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ABSTRACT

Pig lymphocytes werevaSed‘with mouse cells deficient
in~ hypoxanthine-guanine phosphorfbosyltransferase (HPRT-)
by treatment with .polyethylene glycol (PEG). .<Thirty g
permanent, vigorous clones of mononucleate, hybrid cells

‘ were studied. The pig and mouse chromosomes  were

’

R - distinguished with ease by-cohventionai techniques. Hybrid

’clones lost oié chromosomes  while retaining ~ mouse
chromosomosL' The presence of nucleo]uo organizer regions
(NORs) in pig chromosomes 8 and 1Q is confiomed. These were‘;'_ j
identified in pig -lymphocytes by their distinctive reaction

,~‘ with‘silver'nitbdte.fThe pig NORs of pig-mouse clones did
. \ - v

£

not react with'silver nitrate, but the reaction of the mouse

, . University of Alberta

NORs was uh,iminished. . In "the absence of any evidenoé of'

"deletioﬁ*ffom chrompsome 10 this is interpreted to mean that
the Eibosomal oenes of pig NORs are present./ but afe not
transcribed, in these pig-mopsé\ clones. Three veozymes
giucoseréfphosphote dehydrogenase (G-6PD), HPRT, and alpha-

g | 7 galactosidaseo(GLA).'are syntenic and.are assighed to -the X-

o chromosome of'the pfg:oThis égr;es with assignmonts made for

lhl S ‘otheﬁofmoﬁma1s. IOne. enzyme, dimeric supéroiidéfdismutaoe
- <¢; * " (s0D-1), is assigned to.chromosome 9. This is the first

v assignment of an enzyme to an autosome of a domestic or
> | agricultural animal,‘ and the fourth assignmentl-oﬁ{ Sob

s

. -L

E
i T
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activity to an autosome. The fusion of pig lymphocytes with
HPRT- mouse cells by exposure to PEG, and the culture of the
hybrid cells in medium containing hypoxanthine, aminopterin,

thymidine, and. glycine,  “ fficient\ steps " toward the

mapping of pig genes. Mapping ifs facilitated by the vigorous

growth of the hybrid cells, the distinctive character of the

pig chroﬁbsomes,'and the early preferential loss of the pig

e . e

" chromosomes . - , o .
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INTRODUCTION
I. Assignment of Genes to Chromosémes.

ks (
The fusion of somatic cells of different origins, and

the fusion of their nuclei, to form permanent clones of

mononucleate, hybrid cells was first reported ‘in 1960

(Barski et al., 1960). Cells from different species
hybridize (Ephrussi and Weiss, 1965), but there may be an
early ioss of some of the chrombsomes of one or both species

(Ephrussi and Weiss, 1967). In some combinations, the early

" loss is preferential for the chromosomes of one species, but

the surviving chromosomes are -relativeiy permanent and
stable. The preferential loss of human chromosomes and gene
products from human-mouse hybrids indicated that these .

hybrids could be used to map human genes (Weiss and Green,

. 1867). Such hybrid cells have been. used to assign human

 genes to chromosomes (Greschik et al.,:1972a, 1973; Ricciuti

and Ruddle, 1973; Ruddle and Creagan, 1975; Minna et al., f.

 1976), and to establish linkage between human genes (Boone |

and Ruddle, 1969; Ruddlé, 1973; Tan et al., 1973).

The  usefulness of these hybrfds is attested by the:
speed with which they %ave expanded the map of human, genes.

With the aid of pedigrees, at least one strubturél-gene

'
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locus is now assigned to each human chromosome (McKusick and

autosomes and about 100 to the X chromosome. For'mahy loci,

» the ass1gnment is to a defined region of a partiq@lar

chromosome (Ricciuti and -Ruddle, 1973; Shows and Brown,
1975). Celi hybridization has beé; Qged to mab other species
(Pearéoﬁjand Roderick, ﬁ979). I have extended the method to
the pig: (Sus scrofa domesticus) by fusing its cells with

mouse cells. This hés allowed me to make" the. first

assignmept of an ehzyme to an auto;ome of a'domestic-animaif
FThis modest success and the expecgat1on of more valuable
information are due to "the contrasés ‘of pig and mouse
‘ \ghromosomes, the vigor of pig-mouse hybrids, and the

preferential loss of pig chromosomes from these hybr ids..

University of Alberta

— . ~ (A) Fusion

]

Fusion of somatic cells occurs in nature. -The best-

striatéd muscle Chicken. 4myob1asts: can - fuse with mouse
' _ L 3
. myoblasts in v1tro to form heterokaryons (Wilde, C. E.

