D phenotypes in cultured cells  of hamster,  
baboon , and somatic cell  hybrids . 

( 1 )  Baboon ( P .  hamad ryas ) 
( 2 ,  3 ,  4 ,  6 ,-7 )  Baboon ESD negat ive hybrids 
( 5 ,  8, 9) Baboon ESD pos i t ive hybrid s  
( 1 0 )  E3 6  Chines e  hamster 

Gel system : Sod ium-phosphate ,  pH 6 . 5 .  

Figure 1 ( Continued ) 
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D .  Ac id phosphatase 2 phenotypes in cul tured cell s  of 
hams ter , baboon , and somat ic cell  hyb rids . 

( 1 )  E36  Chinese hamster 
( 2 ,  3 ,  4,  5,  7 ,  9 )  Baboon ACP2 pos i tive hyb rids 
( 6 ,  8 )  Baboon ACP2 negative hybrids 
( 1 0 )  Baboon ( P .  hamadryas )  

Gel system : Tr ia-citrate , pH 7 . 0 .  

Figure 1 ( Cont inued ) 
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tryps in-Giemsa banding of standard metaphase chromosome 

preparations . Cells  were treated with 0 . 01 pg/ml 

colcemid fo r 1 . 5  to 2 hours before harves ting . Following 

a 1 5-20 minute hypotonic treatment ( either 0 . 06 2  M KCl 

plus 2% FBS or 0 . 075 M KCl )  at 3?°C ,  the cells  were 

fixed in a 3 : 1 methanol-acetic acid mix ture before being 

dropped onto wet s l ides . The s l ides were placed in a 

60 °C oven overnight and then left for 3-5  days in a 37°C 

oven . The dried s l ides were treated fo r 20-90  seconds 

at room temperature in a trypsin-EDTA mix ture [0 . 05 %  and 

0 . 0 2 % ,  respec tively , in a mod ified calcium- and 

magnes ium-free phosphate buffered sal ine ( 0 . 1 4 M NaCl , 

0 . 0027  M KCl , 0 . 02 1  M Na2HP04, 0 . 00 1 5  M KH2P04, pH 

7 . 75 ) ] . They were then washed in the sal ine and stained 

in 4% Giemsa ( in Gurr1s phosphate buffe r ,  pH 6 . 8 )  for 

2-6 minutes ( N .  C .  Sun , personal communi cat ion with P .  

A .  Lal ley ) . 

Banded metaphase spreads we re photographed us ing 

eithe r a Zeiss  or  a Leitz photomic roscope and Kodak 2 41 5  

film . The film was developed with Kodak HC-1 1 0 ,  

Dilution D ,  for 8 minutes a t  2ooc ,  and later was printed 

on Kodak F3 paper . 

The chromosome nomenc lature used for P .  hamad ryas 

is from Cambefort et al . ( 1 976b ) and is the same as that 

used for P .  papio ( Cambefort et al . ,  1 9 76a) . 
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Nomenc lature for M .  mulatta is from Pearson et al . 

( 1 979 ) . 

Cel l  ex tracts for enzyme analys is  were made at 

several different passages following i s ol ation of the 

hybrid c lones . Ex tracts made at the same pas sage as the 

chromosome p reparations were used to correlate the 

enzyme and chromosome contents of the cells . 
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IV.  GENE ASSIGNMENTS AND SYNTENIC GROUPS 

IN BABOONS 

A .  Papio papio 

The firs t  genes ass igned to a chromosome in P .  

papio were those coding for the enzymes PGMl and ENO l ,  

which were ass igned to P .  papio chromosome 1 ( PPA l ; 

Finaz et  al . ,  1 9 77;  see Append ix A for explanat ion of 

gene and enzyme symbols ) . Lal ley et al . ( 1 9 79 ) 

demons trated the synteny of PGMl with PGD and PEPC , 

permitt ing the ass ignment of PGD and PEPC to PPA l as 

well . They also demons trated the synteny of  MEl and 

GLOl in P .  papio and repo rted the asynteny of IDHl with 

MDHl and ACPl . 

Anothe r nineteen genes were ass igned to nine 

chromosomes by Cr�au-Goldberg et  al . ( 1 9 8 2 , 1 9 8 3 ,  1 9 8 4 ,  

1 9 8 5 ) . These  include SOD! , � ,  and COL1A2 ·to PPA3 ; 

GLO l and ME l to PPA4 ; PGM2 to PPA5 ; NP , CKBB, MPI , PKM2 , 

IDH2 , and SORD to PPA7; ADA to PPA l O ;  LDHB to PPA l l ; - - -- -

IDHl to PPA 1 2 ; LDHA to PPA1 4 ;  and COLlA ! ,  

PPA1 6 .  

TK, and 

The firs t  part o f  the present study involved 

same set  of P .  papio x mouse somatic c e l l  hybrids 

GAA 

the 

that 

was d iscussed by Lalley et al . ( 1 9 79 ) . Thi rty-three --

to 
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hybrid ce ll  l ines were successfully analyzed for the 

express ion of twenty-three enzymes ;  the genes cod ing for 

fifteen of the enzymes had previously been ass igned to 

baboon chromosomes . The results of enzyme 

electropho resis  for a representat iv e  s ubset  of the 

hybrids are g iven in Table 2 .  Not every hyb rid could be 

analyzed for every enzyme . The two mouse cell  l ines 

used ( RAG and 882 )  carried d ifferent e l ec t rophoretic 

variants of some enzymes ,  inc lud ing GPI ,  ITPA , and PEPC . 

Baboon PEPC could not be s eparated from the mouse enzyme 

expressed by the RAG cells . The baboon x RAG cell  

hybrids ( BLRs ) therefore could not be analyzed for  the 

baboon enzyme . Another enzyme , SOD2 , was too weakly 

expressed in the baboon x 882 cell  hybrids ( BBAs ) to be 

s cored accurately . 

The genes coding for four enzymes were as s igned to 

baboon chromosomes by virtue of their  concordant  

segregation in the hybrid cells  with prev ious ly assigned 

genes ( Figure 2 ) ;  this necessarily as sumes the ac curacy 

of the previous ass ignment . MDH2 seg regated 

concordantly with SODl and was ass igned to PPA3 . SOD2 

was syntenic  with GLOl and ME l and was ass igned to PPA 4 . 

Similarly , PEPS was ass igned to PPA5 b y  its  concordant 

s egregation with �� and ITPA to PPA l O  by its  

concordance wi th ADA. In each case , the genes cod ing 
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Table 2 .  Dis t ribution of Baboon Enzymes in 1 2  Papio 
papio x Mouse Hybrid Clones . 

Chromosome Clones 
Locat ion Enzyme 

B B B B B B B B 
B B B B B B B L L L L L 

PPA HSA B A B A A L L R R R R R 
A 8 A 1 2 R R 1 1 1 2 2 
7 B 9 6 4 1 9 3 6 7 1 3 

1 1 PGD + + 

1 1 PGMl + + 

1 1 PEPC + ND ND ND ND ND ND ND 
3 2 1  SOD! + + + + + + + + + 

3 *  7 MDH2 + + + + + + + + + 

4 6 GLOl + + + + 

4 6 MEl + + + + 

4 *  6 SOD2 ND ND ND ND ND + + 

5 4 PGM2 + + + + 

5 *  4 PEPS + + + + ND - ND -
7 1 4  NP + + + 

7 1 5  IDH2 + + + 

7 1 5  SORD + + ND NO + 

7 1 5  MPI + + + 

7 1 5  PKM2 + ND - + 

1 0  20  ADA + + + + 

1 0 *  2 0  ITPA + + + + 

1 2  2q IDH l  + + + + + + + + 

2p AC Pl 
2p MDHl 

1 4  1 1  LDHA + + + + + + 

3 ACYl + ND + ND + ND + 

1 2  PEPB + + + 

+ present ; - absen t ;  ND not determined ; * new as s ignment 
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SOD1 GL01 /ME1 

+ + 

+ 1 6  0 + 7 0 

MDH2 SOD2 

0 1 2  0 1 8  

PGM2 ADA 

+ + 

+ 7 0 + 5 0 

PEPS ITPA 

0 2 0  0 2 5  

Figure 2 .  Seg regat ion of MDH2 ,  SOD2 , PEPS , and ITPA 
with previously ass igned Papro-papio gene 
marke rs . 
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for these  enzyme s segregated dis cordantly with all  othe r 

genes studied . 

The s eg regation of NP , IDH2 , SORD , MPI , and PKM2 

was analyzed in twenty-four of the hybrids ( Table 3 ) . 

These markers segregated concordantly in twenty-two of 

the cell l ines ( 9 2 percent ) .  One hybrid was pos itive 

for NP but negative for the other four enzymes , and 

another hybrid was pos itive fo r NP , IDH2 , and SORD but 

negative for MPI and PKM2 . The d is cordant resul ts were 

probably caused by chromosome breakage in the hybrid 

clones , although this was not checked . The data confirm 

the synteny of these genes , in ag reement with thei r  

assignment to  the same chromosome ( Creau-Goldberg et  

al . ,  1 9 8 2 ,  1 9 8 3 ) . In  add ition ,  the resul ts f rom the 

discordant  clones suggest a gene order of NP , IDH2 and 

SORD, MPI and PKM2 . 