1958). Multinucleate .cells are characteristic of some
pathologies; some arise as a resuit of bgcterial or viral

;infection (Enders and Peebles, 1954; Okada, 1958). Thus it

Ruddle, 1877); approximately 110 loci are assigned to

Known -is the fusion of myoblasts to form the synkaryons of



was known before 1960 that cells which fuse with their own
\‘ ¢ Kind can fuse with éimilar qflls from other species, and it.
was also known that multinucleate cells can arise from
ménonucleaté cellsiQndér pathologic conditions. It was not

clear, however, that different kinds of cells from different

species could fuse. A demonstration of the fusion of cells

of different origins appeared in 1965 (Ephrussi and Weiss,
-~ ;

1965; Harris and Watkins, '1965), shortly after thesfirst

evidence that spontaneous fusion occurs in mixed cultures

(Littlefield, 1964). This stimulated the search for ways to

increase the freguenéy 6f cell fusion.

Okada was the first to fuse cells eXperimental]y
(Okada, 1958,.1962). He used a myxovibus {HJV, also Known as.

Sendai virus) which is still popular although other viruses

University of Alberta °

are effective (Poste, 1972; Barski, 1970). Cells can also ‘be
cauéed to fuse using sihple chemicals. LysolZcithin was used -
to'fuse'chickeﬁ.erythrocytes (Poole et al.] ;f970), mouse
‘fibroblasts (Crocé et al., 1971; Ahkong et al., 1973),

hamsteﬁ cells. (Gledhill et al., 1972): and rabbit sperm

(Gledhill et al., 1972). Glycerol monooleate was used to
‘fuse erythrocytes (AhKong et al., 1973),‘ and hamster
fibroblasts (Cramp and Lucy, 1974). Liposomes containing

various phospholipids were used to fuse mammalian cellé
. (Papahaejopoulos et al., 1973). The frequency of fusion is
o : comparable'to}that obtaiQfd With Sendai virus. Polyethylene
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glycol (PEG) ;was wused -to fuse plant protoplasts (Kao and
Michavluk, 1874), hamster, mouse, and human cells

(Pontecorvo, 1975), and cells of Drosophila me lanogaster

(Bernhard, 1976). PEG is an important agent because it is

-non-toxic in concentrations as high as 50 percent.

Humdn .cells can be fused by microsurgery (Diacdmakos

and Tatum, 1972). SUfgical fusion has important theoretical °

advantages. T?; needle, unlike chemicals or viruSes. can be
removed with certainty once fusion is achieved. " The ma jor

disadvantages of the surgical technique- are the time,
. v

- practice, and labour it requires.

T

®
(B) Hybridization

o : o
The ease of fusion, the abundance of methods, and the

diversity “of cells show-that experimental fusion does not -

depend on Fhe biological specificity of the cell surface.
Fusion may ‘not, however, be permanehf and produCtive} the

binucleate cell may "not survive longi enough to be

- recognized. A fusion goes unrecognized if_fheinnuéleate

. L] ‘ . : -
reverts or does not Yrow well. The. signi#icance of fusion
fol lows from the vigor and stability of moncnucleate clones

whose chromosomes disclose the fusion of dissimilar nuclei.

f

L N Y TV - e
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The isolation of these hybrﬁd clones is the best proof of

fusion, but is presumed to’ underestimate their frequency .

The best measure of the error comes from the.microsurgical

fusions-of humah cejls. Three of every four \fusions," which
could be isolated, failed to_ proliferate adequately

(Diacumakos, 1973) . Non-proliferation means loss which may

or" may not reflect a disappearance of €ssential genes by

loss of whole chromosomes or parts of chromosomes Whatever

the case, chromosome and gene loss does occur early in ‘the

&

| 11ves of clones, but less frequently in established clones

,(Ephruss1 and Weiss, 1967)§’ The perception of this

phenomenon illuminated the exper1menta1 potential. of

hybridization for genetic studies and qutckeged the growth

’

The‘isolation of a clone from a mixed culture depends

on its abilitytto outgrow other cells and other hybrids. The

1

yield of hybrid clones can be increased by selecting

‘parental cells that éannotﬂgp<01ferate iR med1a wh+ch a]]ow

the pro]1feration/ of the:- hybrid. Appropr1ate‘cho1ces are
parental cells that cannot survive in culture (e, g., normal
lymphocytes), or have suffered a mutation wh1ch restricts an
important metabolic process (e g , nucleot1de synthes1s)

The value of this approach was demOnstrated by fus1on of
cells deficient in thymidine kinase (TK- cells). with cells

deficient _in‘hypoxanthine-guanine phoSphoribosyltransferase
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(HPRT- cells) (Littlefield, 1964). The TK- cells were

selected by their resistance to 5'-bromodeoxyuridine and

. A , ,
- HPRT- cells by their resistance to 8-azaguanine. Resistant

cells do not incorporate these unnatural bases into their

NA. Such cells do not proliferate ip a medium (HAT) -
containing hypoxanthine. aminopterin,  thymidine, and

glycine. Conversely, the hybrid can proliferate because it

inheritd HPRT from the TK- pé?ent-anq TK. from the HPRT-
parent an¥ can circumvent the effects of aminopterin. - This

al roles, both

inhjbitor has one incidgnfal and two prin
of Which are due to a decline in tetrahydrofolate -mediated
by inhibition 6f dihydrofolate reducta .,The‘incidehtal
role is th& inhibition of serine hydr%x thyltransferase
which ‘converts serine to ‘glycine. This is/gountered by
exogénous glycg;e. The principal roles are the inhibition Pf

thymidylate synthetase, which convert§ aeoxyuridy]ic acid

“(QUMP) to déoxythymidy]ic acid _ (dTMP), and of

H

‘phosphor ibosy laminoimidazole-carboxamide ’formyltransferase,

which controls a path'_to ,indsine monophosphate (IMP),
neééssitating the use of the salvage pathways. ;or thé
synthesis of tFymidylate and purine nucleotides. ‘A similar
system uses TK- cell§'in‘combination with cells deficient in

adenine bhosphoribbsyltransferasé (APRT- cells)  which . are

~resistant to alanosiﬁe (Kusano et al., 1871; Tischfield and

RUddle, 1973)3 The basié of these‘compfex interactioné has

[N

s
. . .
- . ) S .
. . . N
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been schematized (Fig. 1). TK- and HPRT- mouse cells fuse.

with cells from other species. HPRT- cells fused with human

lymphocytes, in HAT medium, to yield hybrid'cipnes'(Miggiano
{ . o

et al., 1969; Ruddle et al., 1970; Tischfield and Ruddle,

1973). Lymphocytes do not normally attach or proliferate in

culture and are removed when the old med1um is replaced. In

th1s thesis 1 descrlbe the 1so]at1on of permanent hybr ids of

pig lymphocytes with HPRI; mousa cells (RAG cells).

)
' t

Cells’ of the Chinese hamsfef have relatively few
chromospmes and are well-suited to karyologic studies. Some

mutagens,fsuch as d-bromodeoxyuridine (plus visible 1light),

produpe mutant cells with special nutritional requirements

(Puck and Kao, 1967) Some of these cell lines have specific

requirements for adenine (Kao and Puck, 19%%), lucose . (Sun
AN

et al., 1974) glyc1ne (Chq et al., 1972; donesdet'al{,
- 1972; Kao' and Puck, 1972), inositol (Kao and Puck, 1972),

proline (Kao and Puck 1972),. and uridine (Chu et al.;

1972) . In add1t1oh there are lines with requirements for

purine or a comb1nat1on of glyc1ne, hypoxanthine, and

thymidfne (Chu et al., 1972) One 1line which requires

-glycine is deficient . in serene hydroxymethylase (Jones et..‘
| at., 1972), aﬁﬂ’rfné§ 11ne which requires glucose . cannot

utilize galactose &ecause of a def1c1ency of galactose 1=

phosphate ur1dy]transferase (Chu et al., 1972). Hybrids can

. be recovered from media which lack the appropriate-nutrient.

B SR PP o T P I s T
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. cultures of hamster cells and fused with sensitive cells to
" cells resist concentrations 104 times those which Kill human

~ ouabain-sensitive, HPRT+, human fibroblasts to produce |

Mutant lines have been obtained from hamster cells
’ I3 * 13 I3 '
selected in other ways. TemperaEure-s¢ns1t1ve (ts) mutants

of BHK-21 cells were qsquto produpe hybrids insensitive to

I M R

the temperature of selection (Meiss and Basi'ico, 1972). One:

.o

ts mutant affects DNA synthesis (Smi£p<3and Wigglesworth,
1973), and another éffepgf purine \transport (Harris and
whitmore, 1974)C fhese.ts ibkants are receséiye in the sénse,'
that they yield iﬁsensitive hybrids, which. syntthize ‘DNA
‘and transport purine.'Hamster and human cells afe sensitiv
to ouabain (strophantin G), ia glycoside thich ihﬁibits ' é

Na’K*-ATPase. Ouabain-reslstant mutants were isolated from ¥

produce insensitive -hybrids . (Baker ;et al., 1974). Mouse  _ }

cells. Ouabaintresiéiént, HPRT-, mouse cellis-were fused with

ouabain-resistant hybrids  (Kucherlapati et al., 1975). It is -
clear that. hybridization ‘can be applied to many kinds of .