At l eas t three other independentl y  seg regating 

markers or syntenic groups have al so b een identified in 

P .  papio . MDH l  and ACPl s egregate discordantly with 

IDHl ( Lalley et  al . ,  1 9 79 )  and with all  the other genes 

examined , but it could not be establ ished from these  

data whether or  not  MDHl and ACPl seg regate separately 

from each other . ACYl and PEPB each s eg regated 

independently of all other markers examined in this 

s tudy ,  and they therefore represent two add itional 
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Table 3 .  Linkage of NP , IDH2 , SORD , MPI , and PKM2 
in Papio papYo. ----

Number 
of 

Clones 

2 

1 

1 

1 

1 

1 8  

NP 

+ 

+ 

+ 

+ 

+ 

IDH2 SORD 

+ + 

+ + 

ND + 

+ + 

+ pres en t ; - abs ent ; ND not determined 

MPI 

+ 

+ 

+ 

PKM2 

+ 

ND 

ND 
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syntenic groups . This study examined at least one 

marker from eve ry ass igned syntenic group ex cept those 

on PPA l l  and 1 6 ;  these data the refore cannot exclude 

synteny of MDH l ,  ACPl , ACYl , or PEPB with known PPA l l  or 

16 markers . 

In s ummary , this work pe rmitted four new gene 

assignments  in P .  papio , conf irmed one large  syntenic 

group , and identified two addit ional independently 

segregating markers or syntenic groups ( Thiessen and 

Lalley,  in press ) .  A gene map of P .  papio l i s t ing all  

known chromosome ass ignments is  g iven in Append ix B .  

Twenty-seven provis ional ass ignments have been made . 

The synteny of GLO l and MEl and of NP, �, PKM2,  �, 

and SORD can b e  cons idered confirmed . Of twenty 

poss ible  autosomal syntenic g roups , a max imum of 

fourteen have been identified . 

B .  Papio hamadryas 

P .  hamadryas was chosen for the major  part of this 

s tudy for two reasons : firs t ,  as the other type spec ies 

of genus Papio , P .  hamad ryas would provide the best 

intrageneric c omparison to P .  papio ,  if  any d ifferences 

in the gene maps between baboon species were to be 

found ; s econd , with a new set of hyb rid ce l l s , it  might 
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be pos s ible to examine genes which could not be studied 

in the earl ier set of P .  papio hybrid s , thereby 

obtaining add i tional information on how the gene 

arrangement ( s ) of Papio compared with those of various 

other species . 

The only chromosomal assignment reported in P .  

hamadryas prior to this study was for the ribosomal RNA 

genes ( rDNA or  RNR ) , which were shown to be on the 

marker chromosome ( chromosome 1 0 )  in both P .  hamadryas 

and P .  cynocephalus ( Henderson et al . ,  1 977) . 

For the present investigation , fourteen P .  

hamadryas x Chinese hamster hybrid clones were analyzed 

for the express ion of twenty-seven enzyme markers and 

the presence of baboon chromosomes .  Five of the hyb rids 

contained no identifiable baboon autosomes or  autosomal 

fragments ( although four of them did expre s s  one or more 

baboon enzyme ) and were not cons idered further in this 

study . The resul ts  of electrophores is  for the remaining 

hybrid clones are given in Table 4 .  

In the parental baboon cell  ex tracts , ACP2 and ME l 

could not be detected by the staining methods used . 

Hyb rid cells  containing the baboon enzyme demonstrated 

both the heteropolymer ( s ) and the parental baboon form 

( see Figure lD,  p .  28 ) .  The explanation for this 

observat ion is not known . Also , the parental baboon 
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Tabl e  4 .  Distribut ion of Baboon Enzymes in Early 
Pas sage Papio hamad ryas x Chinese  Hamster 
Hybrid Clones . 

Clones 

Synteni c  p p p p p p p p 
Group En zyme H H H H H H H H 

E E E E E E E E 
1 2 3 4 5 6 8 9 

1 PGD + 

1 PGMl + 

1 PEPC + 

2 ACY l  + + + + 

3 MDH2 + + 

3 SOD! + + 

4 MEl + + + + 

4 SOD2 + + + + 

5 PGM2 + + 

5 PEPS + + 

6 NP + + + 

6 MPI + • + 

6 PKM2  + + + 

6 HEXA + + + 

7 pp + 

8 ADA + 

8 ITPA + 

9 LDHB + + 

9 TPil + + 

1 0  IDH 1  + + + 

1 1  MDHl + + + 

1 2  LDHA + + + + + + + 

1 2  ACP2 + + + + + + + 

13 ESD + + + 

1 4  GPI + 

1 4  PEPD + 

15 GSR + + + + + 

+ present ; - abs ent; • not determined 

p 
H 
E 
1 
4 

+ 
+ 

+ 

+ 
+ 
+ 
+ 

+ 
+ 
+ 
+ 
+ 
+ 
+ 

+ 
+ 
+ 

The fifteen syntenic groups determined in P .  hamadryas 
are indicated . The parental baboon cell  l ine was 
heterozygous for MPI ; one allelic  form was not separable 
from the hamster enzyme . 
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cell  l ine was apparently heterozygous for MPI , s ince it  

expressed two bands for the monome ric enzyme . One 

allelic  form was not separable from the hamster enzyme 

and therefore could not be s cored . 

Karyotypes of the baboon parental cell  l ine and of 

representat ive hybrid cell l ines are shown in Figures 3 

and 4 ,  respectively. The P .  hamadryas cell  line was 

found to have the karyotype 4 2 , XY , t ( 2' ; 1 5 ) ( q l ; p l ) . It  

also contained a polymorphi sm in the leng th of the 

secondary constriction on the marker chromosome , PHA!O . 

The chromosome content of the hybrid c lones is given in 

Tabl e  5 ,  and marker enzyme express ion of the hybrid 

clones at the time of the chromosome analyses is  given 

in Tabl e  6 .  

Fifteen syntenic groups or independently  

segregating markers in  P .  hamadryas were determined from 

the s egregation patterns of the enzyme markers ( Table 

4 ) . Ten of these , representing eighteen genes , were 

ass igned to baboon chromosomes by the ir  coseg regat ion 

with the chromosome ( Tab les 5 and 6 ) .  They inc lude ACYl  

to P. hamadryas chromosome 2 ( PHA2 ) ;  MDH2 and SOD l to 

PHA3 ; MEl and SOD2 to PHA4 ; NP , MPI , PKM2 , and HEXA to 

PHA7 ; PP to PHA 9 ; ADA and ITPA to PHA l O ; LDHB and TPi l 

to PHA l l ;  MDHl to PHA13 ; ESD to PHA 1 7 ; and GPI and PEPD 

to PHA20 .  
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PAPIO HAMADRYAS 26CB-1 

'1 1 '.t 
If II -'I � .. 

II 
1 2 3 4 5 

II Ji II ' '  t) � . 
. ..  

6 7 8 9 10 

II II 1n �t I 
11 12 13 14 15 

�� II II . , '�' 
16 17 18 19 20 

·� 
., 

I· �� 
X y e(2;15) tUS;2) 

Figure 3 .  Karyotype of Papio hamad ryas c e l l  l ine 
2 6CB-l , which has the chromosome complement 
4 2 ,  XY , t ( 2 ; 1 5 ) ( q l ; pl ) . The b reakpoints in 
the trans located chromosomes are indicated 
by arrows . 
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BABOON 

A .  Karyotype of a cell  from hyb rid c lone PHE 5 ,  
containing baboon chromosomes 1 7 ,  X ,  and 2/1 5 .  
Thi s  cell  also contains a t ranslocation chromosome 
involving baboon chromsome 3 .  

Figure 4 .  Karyotypes of three Papio hamadryas x 
Chinese hams ter hybrid clones . 
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B .  Karyotype of a cell  from hybrid c lone PHE9 ,  
containing baboon chromosomes 4 ,  1 8 ,  1 9 , and X .  

Figure 4 ( Continued ) 
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BABOON 

C .  Karyo type of a cell  from hybrid clone PHE 1 4 , 
containing baboon chromosomes 4 ,  8 ,  9 , 1 1 ,  1 4 ,  
and X .  

Figure 4 ( Cont inued ) 
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Tabl e  5 .  Chromosome Content of the Papio hamadryas x 
Chinese  Hams ter Hybrid Clones . 

Clones 

p 
Baboon p p p p p p p p H 

H H H H H H H H E 
Chromosome E E E E E E E E 1 

1 2 3 4 5 6 8 9 4 

1 
2 
3 * +  
4 + + + + + 
5 + + 
6 
7 + + 
8 + + + + + 
9 + + 

1 0  + 
1 1  + + 
1 2  + + 
13 + 
1 4  + + + + + 
1 5  + ( + ) 
1 6  + ( + ) 
1 7  + + 
1 8  + + + + + 
1 9  + + + + + + 
2 0  + ( + ) 

X + + + + + + + + 
2/1 5  + + 
15/2 + 

Number  of cells  
karyotyped 3 1  35 1 9 22 27 1 7  28  3 1 1 6  

present in less  than 10%  of  the cells  
( + )  present in 1 0-20% of the cells  

+ present in more than 20%  of the cells  

* PHE5 contained the short arm of PHA3 . 
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Tabl e  6 .  Marker Enzyme Express ion o f  the Papio 
hamadryas x Chinese Hamster Hybrid Clones 
at the Time of Chromosome Analys is . 