cells to ahswer many different questions.
. N . . N . 0

{C) Chromosomes

Y ' ' 4 ’
- A few chromosomes of humans and other mammals have been f}
; . «

" Known by name, or number, for many years. The Y chromosome
¥ | |

/‘ . }“ ‘.._. | X | ' . .‘
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of some mammals was the ‘easiest to identify. Using

conventional staining teshniques some autosomes ,copld be
discriminated by the location of the centromere, the number
and'positions of constrictions, the presence or absence of a
terminal satellite, the lshapé, and the :size. Theb human

chromosomes we Know as 1, 2,“ 3,-16, 17, 18, and Y were

1dent1f1ed by those criteria. The identifications were based-

on the Jo1nt use of agents whlch destroy the m1tot1c sp1ndle

.(colcemxd) spread the metaphase plate (hypoton1c KC1), and.

fix the chromosomes to a sl1de while- remov1ng most celJularf

matter (methanol acetic ac1d). The ability to d1scr1m1natg
Further .was greatly‘;_iﬁproved by banding' techniques
(Caspersson.et al., 1968, 1970; Wang and Féderoff, 1972).

The bands produced‘by two methods, Q-banding and G?banding:

are. termed Q-bands and G-bands. meaning that there are -

. w . - : . ) X
transverseq segments which fluoresce‘(Q-bands) or stain (G

bandsl strongly or weakly (International .System, for Human

»Cytogenet1c Nomenclature 1978) The pattern of Q- bands is

<

the same as the pattern of G-bands, for any one chromosome,‘
. The band1ng pattern is tHe - same for the members of a
lhomologous pair, is very S1m1lar in all tlssues, and°1s more

consistént tham the 1nten$1t1es of the bands or the lengths

of the chromosomes In general autosomes are numbered in

descend1ng order of length and grouped accord1ng .to_ length

and the position of the ceutromere Standardization_is

«©

“‘\ . <3
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facilitated by photographyl Thevimages of the chromosomes
are’cut from the print’of a metaphase Spread and arranged by

length and morphology;.the sex ohromosomes are'the last in a

karyotype.
[
. -
—\ (D) Gene Assignment
J
For ... a particular -~ speciés, - the  unambiguous

identification of whole chromosomes, and of some segments of .

a n . e .
chromosomes,, allows us to follow their . fates after

hybr1d1zat1on Rat mouse hybr1ds lose rat chromosomes (We1ss '

and Ephruss1w .1966) , mouserCh1nese hamster hybrjds lose

mouse chromosomes_~($calefta et al., 1967), mouse-Syrian

hamster hybrids lose mouse chromosomes -(Migeon, 1968),

human mouse hybrids lose human chromosomes‘(Welss and Green,

1967 Boone . and Ruddle.'1969) human Ch1QeseT;:mster hybr1d5‘
]

lose _human chromosomes ,(dones et al., 2; Sun et al.,

_1974) mosquito-human hybrids lose moSqujto'fchromosomes
(Zepp - et al 1971), chicken-mouse hybrids lose chicken

. e~ _
..chromosomes (Schwartz et al., 1971), and chicken-Chinese

¢
hamster hybrids lose ch1cken chromosomes (Kao, 1973).-The
cellvline'whose chromosomes are lost preferent1ally after

hybridization ois. referred-to as "the recessive cell line".

-The loss of,chromosomes*may not be restricted to those of.

O

G

U TP
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“hamster hybrids (Wilblin and‘MacPhebsqn, 1873).
o ' o - | '
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w;‘ J'l' 4 -
ope origin;. mouse and “‘hamster chromosomes werevTést from.
mouse-Chinese hamster hybhids~ (Sca]etta et. a1.,“ 1967;
'Handmaker, 1971; Labella et al., 1973) and mouse-Syrian
\"4 .

The concordant presence, or absence, of ‘a chromosome

and a phenotype is the basis. of gene assignments. Assignment
_is usually made by compar1ng metaphase spreads (20 fo 30)
’/from d1fferent clones (5 td* 10) with a test for the

phenotype, ,e; g.[_an enzyme-actiyity.AFurther,ﬂthe deletion

-

or loss of part of a chromosome, or the translocation of

part to another chromosome, permits assignment of a gene to
. ’ ~ - ) 3 ' .

the deletion or translocation, or to the part which remains

with 'itsd native‘jcentromere Ionizing irradiation has been

used to increase the. frequency of delet1ons in human ce]ls

A ~prior to their fusion with mouse cells (Goss and Harris,

1877); human cells are the rebess1ve cells in these human-
mouse' hybr1ds When*used with HPRT- mouse cells this systemq

selects for hybrid ce]ls which reta1n that part of the human

X -chrémosome carrytng the HPRT gene, and wh1ch may express,f

_ human genes syntenic w1th HPRT.,Y

. ‘Many genes are assigned to the X-chromosomeref the

\ * —_

- mouse : and some are assigned. to each autosome-(Womack 1980;