Clones 

p p p p p p p p 
H H H H H H H H 

Enzym e ( s )  E E E E E E E E 
1 2 3 4 5 6 8 9 

PGD, PGM l , PEPC 
ACYl + + 
MDH2 , SOD! + 

MEl ,  SOD2 + + + + 

PGM2 , PEPS + + 

NP , MPI , PKM2 , 
HEXA + + 

pp + 

ADA, ITPA + 

LDHB , TPil + 

IDHl + + 
MDHl + 
LDHA , ACP2 + + w + + + 

ESD + + 
GPI , PEPD + 

GSR + + + + 

+ enzyme ( s )  present 
enzyme ( s )  abs ent 

w weak enzyme act ivity 

p 
H 
E 
1 
4 

+ 

+ 

+ 

+ 

w 
+ 
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The genes coding for MDH2 and SOD! were furthe r 

as signed to the short arm of PHA3 , s ince the one hyb rid 

express ing these  two enzymes ( PHE5 ; see Tables  5 and 6 

and Figure 4 A )  contained only the short arm of PHA3 , 

which had been translocated to what was probably a smal l 

hams ter chromsome ; no hyb rid contained an intact copy of 

PHA3 . 

The gene coding for ACYl was further ass igned to 

the pter-->q l  reg ion of PHA2 . The P .  hamadryas parental 

cell  l ine contained the rec iprocal products of a 

( 2 ; 15 ) ( q l ; p l ) transl ocation ( Figure 3 ) . Two hyb rids 

contained the ( 2 ; 15 )  chromosome and one the ( 15 ; 2 )  

chromosome ( Tab l e  5 ; see Figure 4 A ) ; none carried an 

intact copy of PHA2 . ACYl was expressed by the c lones 

containing the ( 2 ; 15 )  chromosome but no t by the hyb rid 

containing the ( 15 ; 2 )  chromosome or by those carrying an 

intact copy of PHA15 ( Tables 5 and 6 ) . This pe rmitted 

the ass ignment of ACYl  to the pte r-->q l  region of PHA2 . 

The five syntenic groups or  markers which could not 

be unambiguously assigned to chromosomes include �, 
PGM l , and PEPC ( designated U1  for unas s igned syntenic 

group 1 ) ;  PGM2 and PEPS ( U2 ) ; IDH1 ( U3 ) ; LDHA and ACP2 

( U4 ) ;  and � ( US ) .  

An important advantage of this part icular P .  

hamadryas c e l l  l ine was that i t  carried a reciprocal 
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t rans location , which in princ iple could permit reg ional 

ass ignments of some genes , and which did in fact permit 

one . The d isadvantage of us ing the cell l ine as opposed 

to normal d iploid cells  freshly or  recently  obtained 

from a l ive animal was the difficulty in generating a 

large number  of hybrids . In two fus ion attempts ,  only 

fourteen hyb rids were ob tained , only nine of which were 

informative . Several of the P .  hamad ryas hybrid c l ones 

were not stab l e  and lost baboon enzyme markers which 

they had forme rly expressed . Th is is presumabl y  bec ause 

the hybrid c lones cont inued to segregate baboon 

chromosomes .  These hybrid clones were karyotyped at 

only one t ime point , however , so  this explanation was 

not verified . By the t ime the hybrids were karyotyped , 

there was less  information available  for several enzyme 

markers ( that i s , fewer or no hybrid c lones express ing 

the enzyme s ) than there had been when the firs t enzyme 

analyses of the hybrids we re done . In a few cases , .  

the refore , it  was not possible to ass ign a gene or 

syntenic g roup to a particular chromosome . For 

ins tance , � segregated concordantly with both PHA5 

and PHA 1 2 , and the refore was not as signed to a 

chromosome . 
. 

The gene map of P .  hamadryas now contains twenty-

e ight gene markers ( see Append ix B) , twenty-seven of 



which are reported from this s tudy . They belong to 

fifteen autosomal syntenic groups out of a pos s ib l e  

twenty . Ten of the syntenic groups , inc lud ing nineteen 

genes , are ass igned to chromosomes , and three genes have 

regional as s ignments . These syntenies and ass ignments 

are cons idered provis ional s ince concurring results  from 

another l abo ratory are required for confirmat ion . 

Support of anothe r kind is available , however , namely a 

comparison of gene maps between P .  papio and P .  

hamadryas . 

c. Comparison of P .  papio and P .  hamadryas gene maps 

Nineteen genes have been examined in both spec ies 

of Papio . Ten of these genes were mapped to the same 

chromosome in the two spec ies { see Appendices B and C ) . 

MDH2 and SODl are on chromosome 3 in both spec ies ; MEl 

and SOD2 are on 4 ;  NP, MPI ,  and PKM2 on 7 ;  ADA and ITPA 

on 1 0 ; and LDHB on 1 1 .  ACY l and MDHl were ass igned to 

two d ifferent chromosomes in P .  hamadryas but have not 

been ass igned in P .  papio , al though each gene was shown 

to segregate independently of mos t  of the mapped genes 

in P .  papio . The other seven genes were assigned in P .  

papio but could not b e  ass igned with certainty in P .  
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hamadryas b ecause of the smal l number of hyb rid clones 

available . 

PGD , PGM1 , and PEPC ( al l  on PPAl ) are also syntenic 

in P .  hamad ryas . None of the P .  hamadryas hyb rids still  

expres s ed these  enzymes at the time they we re 

karyotyped , nor did any of the hybrids contain PHA 1 .  

This i s  consis tent wi th these genes being on chromosome 

1 in this species also , but it is not s ufficient for 

thei r  ass ignment . 

PGM2 and PEPS ( also syntenic in both Papio species ) 

and IDH1 were expressed in the same hyb rids at the t ime 

of the chromosome analyses ( IDH1 was not c onco rdant wi th 

PGM2 and PEPS when the enzymes were f i rs t  analyzed ; see 

Table 4 )  and seg regated together with PHA5 and 1 2 . PGM2 

and PEPS are on PPA5 ( Creau-Goldberg et al . ,  1 983 ; 

Thies sen and Lalley , in pres s )  and IDH 1  is  on PPA 1 2  

( Creau-Goldberg e t  al . ,  1 98 2 ) , so  again these  results 

are consi s tent with the s ituation in P.  papi o but are 

not sufficient for ass ignment of the genes in P .  

hamadryas . LDHA ( on PPA 1 4 )  segregated with low 

discordance with PHA8 , 1 4 ,  1 8 ,  and 1 9 ;  a location on 

PHA 1 4  is  cons is tent . 

Six genes were assigned in P .  hamadryas whi ch have 

not been examined in P .  papio . These include HEXA 

( PHA7 ) ,  PP ( PHA9 ) ,  TPI 1 ( PHA1 1 ) ,  ESD ( PHA1 7 ) , and GPI 
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and PEPD ( PHA20 ) .  In addition , ACP2 was found to be 

syntenic with LDHA , whi ch could not be ass igned in P .  

hamadryas ( see above ) ,  and GSR segregated concordantly 

with both PHA8 and 14 ( but discordantly with LDHA and 

ACP2 ) and also could not be ass igned . 

Where they can be compared , then , the gene maps of 

P .  papio and P .  hamadryas are cons is tent with each 

other ; no d i s c repanc ies between the two have been 

observed . This is expec ted if  the karyotypes of the two 

spec ies are identical . Several genes are as s igned in 

one species , but not in the other ; this informat ion c an 

be used to predict gene l ocations in the other spec ies . 

If the t axonomists determine that P .  papio , P .  

hamadryas , and the other baboons all  properly belong to 

the same species  ( and are pe rhaps separate subspecies ) ,  

then the information for these two species  and for P .  

cynocephalus ( s ee below) could be compiled into a s ingl e  

gene map o f  Papio ( see Appendix B ) . This would give a 

gene map containing thi rty-nine genes as s igned to 

s ix teen chromosomes plus an add itional three genes 

examined but not d efinitely as s igned to chromosomes .  

This includes the three gene ass ignment s  in P .  

cynocephalus : RN5S to chromosome 1 ( PCYl ; Warburton e t  

al . ,  1 9 7 6 ) , RNR to PCY l O  ( and to PHA l O ; Henderson e t  

al . ,  1 9 77 ) ; and TBG to PCYX ( Lockwood e t  al . ,  1 98 4 ) . 
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The following syntenies and gene as s ignment s  could then 

be cons idered confirmed : PGD syntenic with PGMl ; SOD! 

on Papio chromosome 3 ;  GLO l and MEl on Papio  4 ;  NP , MPI ,  

PKM2 , IDH 2 ,  and SORD on Papio 7 ;  ADA on Papio 1 0 ; and 

LDHB on Papio  1 1 . 
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V .  SIGNIFICANCE OF GENE MAPPING I N  BABOONS 

A .  Comparison of baboon , rhesus monkey , and human gene 

maps 

Several primate spec ies , mos t notably members of 

Mandrillus and Macaca , have banded karyotypes very 

s imilar to , if not identical with , the karyotypes of  the 

Papio species  ( dis cussed in Sect ion I ) . The karyotype 

of Papio also bears s imilarities to those  of the great 

apes and man , and numerous chromosome homolog ie s  between 

the baboons and man have been proposed on the bas is  of 

the banding patterns ( Dutrillaux et al . ,  1 9 78 ) . Of the 

species with karyotypes very s imilar to that of Papio , 

gene mapping has been done in only one , the rhesus 

monkey ( Macaca mulatta ) , whose  banded karyotype is 

ind i s tinguishable  from the baboon karyotype ( Finaz et 

al . ,  1 978 ; Dutrillaux e t  al , 1 9 7 9 ) . It i s  of part icular 

inte rest ,  therefore ,  to compare the gene maps of Papio , 

M .  mulatta , and man , as well  as to compare the Papio 

maps with maps available fo r various other spec ies . 

Of the four genes ass igned to PPA l ( PGD,  ENO l , 

PGM 1 , and PEPC ; Finaz et  al . ,  1 977 ; Lal ley e t  al . ,  

1 9 79 ) , three were also shown to be syntenic in P .  

hamadryas ( PGD,  PGM 1 ,  and PEPC ) and may be on PHA l . Al l 



four genes are on human chromosome 1 ( HSA l ) ,  and three 

of them ( PGD, ENOl , and PGMl ) have been mapped to M .  

mulatta chromosome 1 ( MMLl ; Garver et  al . ,  1 978 ; s e e  

Append ix C ) . This is i n  keeping with the apparent 

morphological identity of PPA l and PHAl with MMLl and 

the i r  proposed homology to HSAl . 

The gene coding for ACYl ( on HSA3 ) was ass igned to 

the pter-->ql  region of PHA2 ,  the proposed homologue to 

HSA 3 . GPXl , whi ch is also on HSA 3 ,  is located on the 

rhesus monkey homologue to HSA3 and PHA2 ,  MML3 (Es top et  

al . ,  1 9 7 8 ; Pearson e t  al . ,  1 9 79 ) . 

The present s tudy demonstrated the syn teny of MDH2 

( on HSA7 ) and SOD! ( HSA2 1 ) in both P .  papio  and P .  

hamadryas and assigned MDH2 to PPA 3  and both genes to 

the short arm of PHA3 . SOD! had previous ly been 

as s igned to PPA3 along with � ( HSA7 ; Creau-Goldberg 

e t  al . ,  1 9 8 2 ,  1 9 83 ) . These  resul ts are therefore 

cons is tent with the proposed homology of PPA3 and PHA3 

with HSA7 and 2 1 . Another gene on HSA 7 ,  COL1A2 , has 

recently been ass igned to PPA3 ( C r�au-Goldberg et al . ,  

1 9 85 ) . MDH2 and GUSB are also syntenic in the rhesus 

monkey and have been ass igned to MML2 ( Es top et  al . ,  

1 9 83 ) , whi ch is cons idered to be homologous to PPA3 

based on the banding patterns . 

SOD2 was ass igned to PPA4 along with GLOl and MEl ,  
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and both SOD2 and MEl were ass igned to PHA 4 ,  supporting -- --

the homology of this baboon chromosome to HSA6 . SOD2 

and two other HSA6 markers , PGM3 and the maj or 

histocompatibility complex ( MHC ) , were shown to be 

synteni c  in M .  mulatta and we re ass igned to MML2 w ith 

GUSB and MDH2 (Garver  et al . ,  1 980a ;  Es top et  al . ,  

1 9 83 ) . The results of the present s tudy d emons t rate 

that SOD2 and MDH2 are not syntenic in P .  papio or P .  

hamadryas , in ag reement with the ass ignments by 

Cr�au-Goldberg et al . ( 1 982 , 1 9 8 3 ,  1 98 5 ) of HSA6  and 7 

markers to two s eparate baboon chromosomes .  SODl , 

COL1A 2 ,  GLO l ,  and MEl have not been mapped in the rhesus 

monkey , nor PGM3 and the MHC in the baboon . It would be 

interest ing to have these results  in order to compare 

mo re adequately the relat ionships between Papio 

chromosomes 3 and 4 ;  HSA 6 ,  7, and 2 1 ; and MML2 . 

The synteny of PEPS and PGM2 supports the suggested 

homology of PPA5 and HSA 4 . These two genes are also 

syntenic in P .  hamadryas , poss ibly on PHA 5 , but they 

could not be ass igned with certainty . PGM2 i s  reported 

to be on MML6 ( Estop et al . ,  1 978 ; Pearson et  al . ,  

1 9 79 ) ,  which i s  morpholog ically similar to PPA4 and 

PHA 4 ; PGM2 i s  c l early not on PHA4 ( Tables  5 and 6 ,  pp . 

4 5-4 6 ) . 

Synteny of human chromosome 1 4  and 1 5  markers has 
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been demonstrated i n  both species of baboons ; they are 

ass igned to PPA7 and PHA7 . From a s tudy of chromosome 

banding patterns , Dut rillaux et al . ( 1 978 ) proposed a 

homology of HSA1 4 ,  2 0 ,  and 3q26-->qter with PPA7 and of 

HSA1 5  and 2 2  with PPA lO ( 9  in their  nomenclature ) .  The 

ass ignments by Creau-Goldberg e t  al . ( 1 9 8 2 ,  1 98 3 ) and by 

the present study of HSA14  and 1 5  markers to PPA7 and 

PHA7 and of ADA and ITPA ( HSA20 ) to PPA 1 0  and PHA l O  

support ins tead the proposal o f  Creau-Goldberg et  al . 

( 1983 ) that PPA7 ( and PHA7 ) is  homologous to HSA 1 4  and 

1 5  and that PPA1 0  ( or PHA 1 0 ) contains a reg ion 

homol ogous to HSA2 0 .  No gene mapping data are p resently 

available  in the baboon concerning poss ible homolog ies 

to HSA3q or 2 2 . 

In the rhesus monkey , NP ( HSA 1 4 ) ,  PKM2 , and HEXA 

( HSA 1 5 ) have all  been ass igned to chromosome 7 ( Estop e t  

al . ,  1 9 83 ) , i n  agreement with the findings in the 

baboon . In add ition , ITPA and NAGA ( HSA22 ) have both 

been located on MML1 3 { homologous to PPAl O ) ,  s upporting 

a correspondence of this chromosome to HSA20  and 2 2 ,  

rathe r than t o  HSA 1 5  and 2 2 .  

The gene coding fo r PP ( HSA 1 0 ) was ass igned to 

PHA 9 ,  which is considered homologous ( on the bas i s  of 

banding patterns ) to HSA 1 0 . PP has not been ass igned in 

P .  papio or M .  mulatta . LDHB and TPI I ( on HSA 1 2 )  were 
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both ass igned to PHA1 1 .  LDHB had previously  been 

assigned to PPA 1 1  ( Cr6au-Goldberg et al . ,  1 9 83 ) . PEPB 

( also on HSA 1 2 )  and LDHB have not been examined in the 

same set of baboon hybrid c lones , but LDHB, TPI 1 , and 

PEPB are syntenic in the rhesus monkey ( MML1 2 ;  Garver e t  

al . ,  1 9 78 ) . 

IDH 1  ( HSA2q ) and � ( HSA2p ) are asyntenic i n  both 

baboon species : IDH1 is on PPA 1 2  ( Cr€au-Goldberg e t  

al . ,  1 9 82 ) , and MDH1 is  on PHA 1 3 . The rec iprocal 

ass ignments have not yet been made . Baboon chromosome 

1 2  is  the expected homologue to HSA2q , and chromosome 1 3  

t o  HSA2p ( Du t ril laux e t  al . ,  1 9 78 ) . This agrees also 

with the as s ignments of IDHl to MML9 and MDHl t o  MML1 5 .  

The relationship of MDHl and ACPl in  the baboon is not 

yet known for certain ( see Lal ley et  al . ,  1 9 7 9 ; Thiessen 

and Lal ley , in pre s s ) ;  the data were insuffic ient for P .  

papio , and ACP l  could not b e  examined in the P .  

hamadryas hybrids . 

LDHA ( PHA1 4 )  and ACP2 were shown t o  b e  syntenic in 

P .  hamadryas ; they comprise a syntenic group found in 

man ( HSA l l )  and in the rhesus monkey ( MMLl l ;  Garver et 

!!· , 1 980b ) but not previous ly desc ribed in Papio . It 

was not pos s ib l e  to ass ign these genes in P .  hamadryas , 

but their  s egregation was cons is tent with a locat ion on 

PHA1 4 .  COL !A l ,  TKl , and GAA were ass igned to PPA1 6  by 
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Creau-Goldberg et al . ( 1 984 ) ;  thes e  genes are on the 

expected homologue chromosome 1 7  in man . 

ESD ( HSA1 3 )  was assigned to PHA 1 7 ,  al though the 

proposed homologue to HSA1 3  is PPA or PHA 1 8  ( Dutril laux 

et al . ,  1 9 78 ) . Similarly , GPI and PEPD ( HSA 1 9 ) were 

assigned to PHA2 0 ,  rather than the proposed homologue 

PHA 1 9 . In the rhesus monkey , GPI has b een ass igned to 

MML1 9 (Estop et al . ,  1 978 ) , whi ch is  homol ogous by 

banding patterns to HSA 1 9 ,  PPA 1 9 , and PHA 1 9 . 

The gene coding for GSR could not be as s igned in P .  

hamadryas , but the segregation was cons is tent with a 

location of GSR on PHA8 . GSR is  located on MML8 and 

HSA 8 ,  whi ch are cons idered homologous ( by banding 

pattern s )  to PPA8 and PHA8 . 