Davisson and Roderick, 1980).- The genes are ass1gned by

‘ehromdsome humber , rather’ \than- 11nkage group, but the

™



. bhiv;ersi(y of Alberta

=

assignments represent a synthesis of karyotypic and 1inkage

data. fhe data for most other mammals is fragmentary. Fouh
|

linkage groups are‘known for the pig (Fig. 2): the locus for

the K blood group is 4 map units (MU) from that For_heme-
- .binding globulin (Im]ah 1965) the C blood group is 6.0 MU

from the d blood group (Andresen 1966a) the I blood group
is 2 5 MU from serum amy lase - (Andresen, 1966b) , -and the H
blood group is between phosphohexose 1somerase (2.6 MU) and

6-phosphogluconate ‘dehydrogenase (6-PGD) (3.4 MU) (Andresen,

1871). None of' these. loci or linkage groups have been

assigned to a pig chromosome.
v

. : # o ' -
11. Assignment of Genes to Pig Chromosomes

L l ‘ , o
. The  objective of this thesis is the efficient

assignment of genes to pig ohromosomeshﬂfhfs 'objeotive has

several 'stageS' the d1scr1m1nat1on qf p1g from mouse

>chromosomes. establishment of v1gorou§ p1g mouse hybr1ds,

charaoter1zat1on of chromosome loss, .and detectlon of

‘concordance of p1g chromosomes with pig: enzymes 1T was ab]e

'to drscr1m1nate/a11 pig chromosomes from mouse chromosomes

Vigorous pig mouse hybrids were obta1ned from  HAT . med1um

}follow1ng PEG fusion of p1g lymphocytes and RAG cells (HPRT-

mouse cells). These hybrids lost pig. chromosomes and “5

> ‘.

1
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retained mouse chromosomes. The presence of nucleolus

organizer regions . (NORs) in’ pig chromosomes 8.and 10 is

"confirmed. Three enzymes are assigned to the;uxgéhrOmosome

and one . is assigned to chromosome 9. This is the first

assignment- of an enzyme to an autosome Of a domestic, or °
: _ ‘

agricultural, énimal by somatic cell hybridization. The NOR

of pig chromosome 10 is not visible in the hybrid cells

which retained this chromosome. This may mean that the
ribosomal genes of pig NORs are not transcribed in the

hybrid,v an interpretation for which there is amplé

" precedent. 1 interpret my work to mean that it will be

possible to assign many genes toAﬁig chromosomes by fusion
of 6%g.lymphocy;es with mouse cells, and the application °§f“

v

current techniques.

v
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MATERIALS AND METHODS

(A) Cells

Mouse cells from a cell Tline (RAG) ‘def%cient in.
hypoxanth1ne guan1ne phosphopibosyltrqgeferase (HPRT-)
(Klebe et- al., 1970), were obtained from Linda Pasztor
(Univereity of'Oregon). The RAGlce11‘line is a ‘nonreverting
8-azaguanine- res1stant line derived fréom a spontaneous renal
adenocarc1noma in - a BALB/cd ‘mouse of unspec1f1ed sex P1g 
lymphocytes were obta1ned from an adult male pig of the
Canadﬁan Lacombe breed (Lin ‘et al.l‘ 1976) . Ten mf'of

_hepar1n1zed pig blood were diluted w1th an equal volume of -

Hank’s Balanced Salt Solution (HBSS) (Flow Labs.,
Mississauga, Ont.));erY.O, and 'Jayered above 20 ml of

Ficollnypeque ;501ution. The latter was prepared from 9'gm

of Ficoll (Pharmacia, Dorval, Quebec), 30 ml of Sodium

Hypaque . (Winthrop Laboratories, Aurora, Ont. ) and 120 ml of

water. After centr1fugat1on (280 X g,_'40‘ min, ) roem'

temperature), the cells were washed two times in HBSS (140 X

g, 10 min) . Exeept where stated otherw1se all water used was

double dist111ed in glass. _ _ v
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{B) Cultures

RAG cells were ma1nta1ned in Ham’'s F-10 medium (Grand'
Island Biological, Burljngton. Ont.) brought to 16 percent
fetal calf serum (ﬂ6 parts serum plus 84 parts medium)

(Flow). The medium used for short-term .cultures of pig

lymphocytes was prepared from '10. ml Ham's F-10 medium,

- brought to 16 percent fetal calf serum, ‘and 1 percent “L-

glutamine (Grand ~Island). To this I added 0.1 ‘ml

bhytbhaemagg1utinin (Wellcome Reagents, ‘Beckenham, U. ,K.)

“and 0.5 ml heparinizéd pig blood as a source of lymphbcytes,

~(Lin et al., 1976). These were cultured three days at 37°C
and Karyogxggg The selective med1um,. Ham' s' F-10 Jplqs
hypoxanthine, - aminopterin, and thymidine iﬂgT), was pre ared
from Ham’s F;1O medium brougﬁt to A16 pé:;ent fetal calf
sergm, 1 X 10" ‘M hypoxanthine (S1gma Chem. Co., St. Loufs,a
Moi} 4 X 10 7 M ~aminopterin (Swgma)f and 1.6. X 10-5 M

'--tﬁym1d1ne (Sigma) (Littlefield, 1964). ‘o o e
- . \ A .
\ . (C) Hybridization .