Many of the chromosome homolog ies between b aboons 

and man proposed from stud ies of banding patterns 

( Dutril laux et al . ,  1978 ) are thus borne out by gene 

mapp ing . The exceptions are the relationships of HSA 1 4 , 

1 5 , and 20  with Papio chromosomes 7 and 1 0 ;  PHA 17 o r  1 8  

with HSA 1 3 ; and PHA1 9  or 2 0  with HSA 1 9 . Gene 

assignments in Papio and M .  mulat ta are cons i s tent with 

the exceptions of the HSA6 and 7 marke rs , PGM 2 ,  and GPI . 

These d i s crepanc ies are of two types . The firs t  is  

a homology be tween baboon and human ( nonident ical ) 

chromosomes pred icted by the banding patterns which 
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fails  t o  be supported b y  the mapping data . The second 

type is a disag reement in gene ass ignments in species 

having ind i s tinguishable chromosome sets ( the baboon and 

the rhesus monkey ) .  Several explanat ions are poss ible  

for  both types . 

One pos s ib i l i ty of course is erro r ,  e i ther in the 

gene assignments or in the comparisons of the banding 

patterns . The human gene ass ignments are by this time 

wel l  es tab l ished . The synteny and ass ignment data for 

HSA 5 ,  6, 7 ,  1 4 ,  1 5 ,  and 20  markers in baboons we re 

determined by two laboratories . The data for the HSA1 3  

and 1 9  markers in baboons we re determined b y  only one 

laboratory , and l ikewise the data for M .  mulatta . The 

need for further work in this area and confirmat ion of 

gene ass ignments in these species  is obvious . 

Erro r of another sort could have occurred in the 

comparison of banding patterns , particularly in this 

instance b etween humans and the baboons . At the level 

of resolution of chromosome banding used in mos t  of the 

comparat ive karyology studies ( and in the present 

mapping study ) , there remains some degree of 

subj ectivity . One person ' s  idea of "matching 

chromosomes n may wel l  diffe r from another ' s ,  and for 

this reason it  has been sugges ted that primate 

karyotypes should be standard ized us ing an ord inat ion by 
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chromosome length ,  rather than by apparent mo rphological 

s imilarities to human chromosomes ( Chiare l l i  and 

Corruccini , 1 9 82 ; Soares et al . ,  1 982 ) . At  highe r 

levels of resolution ( e .g .  prophase banding ) the 

s imilarities or d ifferences in banding patterns may be 

better dis cerned ( see for ins tance the comparison of 

high- resolut ion chromosomes of man and the g reat apes 

done by Yunis and Prakash , 1 9 8 2 ) . It might be found , 

for instance ,  that at the higher level of resolution 

human chromosomes 1 4  and 15 correspond very nicely to 

Papio 7 , better than do HSA 14 and 20 . Difficul ties in 

comparison of banding patterns are less  l ikel y  to be a 

fac tor between the baboon and the rhesus monkey , as the 

s imilarities in chromosome mo rphology and banding 

patterns are much greater . 

The pos s ib i l i ty does ex i s t ,  howeve r ,  that s im i lar 

banding patterns between species which in o ther ways 

have much s im il arity are not necessarily accurate 

predic tors of reg ions of chromosome homology . It  is  

possible that two chromosomes which appear identical 

( for instance MML2 and PPA3 ) do not neces sarily carry 

the same genes , al though a number of such predictions 

have been borne out , both between man and the baboons 

and between the baboons and the rhesus monkey . Als o ,  

changes i n  o r  transposi tions of s ingle gene loci  o r  
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short segments of DNA will  often not be d etectable by 

chromosome banding methods ( Seu�nez ,  1 9 82 ) . Fo r now the 

answer must be that both chromosome morphology and 

banding patterns and more prec i s e  data such as syntenic 

relat ionships and gene ass ignments should be carefully 

considered in defining chromosome homolog ies . 

B .  Conse rved syntenic groups and mammal ian chromosomal 

evolution 

Several of the syntenic groups determ ined in Papio 

have also b een observed in a number  of other mammal ian 

species bes ides the rhesus monkey and man ( for 

comparisons of syntenic groups in various spec ies , see 

Lal ley and McKus ick , 1985 ) .  Fo r ins tance , the syntenic 

group ENO l -PGD-PGMl ( on P .  papio chromosome 1 and human 

chromos ome lp )  is found in nine nonhuman primate and s ix 

nonprimate spec ies ( PGD-PGMl i s  found in two add itional 

primate spec ies in which ENO l has not been mapped ) .  In 

one primate ( the g ibbon ) and two nonprimate spec ies , PGD 

and ENOl are syntenic with each other but not with PGM l . 

This syntenic g roup ( ENOl -PGD-PGMl ) covers a genetic  

distance of 25  c entimo rgans ( eM)  in  the mouse and 55  eM 

in the human male ( see Lalley et al . ,  1 978a ;  Womack 

1 984 ; Povey et al . ,  1 985 ; ENOl -PGD covers only 3 eM in 
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man ) , and repres ents the largest and mos t  wide-spread 

( in terms of number of spec ies ) conserved chromosomal 

region yet observed in mammal s .  

PEPC ( on HSA1q ) is syntenic with PGD and PGMl in 

Papio and in mos t of the other Old Wo rld primates 

s tudied . One ex ception is the g ibbon ( Hylobates 

concolor ; Turl eau et  al , 1 9 83 ) , whose karyotype is  in 

general highly rearranged when compared to karyotypes of 

most  other Old World primates . The othe r exception is  

the African g reen monkey ( Cercopithecus aethiops ; Finaz 

et al . ,  1 9 77 ) ,  which,  together with at least some of the 

New World monkeys , has two separate chromosomes 

corresponding in band ing patterns to human chromosome 

lp and 1 q . 

Other widely conserved syntenic groups inc lude 

TPi l -LDHB ( PHA1 1 and HSA 1 2p )  in ten primate and s ix 

nonprimate species  ( GAPD-TPi l-LDHB is  conse rved in ten 

spec ies ) ;  MPI-PKM2 ( Papio 7 and HSA 1 5q )  in n ine primates 

and five nonprimates ; ME1-PGM3 ( HSA6q ) in twelve spec ies 

( ME 1-SOD2 , on Papio 4 ,  is found in nine ) ; and LDHA-ACP2 

( HSA1 1 p )  in e ight spec ies . GUSB and MDH2 ( PPA3 and HSA7 ) 

are synteni c  in all  three nonhuman species in which they 

have been examined , includ ing P .  papio , M .  mulatta,  and 

the mouse ( Mus musculus ) .  This synteni c  g roup covers a 

genetic  d i stance of 1 1  eM in the mouse ( see  Womack , 
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1 9 8 4 ) . In the baboon , GUSB and MDH2 are also  syntenic -- --

with COL1A2 ( also on HSA7 ) and SOD! ( HSA2 1 ) .  In the 

mouse ,  however ,  COL1A2 is asyntenic with GUSB and MDH2 

but is  syntenic with SODl ( see Appendix C ) . 

In man , IDH l  ( HSA2q ) is syntenic with MDHl and ACPl 

( HSA2p ) . In al l nonhuman primates examined thus far , 

includ ing the baboons , IDH l  is  not syntenic with MDHl or 

ACP l .  In many if not all  of these other species , two 

separate chromosomes are found whi ch have s imilarities 

of band ing patterns to HSA2p and HSA2q , respectively , in 

keeping with the synteny data . 

NP ( Papio 7 and HSA1 4 )  is reported to be syntenic 

with ITPA ( Papio 10 and HSA20 ) in the goril la and the 

chimpanzee ( Pearson et al . ,  1 97 8 ) ;  this synteny has not 

been des cribed in any other spec ies . This  syntenic 

group and the two syntenic groups corresponding to HSA2 

are the only d i fferences which have been observed 

between the gene arrangement of man and those  of the 

chimpanzee and goril la . 

Thus while  some d ifferences in gene arrang ement are 

found , the re are a great many s imilarities of genome 

organi zat ion between the various primate spec ies and 

man , and s everal syntenic groups , at least two of which 

cover substantial genetic  d is tances , appear to be 

widespread in the mammal ian orders s tudied so  far . 
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Conservation of some syntenic groups might be 

attributable  to the proximity of two genes and the 

subsequent high probability of their  remaining together 

during chromosomal evolution , but the finding of a 

conserved reg ion as large as that containing 

�-ENOl-PGMl requi res a different explanation . One 

explanation might be that funct ional or regulatory 

relat ionships ex ist  be tween various genes in that 

region ; such relationships may come to l ight as more 

detailed gene maps are available . 

Most  of these  conse rved syntenic groups consti tute 

syntenic homologies between spec ies ( Lal ley and 

Mc Kus ick,  1 9 8 5 ) ,  that is , two genes are known to b e  

syntenic in each o f  two o r  mo re species . For a 

chromosomal region to be properly call ed homol ogous 

between two species , additional informat ion i s  

neces sary . Homologous regions should contain the s ame 

genes , in the same order,  at roughly the same map 

distances , and with no d is ruptions by other loc i ( Lal ley 

and Mc Kus ick,  1 9 8 5 ) . This definition allows for 

differences between the two species such as some DNA 

base sequence differences while maintain ing s imilar 

organizat ion of genes . Knowledge of the homology of 

chromosomal regions , incl uding the corre lation between 

genetic  homology and homology of banding patte rns , is  
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es sential for the evaluation of theories of chromosomal 

evolut ion and of the relationship of chromosomal 

rearrangement to spec iation . 