‘p

~ Ten ml of a suspens1on of RAG cells (10% cells/ml) and

10 ml of a suspens1on of pig $ymphocytes , (105 ce]ls/ml).
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bbth in F-10 medium, were mixed and centrifuged (14Q X g, 10
min). The pellet was suspended in 0.5 ml of a mixture of 5
gm PEG (Matheson, Coleman, and Bell, Cihcinnatﬂ, Ohio) and 5

ml HBSS, pH 7.0 (1 min, 37°C). This was diluted to 10 mi

with F-10  medium. Aliquots (0 5 ml) were added to 75 cm?
culture flasks containing 10. ml1 each of HAT med1um Clones .

‘were isolated three to four—weeks later in stainless steel

oylinders (Ham and- Puck, - 1962).3 Primary c]ones " were

prOpagated in HAT medium until the numbers,were 7dequate for -

“sub culturing. Secondary hybrid clones were mé1nta1ned in

regular F-10 medium. The permanent hybrid .clpnés are

1 e

identified as PLR 1, PLR 2, ete. %

(D) Chromosome Preparation . -
4 _ | : |
s i . : 1

G~

- Mouse chromosomes were prepared from: the bone marrow of

a "BALB/od female. The mouse was killed by cervical

dislocation five hours after an IP injection of 50 uwg (0.5°

ml) " colcemid tGrahd Island). The ilia were removed, cut

across the ehdé. and flushed with 2 peroent sodium oitrate.

- The marrow was centr1fuged (140 X g,.10 min), dispersed-in.
one to three ml 0.075 M KC1, and 1ncubated (12 min, 37°C):
This was centr1fuged (140 X g, 8 m1n) and- the cells were

" dispersed in fiXatiye;-three parts'methaho1 plus one part

~ -
D I T P P T
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aeetic acid. One day later this was centrifuged (140'X g, 10

min) and the cells were dispersed in fresh f1xat1ve

,M1croscope s]1des were covered with cold water (40°C) and two

drops of the cell. suspension were dropped onto each slide.

The slides were dr1ed over a Bunsen burner.

Chromosomes were prepared from groWing cultures of RAG,

- pig, and hybrid cells,.Two.hours~after exposure to 0.1 ug/m]

colcemid, the cells (107) were collected*'exposed to 0.075 M

KC1 (15 min)'--fixed in methano1 acet1c ~acid, and left
overnight The old fixative was replaced, two drops of cell

suspens1on were dropped onto a chilled microscope slide. and

the slide was air-dried as described above.

I

v iE)5Chromosome Banding

i

RAG, pig, .mouse, and- hybrid cell chrdmosomes:were

stained to. show G- bands (Wang and Federoff, 1972).‘One ml of

5 percent tryps1n (D1fco Labsv; Detro1t M1ch1gan) in -water
was mixed with’ 20 ml. of Puck’s sa11ne 136.0 mM NaCl, 4.0 mM
KC1, 0.5 mM Na2HPO4, . 0 mM sucrose) and 20 ml of EDTA-
Q'saline_solufion (5.0 mM disodium EDTA in 145.0 mM NaCl)_\

pH was adjusted to pH 8.0 with 0.1 M NaHCO3. Shdes were

. treated with tryps1n (20 to 35 sec, rcom temperature) rinsed

&
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quickly  in 70, 95,‘Vend 100 percent. ethano1, and dried in
air. Slides were stained:(2 min, ro:msj}mperature) in 1.0 ml
Giemsa (Harleco G1bbstownk)N J.) éolved in 40 ml of
Sorerison’ s buffer (0.07 M NagHPQ4-KH2PO4. le6.8).

Some slides were processed to show Q- bands (Lin et al.
1978). A slide was treated (20 m1n) with 0.128 mM
act1nomyc1n D (SIgma). rinsed br1ef1y in water, placed (10
min) . in 0.05 ug/ml’ Hoechst @3258 (Behring Diegno§tics,
Montreal, Quebec), and'air-dried\- A fen~ drops ofﬁnsodium

"phosphate buffer (0.1 M, pH 4. 5) were ‘added to the slide A

“coverslip was appl1ed and sealed to the s]1de w1th paraff1nA

The slide was left in the dark overnwght and examined in the

-~ :

fluorescence microscope the next dayﬁ

c:f‘

(F) Chromosome Retention..