A detailed phylogenetic tree or evolut ionary 

pathway for the primates has been desc ribed from 

comparison of the chromosome banding pat terns 

( Dutrillaux , 1 9 79 ) ; this phylogenetic  tree is  quite 

s imilar to those produced by comparison of amino acid 

sequences ( mo lecular phyl ogeny ) or of morphologi cal 

criteria ( taxonomic phylogeny ; de Grouchy et al . ,  1 9 78 ) . 

Mechanisms of primate speciation by chromosome 

rearrangement have been suggested based on s uch 

comparisons of chromosome band ing patterns ( s ee 

especially de Grouchy et al . ,  1 9 7 8 ; Dutrillaux , 1 9 79 ) . 

Gene assignments to corresponding chromosomes or  

chromosomal reg ions ( i . e .  having s imilar banding 

patterns ) obvious ly support ( but do not prove ) these 

theories . A g reat number of the gene as s ignments in 

primates do agree with the comparisons of chromosome 

band ing patte rns ; s everal of thes e  were discussed 

earl ier ( see part A of this Section ) . The re are also  a 

few incons istencies between banding patterns and gene 

ass ignments ; these may be resolved when more data are 

available for some of the ass ignments or if banding 

patterns are compared at a higher l evel of resolution . 
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It remains to be demons trated how c lose the 

correspondence between gene location and chromosome 

banding patterns is for those reg ions where a 

co rrespondence has been shown . Fo r instance ,  PPAl and 

HSA l have s imilar banding patterns ( al l owing for an 

invers ion in PPA l )  and contain at leas t some of the same 

genes . Regional ass ignments for such genes as �, 

ENO l ,  and PGMl are not yet available in the baboon ; 

therefore , it  c annot yet be said whether these g enes 

have correspond ing locations on chromosome 1 in both 

spec ies . 

As reg ions of chromosome homology between s pec ies 

become estab l i shed , both from gene ass ignments and from 

banding patterns , the relationship of chromosome 

rearrang ements and speciation can be more full y  

investigated . Four maj or types o f  chromosome 

rearrangement are proposed to account for the 

d ifferences between banded karyotypes of various primate 

species . These are chromosome fus ion ( espec ially 

Robertsonian trans location ) ,  chromosome f i s s ion , and 

paracentric and pericentric inve rs ion ( d e  Grouchy et  

al . ,  1 978 ) . The invers ions cause rearrangement of 

genetic  material within a chromosome ; fus ions comb ine 

two ( usual l y  ac rocent ric ) chromosomes into one 
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( metacentric ) chromosome , whil e  fiss ions reverse the 

process . 

Some species whose karyotypes d iffer by apparent 

Robertsonian trans locations ( some of the l emurs , for 

ins tance )  can often interbreed well  ( reviewed by 

Dut rillaux , 1 9 79 ) . A polymorphism for a Robertsonian 

trans location in the blue fox has no effect  on the 

fertil ity even of heterozygotes ( M�ller  et al . ,  1 9 85 ) . 

Other species  are known which have no apparent 

karyotypic d ifferences or have karyotypes d iffe ring by 

inve rs ions but which cannot interbreed ( see Dutrillaux , 

1 97 9 ) . The baboons and related animals ( includ ing 

members of Mand rillus and Macaca)  have karyotypes 

d iffering by small  invers ions if at all , and they can 

interb reed ( al though not all the hybrids are fertile ) .  

Howeve r ,  the baboons , mandrills , and macaques are all  

read ily d i s tinguishable by  morpholog ical criteria and 

are t radit ionally class ified in a numbe r  of different 

spec ies of several genera . On the othe r hand , the 

night or  owl monkey ( Aotus ) of South America had l ong 

been cons idered a s ing le species with s everal 

geographical subspecies ( Napier and Napie r ,  1 96 7 ; 

Thoring ton and Vorek , 1 9 76 ) . Recent s tud ies have 

demonstrated at l eas t nine different karyotypes ( Ma et  

al . ,  1 9 7 6 ,  1 9 78 ) , and Ell iott et  al . ( 1 976 ) found that 
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reproduct ive performance improved cons iderably when 

animals we re del iberately paired by karyotype . 

It is l ikely then , that while  chromosome 

rearrangement may be a mechanism of spec iat ion , it is 

not the mechanism of spec iat ion , at least not in the 

primates . Chromosome rearrangement appears to ac t as a 

mechanism of reproductive isolation in many cases , but 

whether the chromosome rearrangement caused the 

separat ion of species or occurred later and s imply 

reinforced it  i s  d ifficult to know . 

While  a number  of syntenic homolog ies b etween 

primates and nonprimates have been obs e rved , homolog ies 

of band ing patterns between primates and nonprimates are 

less  obvious , although they have been repo rted ( see for 

ins tance Nash  and O ' Brien , 1 9 82 ) . Ohno ( 1 9 8 4 ) suggests 

that an ancestral ve rtebrate karyotype may have 

cons isted of twenty-four syntenic g roups ( forty-eight 

chromosomes ) which are subs tantially conserved 

throughout much of the modern animal worl d ,  although 

often some are combined and a few occas ional ly  spl it . As 

additional confirmed gene ass ignments in many more 

species become available , the relationship between 

karyotype arrangement or rearrangement and speciation 

should become c l earer . A broader picture of mammalian 
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genome organization may al so contribute to a greater 

understanding of gene function and regulation . 

C .  Gene mapping and primate taxonomy 

Comparat ive gene mapping has al ready begun to shed 

l ight on some problems of primate taxonomic 

relationships . This study dealt with the gene maps of 

two baboons long cons idered to be separate species ( see 

discuss ion in Section I ) . These animal s  have apparently 

the same karyotype ( Cambefort et  al . ,  1 9 7 6b ) , and in 

nineteen genes s tudied in both P .  papio and P .  

hamadryas , no discrepancies of gene locat ion were found . 

This wo rk therefore supports a revision of the baboon 

taxonomy which would place these animals ( probably al l 

the b aboon spec ies ) in a s ingle species having several 

subspec ies  or races . The proper taxonomic relationship 

between Papio and Macaca is less clear : their  

karyotypes appear to  be  ident ical or clos e  to ident ical , 

but disc repanc ies in the gene maps are found . Further 

gene mapp ing studies would be of value in clarifying the 

taxonomy of Papio , Macaca , Mandril lus , and 

Theropithecus • 
. 

It is  worth not ing that , in the cours e  of this 

s tudy, no s ignificant electrophoretic  differences 
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between enzymes of P .  papio and P .  hamadryas were found , 

while s everal differences between P .  hamadryas and 

Mand ril lus sphinx were noti ced ( unpubl ished 

observations ) . This is in keeping with a greater 

genetic separation between P.  hamadryas and M .  sphinx 

than between P .  papio and P .  hamadryas and with a 

potential placement of P .  papio and P .  hamadryas in the 

same species . 

There is  a marked contrast between this 

situation--a number of d ifferent spec ies and even genera 

having s im ilar karyotypes and with at least some of them 

having s imilar gene maps--and that found in the South 

American owl monkey , Actus . This animal has 

t radtionall y  been considered a s ingl e  spec ies , Actus 

trivirgatus , having s everal geog raphical subspec ies 

( Napier and Napie r ,  1 9 67 ; Thorington and Vo rek , 1 97 6 ) . 

Ma et  al . ( 1 9 7 6 ,  1 9 7 8 )  have demons trated at l eas t n ine 

d ifferent karyotypes for the owl monkey ,  and gene maps 

corresponding to the d ifferent karyotypes have been 

desc ribed ( see for instance Ma , 1 9 84 ) .  Elliott et al . 

( 1 976 ) found that the reproduct ive performance of the 

animals improved considerably when they were paired by 

karyotype , supporting the idea that s everal s eparate 

species are probably involved here . Chromosome banding 

and g ene mapp ing s tudies should continue to be useful in 
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c larifying s imilar taxonomic difficul ties , for instance 

the rel ationships between the g ibbons and s iamang s 

( Hylobates spec ies ; see Turleau � al . ,  1 9 8 3 ) . 

D .  The baboons as models for human genetic  d iseases 

Knowledge of their gene maps will  aid in any s tudy 

of the baboons as models of human genetic d i sease or 

predisposi tion to disease . For ins tance , it may be 

pos s ible to demons trate ( by breed ing s tudies ) l inkage  

between an  ass igned gene ( s everal of whi ch are  known to  

be polymorphi c  in  baboons ) and the heritable factor 

affect ing se rum cholesterol l evels ( see Flow et  al . ,  

1 98 1 ) or between as s igned genes and various other traits 

observab l e  in the l ive animals .  This  would permit  the 

chromosomal ass ignment of genes expressed in the l ive 

animal s but not in cultured cells . Comparison of 

syntenic groups in the baboon with the corresponding 

syntenic groups in man might suggest the ident ity of 

some of the "heritable factors"  observed in the baboon 

or othe r laboratory species and thereby more c losely 

desc ribe the animal model proposed . 

Several d ifferent genes can cause hyperl ipidemia or 

hypercholesterolemia in man ( see Motul sky , 1 9 7 6 ) . Two 



72 

such genes are thos e coding for lipase A (�, on human 

chromosome 1 0 )  and the low dens ity l ipoprotein receptor 

( LDLR or  FHC for familial hypercholesterolemia , on human 

chromosome 1 9 ;  McAlpine et  al . ,  1 9 85 ) . One gene on 

HSA 1 0 ,  PP, has been mapped in P .  hamadryas ( on PHA9 ) ,  

and two genes on HSA 1 9  ( GPI and PEPD ) have been mapped 

to PHA20 . If for instance the factor in the baboon 

des c ribed by Flow et al . ( 1 98 1 ) were shown to be l inked 

either to PP or to GPI and PEPD , it would suggest  that 

the factor might be the gene cod ing for LIPA or the gene 

cod ing fo r the LDL receptor . These poss ibil ities could 

then be examined in more detai l ,  and a spec ific d isease 

model could  be d eveloped . 