The chromosome comp lement of a hybrid‘plone variés from
. N . :

one cell to another although" all cells of a clone are

derived . from - a single fusion event. The variation can be

v1sual1zed with the aid of a simple graph (Allderdice et o

al 1973). Graphs for f1ve clones were drawn by count1ng

"the number of dlfferent p1g chromosomes present in one cell,

the number present in a second cell wh1ch were not present

L
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"in the first, the number present in the third which were not’

.,

19

i . R
L4

present in- either the firSt'cr second, etc., summing these
numbers - for "n" cells, and plotting the sum as a function of

"n" (see'pages 30 to 32). P
v (Vg

(G) Nbcleclus Organizer Regione

i

_Some slides were sta1ned to show the NDRs (Howe 11 et

al., 1975) . Solut1on'1 was prepared by d1ssclv1ng 0.5 gm of

AgNO3 (Fisher Scientific, Calgary, Alberta) in 1.0 ml of

water. _So}dfion B was prepared by adding ‘5.0 gm AgN03 to a

mixture of 5.0 mI water and 7.5 ‘ml NH40H (29 percent NH3,.
Fisher). Solut1on C was’ prepared from 50 ml of 3 percent
formaldehyde by adjusting the pH to 7. 0 with sol1d ~sodium
acetate’ (Sigma) and‘read3ust1ng it to 4.5 with formic ac1d
(88 percent F1sher) Solut10ns A and B were f11tered

Ihrough 0 22 um MILLIPDRE filters (M1111pore Bedford Mass)

_1nned1ately " before use. Three drops of solution A were

placed cn'a siide, a coverslip was .added, the slide was

incubated (15" min, 55°C) washed bqif?]y in water, and dried |

in air. Four drops of solut1ons B and C wére~placed on the
slide, a coversl1p was added, and the slide was incubated at
room temperature The slide was rinsed 1n water and as soon

as a l1gnt brown color became visible, stained in G1emsa

R o )

.
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‘

(1.0 ml Giemsa in 20 ml Sorenson’s butfer); the sequence was
‘?eversed for'somelphotographe._Some slides were' stained for
Q-bands and NOR sites. For ,staining fo]lowedhﬂoy silver
impregnation “the slides were processed to show the G-bands
or . Q-bands, ohotographed the coverslip was removed, and ‘the

‘sl1de§ were treated to show the NORs and rephotographed

»
s o (H) Tetradecanoylphorpbol Acetate

Ten mg of 12-0-tetradecanoylphorb01413-acetate (TPA) °
(Peter Borchert Chemical Carcinogeneeis Eden Pra1r1e, Mn.)
]

were d1sso]ved in 10 ml acetone (Solutlon D) and 62 ul of

th1s were added to 100 ml of Ham's F-10 culture medium

- (Solut1on E; 1000 nM TPA). Four subfconffuent cultures from

clone;»retaining pig‘chrdmoeomedto were treated/with 1. O. mh
solution B (Expt. 1)f and four were treated w1th 2 0 m1
Expt. 2) to give- TPA concentrations of 100 and 200 nM. .The
\ntures were 1ncubated in 5 percent €02 in air (24 hrsf‘
" 370C). The cells were recovered Q- banded ahd sta1ned for
N2¥ ét leas¥ 20 metaphase - spreads of each clone were -

ex m1ned Soluttogg,lack1ng TPA were used in parallel as

co trols} - : d /
A

l

|

-
’ M

l

|
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- the same manner.

_'(1)'Enzyme Separation

. . . ‘ C;\R
The medium of a RAG or hybrid culture was replaced with

two ml of EDTA-Saline (136 mM NaCl, 5 mM KC1, 5 mM glucose,

4 mM NaHCO3, 0.5 mM EDM). After five minutes at room

temperature the flasks weré tapped gently on the s1de to -

detach the cells. Cells (107) were washed three t1mes by

: centrifugation_ (140 X g, 10 min) in cold 1soton1c saline.

then- lysed in 0.2 ml 30 mM . phosphate buffer, pH 7.0, by
three cycles of freezing, in liquid n1trogen, and thawing.

: at room temperature. The, clear supernatant (20,000 X g, 30

min, 4°C) was used for electrophoresis in starch gel.
/ . .

‘Extracts of_pﬁg 1ympho¢ytes.and_11ver cells were prepared inj

Tests fortfour'enzymes prdved useful:'The -enaymes .are'
giucdse-s-phosphate dehydrogenase (G-6PD) - (Goldstein and
Ltn; 1971), hypoxanth1ne guanine phoSphoribosyﬁtransferase
(HPRT) (Nlchols and Ruddle, 1974). alpha galactos1dase (GLA)

3(Harr1s and Hopkinson 1976), and superox1de dismutase (SOD)
»(N1chols and Rudd]e, 1973). A different pa1r of buffers, a

br idge buffer and a gel buffer,, was’ used for each enzyme

Sixty five grams of hydrolyzed starch (Sigma) were added to

500 ml of gel buffer and heated. Th1s was poured 1nto Athe

el mold uand left at room temperature for at least four
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& hours. Aliquots of the extracts (20 ul) ‘were placeé in we]Is
5 cm from the cathodal end of the gel, the wells were sealed.
with melted petroleum jelly (Fisher) and the gel was wrapped