The baboon may also prove to be a valuab le model in 

the s tudy of human cancer .  The P .  hamadryas 

l ymphoblastoid cel l  l ine used in this study was 

estab l ished from a baboon with lymphoma ( Falk et al . ,  

1 9 7 6 ) ; the cell  l ine was shown to have an abnormal 

karyotype ( Figure 3, p .  4 1 ) .  The reciprocal 

translocation which it  carried , t ( 2 ; 15 ) ( q 1 ; p 1 ) , 

permitted the subchromosomal ass ignment of ACYl to PHA2 

( pter-->q l ) . PHA2 therefore contains at least some 

region of homology to HSA3 . PHA 15  is thought from 

comparison of banding patterns to be homol ogous to HSA9 

( Dutrillaux et al . ,  197 8 ) , but no marker has yet been 
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as s igned to PHA1 5 .  Of nearly 4 00 cases of human 

lymphomas of various types which have been karyotyped 

( compiled by Mitelman , 198 3 ) , about one quarter contain 

some aberrat ion involving HSA 3 ,  usual ly as one of a 

number  of abe rrat ions . Close to half  of these cases 

contain e ither a deletion or  a translocation of HSA 3 ,  

and about an equal number contain an extra copy of HSA3 . 

It  i s  not known whether the ( 2 ; 1 5 )  t rans location in 

the cell  l ine was present in the lymphomatous tissue or 

occurred in the d evelopment of the cel l l ine . The 

chromosomal consti tution of the baboon from which the 

cell l ine was derived is also not known . Othe r cases of 

lymphoma in baboons have been desc ribed ( s ee Crawford et  

al . ,  1 984 ; Gl eiser  et  al . ,  198 4 ) ,  but  no karyotypes were 

reported . Th is cell line , two others from the s ame 

baboon ( Falk et al . ,  1 9 76 ) , and several cell  l ines from 

additional baboons with lymphoid d isease ( Ag rba et  al . ,  

1 9 7 5 ;  Rabin et  al . ,  1 977 ) were each reported to have  4 2  

chromosomes ( the normal number for baboons ) ,  but in mos t 

cases no banded karyotypes were mad e ,  and no specific 

chromosome abe rrations or rearrang ements we re reported . 

Cancers in man are assoc iated with a high inc idence 

of karyotypic abnormal ities ( see Mitelman , 1 9 8 3 ; Be rger 

et al . ,  1 9 85 ) , and in many cases , a spec ific  chromosome 

rearrangement or aberration has been found to be 
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charac teristic of a ce rtain type of cance r  [ e .g .  the 

( 9 ; 22 )  t rans location assoc iated with chronic myelogenous 

leukemia ; Rowley , 1 9 73 ] .  The importance of karyotyping 

lymphomas or  other cancers when they are found in 

various nonhuman primate spec ies is obvious , as is  the 

necess ity for developing the gene maps of the se animals .  

Are spec ific chromosome rearrangements assoc iated with 

cancers in primate species , and if so , are the 

chromosomal regions involved in rearrangements  in the 

primate cance rs homologous to chromosomal reg ions 

rearranged in the comparab le human cance rs?  Informat ion 

of this sort has already been obtained in the mous e 

( summarized by Lalley and McKus ick,  1 9 8 5 ) ; a number  of 

oncogenes have been mapped to regions of synteni c  

homol ogy in man and the mouse , and a t  least some of 

these  regions are known to be involved in chromosome 

rearrangements  in s imilar cancers in the two species . 

Bec ause of the g reater phys iolgi cal s imilarities of man 

and the nonhuman primates than of man and the mouse , 

baboons and other primates should prove to be even more 

us eful mode l s  for this sort of human disease than is the 

mous e . 

The hamad ryas baboon is al ready under s tudy as a 

pos s ible model for human lymphoma { Crawford and 

O ' Rourke , 1 97 8 ; Crawford et al . ,  1 9 84 ) . In a colony of 
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P .  hamadryas baboons at Sukhumi , U . S . S . R .  ( the 

lymphomatous baboon from which the cell  line 2 6CB-1 was 

derived came from this colony ) , an assoc iation between 

l ymphoma and a virus ( Herpes vi rus Papio ) has been found 

( Agrba et al . ,  1 975 ; Crawford et al . ,  1 9 84 ) , and also an 

apparent as soc iation between inc idence of lymphoma and 

g enotype at two loc i ,  PGM1 and PGM2 ( Crawford et  al . ,  

1 9 84 ) . 

The present study c learly demonstrated the asynteny 

of PGM l and PGM2 in P .  hamadryas . PGMl  is on P .  papio 

chromosome 1 and � is on PPA 5 ; they we re not assigned 

in P .  hamadryas , but their seg regations we re cons istent 

with locat ions on PHA 1 and PHA5 ,  respect ively ( Section 

IV) . Pos s ibly the virus is integ rated on the s ame 

chromosome as one PGM l ocus , and another fac tor involved 

in l ymphoma susceptibi lity is syntenic with the other 

locus . Further s tudy of additional lymphomatous baboons 

will  be us eful in clarifying the relationship of the 

virus to the d isease and the relationship between the 

disease and the PGM or othe r gene loci . It is of 

inte res t that ne ither PHA1  nor PHA5 ( the poss ib l e  

locations o f  PGM 1 and PGM2,  respectively ) were involved 

in the translocat ion observed in the cell  l ine from the 

lymphomatous baboon . 



E .  Conc lus ions 

7 6  

A gene map containing twenty-eight markers was 

desc ribed for P .  hamadryas , fo r whi ch only one gene 

ass ignment had previous ly been known . Four assigned 

genes and two unass igned markers were added to the gene 

map of P .  pap io . This is an important s tart in the 

understanding of the gene arrangement in spec ies which 

have cons iderabl e  phys iolog ical s imilarity to man and 

whi ch are widely used in the study of various aspects of 

b iology having relevance to man . 

The d evelopment of gene maps for the baboons 

provides addit ional data in an ongoing effort  to 

understand genome arrangements and karyotypic 

relationships , both in primates in particular and in 

mammals in general . The number of conserved syntenic 

groups between the various primate spec ies , especially 

between the baboons and man , was extended , and several 

genes were mapped in one or both species of baboon which 

had not previously been mapped in Old World monkeys . A 

few incons is tencies were noted between the baboon and 

rhesus monkey maps in particular , which emphasizes  the 

impo rtance of obtaining confirmed gene ass ignments in 

primate species . 

Gene mapp ing in baboons is  al ready contribut ing to 



7 7  

the clarification o f  primate taxonomy and to the 

inves tigation of many aspec ts of human disease , and a 

number of ex c i t ing poss ibil ities ex ist  for future 

res earch . 
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APPENDIX A 

GENE AND ENZYME SYMBOLS 

Table A-1 . Lis t  of Gene and Enzyme Symbols .  

Symbol Marker Name E .  C .  Number 

ACPl 
ACP2 
ACYl 
ADA 
APRT 
CKBB 
COLlA! 
COL1A2 
ENOl 
ESD 
G6PD 
GAA 
GLOl 
GOT! 

GPI 
GPXl  
GSR 
GUSB 
HEXA 
HEXB 
HPRT 

IDHl 

IDH2 

ITPA 
LDHA 
LDHB 
LDLR 
LIPA 

acid phosphatase 1 ,  soluble 
acid phosphatase 2,  lysosomal 
aminoacyclase 1 
adenos ine deaminas e 
adenine phosphoribosyl transferase 
c reatine kinase , brain form 
col lagen , type 1 ,  alpha 1 
col lagen , type 1 ,  alpha 2 
enolase 1 
esterase D 
glucose-6-phosphate dehyd rogenase 
glucos idase ,  alpha, acid 
glyoxalase I 
glutamic-oxaloacetic transaminase 

1 ,  soluble  
glucose phosphat e isome ras e 
glutathione peroxidase 1 
glutathione reductase 
g lucuronidase , beta 
hexosaminidase A 
hexosaminidase B 
hypoxanthine 

phosphoribosylt ransferase 
isocitrate dehyd rogenase 1 ,  

soluble  
isoc itrate dehyd rogenas e 2 ,  

mitochondrial 
inos ine triphosphatase 
l actate dehydrogenase A 
lac tate dehydrogenase B 
low dens ity l ipoprotein receptor 
l ipase A 

3 . 1 . 3 . 2  
3 . 1 . 3 . 2  

3 . 5 . 1 . 1 4 
3 . 5 . 4 . 4  
2 . 4 . 2 . 7  
2 . 7 . 3 . 2  

4 . 2 . 1 . 1 1 
3 . 1 . 1 . 1  

1 . 1 . 1 . 4 9 

4 . 4 . 1 . 5  

2 . 6 . 1 . 1  
5 . 3 . 1 . 9  

1 . 1 1 . 1 . 9  
1 . 6 . 4 . 2  

3 . 2 . 1 . 3 1  
3 . 2 . 1 . 30 
3 . 2 . 1 . 3 0 

2 . 4 . 2 . 8  

1 . 1 . 1 . 4 2 

1 . 1 . 1 . 4 2 
3 . 1 . 6 . 3  

1 . 1 . 1 .  27 
1 . 1 . 1 . 27 

3 . 1 . 1 . 3 

- Iii the 'teXli ' unu ��:::a· .�:.�.. u.;:;u .... , ,  .. _ _ _  - - - the 
non-underl ined symbols to the enymes for which genes 

code . 
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Table A - 1  ( Continued ) 

Symbol Marker Name E .  C .  Number 

MDHl 

MDH2 

MEl 
MHC 
MPI 
NAGA 
NP 
PEPA 
PEPB 
PEPC 
PEPD 
PEPS 
PGD 
PGKl 
PGMl 
PGM2 
PGM3 
PKM2 
p p  
RN5S 
RNR 
SOD! 
SOD2 

SORD 
TBG 
TKl 
TPI1 

malate dehydrogenase ,  NAD 
( soluble )  

malate dehydrogenase , NAD 
( mitochond rial ) 

malic  enzyme 1 ,  soluble 
maj or his tocompat ibility complex 
mannose phosphate isomerase 
acetylgalactosaminidase ; alpha-N­
nuc leos ide phosphorylase 
peptidase A 3 . 4 . 1 1 . *  or 
peptidase B 3 . 4 . 1 1 . * or  
pept idase C 3 . 4 . 1 1 . *  or 
peptidase D 
peptidase S 3 . 4 . 1 1 . *  or 
phosphogluconate dehydrogenase 
phosphoglycerate kinase 1 
phosphoglucomutase 1 
phosphoglucomutase 2 
phosphoglucomutase 3 
pyruvate kinase 
pyrophosphatase ( inorganic ) 
53 RNA 
ribosomal RNA 
superoxide d ismutase 1 ,  soluble 
s uperox ide d ismutase 2 ,  

mitochondrial 
sorbitol dehydrogenas e 
thyroxin bind ing g lobul in 
thymid ine kinase ( solub l e )  
triosephosphate isomeras e 1 

Nomenclature is f rom McAlpine et al . ,  1 985 . 

1 . 1 . 1 . 37 

1 . 1 . 1 . 37 
1 . 1 . 1 . 40 

5 . 3 . 1 . 8  
3 . 2 . 1 . 49 

3 . 4 . 2 . 1  
3 . 4 . 1 3 . *  
3 . 4 . 1 3 . *  
3 . 4 . 1 3 . *  
3 . 4 . 1 3 . 9 
3 . 4 . 1 3 . *  
1 . 1 . 1 . 4 3 

2 . 7 . 2 . 3  
2 . 7 . 5 . 1 
2 . 7 . 5 . 1  
2 . 7 . 5 . 1  

2 . 7 . 1 . 40 
3 . 6 . 1 . 1  

1 . 15 . 1 . 1 

1 . 1 5 . 1 . 1  
1 . 1 . 1 . 1 4 

2 . 7 . 1 . 2 1 
5 . 3 . 1 . 1  

In the tex t ,  underl ined symbols refe r to the genes , 
non-underl ined symbols to the enymes for which the genes 
code . 
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APPENDIX B 

GENE MAPS OF PAPIO SPECIES 

Table A-2 . Gene Map of Papio papio ( PPA ) . 

PPA 
Chromosome Genes and Syntenic Groups 

1 
3 
4 
5 
1 

1 0  
1 1  
1 2  
1 4  
1 6  
Ul 
U2 
U3 

PGD, ENOl , PGM1 , PEPC 
GUSB,  MDH2,  SODl , COL1A2 
GLOl , MEl ,  SOD2 
PGM2,  PEPS 
NP , CKBB , IDH2 , SORD, MPI , PKM2 
ADA, ITPA 
LDHB 
IDHl 
LDHA 
COLlAl , GAA, TKl 
ACYl 
MDHl 
PEPB 

Refe rences : Finaz et al . ,  1977 ; Lalley et al . ,  1 9 7 9 ; 
Cr�au-Goldberg et ai:,-r9 8 2 ,  1 9 8 3 ,  1 9 8 4 , -r9ES; Thiessen 
and Lal l ey , in press . 

"U"  indicates an unass igned syntenic group or  
independently seg regating marker . The number of the 
synteriic g roup is arbitrary . 
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Table A-3 . Gene Map of Papio hamadryas ( PHA ) . 

PHA 
Chromosome 

2 
3p 
4 
7 
9 

1 0  
1 1  
1 3  
1 7  
20  
U1  
U2  
U3  
U4 
us 

Genes and Syntenic Groups 

ACYl ( pter-->q1 ) 
MDH2 , SOD1 
MEl ,  SOD2 
NP , MPI , PKM2,  HEXA 
pp 
RNR, ADA, ITPA 
LDHB , TPI 1 
MDH1 
ESD 
GPI , PEPD 
PGD,  PGMl , PEPC 
IDH1 
PGM2 , PEPS 
LDHA , ACP2 
GSR 

References : Henderson et al . ,  1977 ; Thiessen and 
Lal ley ,  in preparation .-- --

"U"  ind icates an unass igned syntenic g roup or  
independently s egregating marker . The number  of the 
syntenic group is arbitrary . 
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Table A-4 .  Gene Map of Papio cynocephalus ( PCY ) . 

PCY 
Chromosome 

1 
1 0  

X 

Genes and Syntenic Groups 

RN5S 
RNR 
TBG 

References : Warburton et al . ,  1 9 7 6 ;  Henderson et  al . ,  
1 9 7 7 ;  Lockwood et  al . ,  �84: 
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Table A-5 . Compos ite Gene Map of Pap io spec ies . 

Papio 
Chromosome Genes and Syntenic Groups 

1 PGD,  ENO l ,  PGM ! , PEPC , RN5S 

2 ACY l ( 2pter-->q l )  
PGD-PGM! synteny 

3 SOD! ( 3p ) , MDH2 ( 3p ) , GUSB , COL1A2 
4 GLOl , MEl , SOD2 
5 P'GM2, 'PEFS 
6 
7 NP , CKBB, IDH2 , SORD, MPI , 

PKM2 , HEXA 
8 ( GsRr---
9 pp  

1 0  RNR, ADA , ITPA 
1 1  LDHB ,�I l ,  ( PEPB )  
1 2  nmr 
1 3  MDHl , ( ACPl ) 
1 4  LDHA , ACP2 
1 5 
1 6  COLlA! ,  TKl , GAA 
1 7  ESD 
1 8  
1 9  
20  GPI , PEPD 

X TBG 

Underl ined g ene symbols ind icate gene assig nments 
determined by  two laboratories . These  ass ignments would 
be cons ide red confirmed if P .  papio and P .  hamadryas are 
class ified as the same species . 

-

Gene symbols in parentheses indi cate pos s ible locations 
of genes which have not been assigned to chromosomes . 
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APPENDIX C 

COMPARATIVE GENE ASSIGNMENTS 

Table A-6 . Chromosome Ass ignments of Selected Genes in 
Papio papio ( PPA ) , Papio hamadryas ( PHA ) , 
Macaca mulatta ( MML ) , Homo sapiens ( HSA ) , 
and Mus musculus ( MMU):---

Gene PPA PHA MML HSA MMU 

PGD 1 Ul 1 lp 4 
ENOl 1 1 lp  4 
PGMl 1 Ul 1 lp  4 
PEPC 1 Ul lq 1 

ACYl U 1  2 3p 9 
GPXl 3 3 

SOD! 3 3 2 1q 1 6  
COL1A2 3 7q 1 6  
MDH2 3 3 2 7 5 
GUSB 3 2 7q 5 

MHC 2 6p 1 7  
GLOl 4 6p 1 7  
MEl 4 4 6q 9 
PGM3 2 6q 9 
SOD2 4 4 2 6q 1 7  

PGM2 5 U2 6 4 5 
PEPS 5 U2 4 5 

NP 7 7 7 1 4 q  1 4 
CKBB 7 1 4q 
IDH2 7 1 5q 7 
SORD 7 1 5  2 
MPI 7 7 1 5q 9 
PKM2 7 7 7 1 5q 9 
HEXA 7 7 1 5q 

pp  9 l Oq 1 0  
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Table A-6 ( Continued ) 

Gene PPA PHA MML HSA MMU 

ITPA 1 0  1 0  1 3  20p 2 
ADA 1 0  1 0  20q 2 
NAGA 1 3  2 2q 

LDHB 1 1  1 1  1 2  1 2p 6 
TPi l 1 1  1 2  1 2p 6 
PEPB 1 2  1 2q 1 0  

IDHl 1 2  03 9 2q 1 

MDHl U2 1 3  1 5  2p 

LDHA 1 4  U4 1 1  l lp 7 
ACP2 U4 1 1  l lp 2 

COL lA! 1 6  1 7q 1 1  
TKl 1 6  1 7q 1 1  
GAA 1 6  1 7q 

ESD 1 7 1 3q 1 4  

GPI 20  1 9  1 9q 7 
PEPD 20  1 9q 7 

GSR us 8 8p 8 

References for gene as s ignments in P .  papio , P .  
hamadryas , and M .  mulatta are given-in the text ( Section 
IV) . Human gene assignments are from McAlpine et al . ,  
1 98 5 ; mous e gene assig nments are f rom Lal l ey ana- --
McKus ick , 1 9 8 5 . 
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