( ‘ \

) N . < . . u
- ' .in Saran wrap, -leaving the ends.exposed. - ’

The bridge buffer for G-6PD was 0.05 M phosphate-
citrate, pH 7 4, and the gel buffer was a 10-fold dilUtton
The br1dge buffer for HPRT was 0. 027 M citric acid and 0.187

; _ M/K2HP04' pH 6.8, and the gel buffer was was about a 25-fold
) dilution (1.21 mM and 6.07 mM). The br1dge buFfer for' GLA

was 0.44 M H3BO4 and 0.04 M L1OH pH 7. 0, and the gel buffer'
was 12. 4 mM Tris, 3. 3 mM c1tr1c ao1d 3 6 mM H3BO4, and 0.33

mM  LiOH, pH 7.0. The bridge buffer for SOD was 0.02 M EDTA
0. 5 M H3804, and 0.9 M Tr1s, pH 8 6, and the gel buffer was -

University of Atberta

. ‘a 20-fold d1lutiont For SOD, a five- fold dilution of the

// 4 br1dge buffer was used in the anode chamber and a seven-fold
| d1lutlon,nn the cathode chamber. | | o

Theﬂ G-SPD activities of the mouse - and pigu were

separated by electrophoresis for 16 hours at 160 V and 16

\3

~mA, HPRT activities by'17,houre'at 150 V and 15 mA, GLA
activities by 16.5 hours at 150 V .and 15 mA,.and sap
aqtivities by 19.5 hours. at 210 V and 2.5 mA. Al1
electrophoretic runs were done at 4°C in a vertical starch

gel apparatus (Buchler Instruments, Fort Lee N. J. ) using a

be power supp1y (Buchler) -
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..phosphorjbosyl-1-pycophosphate or .
MgC12, Fisher) in 15.0 ml of 0'1"M'Tr~is-’HCl buffer,,pH 3.4,

23

. ¢
(J) Enzyme Detection v
‘ - o
- o

.

For G-6PD, each half-gel was incybated with SUbstgage
(37°C, 30 min; 5 wmg glucpse-6-phosphate, ‘25 mg MgC12.6H20, 3
mg .TPN 3 mg Nitro- Blue tetrazolium or NBT 1 mg phenaz1ne
methosulfate or PMS, all Sigma) in 25 ml 0. 05 M Tr1s HC1
buffer, pH 8.0, in the dark L

C &

‘or HPRT - a sheet of DEAE ion exchange paper- (FISher)

was p]ﬁpéd\on each half gel. and incubated with. substrate-.:
(37¢C, 2 hrs,»SO ul hypoxanth1ne 8- “C, specific activity,

' 42.4 mC/mM Nemengland Nuclear, Boigon, Mass. 1.5 mg 5-

PRPP, S1gma 30. g‘mg of

The paper was soaked overn1ght in a lange vokume of 0 1M

LaC13 (Fisher) and 0.1 M Tris-HC1, pH’ 7 0, washed two hours .-

in drunning deionized water, dried, and placed on X- ray f11m.

| (X*Dmat:R FTIm. Eastman;'ROCheSter, N. Y) for one week or

longer The film was developed placed on- pr1nt1ng paper

°

(Eastman), and exposed on a light box (1 sec) B R

[V

For GLA, each half gel was ‘incubated with. ;SEEIrate
(37°C o2 hrs,; 10 mg . 4- methylumber1ll1feryl alpha- :

-ga]actosidew Sigma) in 20 mi 0 2'M phosphate citrate buffer,'
- ph 4. 0. Each half gel was flooded with 30 ml of 29 percent

P

. aqueous 'NH3, ‘§1luminated with. Yong- wavelength ulfigvio]et

~ v . .
-~ . ' -, i ¢ v
. - . .-
) v

‘e

o
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- light, and photographed.

For SOD,\eaph‘half-gel'wes-incubated with substrate-{15
N o min, room tempereture§ 50 mg MgC12.6H2D, 6 mg NBT, 2 mg PM$)
' | in 25 ml of 0.05 M Trig-HC1, pH 8.0, placed under a flood
tigHt for 30 minutes, dnd photographed {mmediateiy.

-

-

A

-

(k) Other Eﬂzymee

“Cell lysates‘ were tested.for 'six dther enzymes 6- PGD”

'(N1chols and Ruddle, 1973), orn1th1ne transcarbamylasé (OTC)
(Barongand Buttery, 91;), sorb1tol dehydrogenase (SDH) (Lin
- . et .al.,” 1969), ‘ﬁphosphoglycerate K1nase (PGK) (Beutler,

" University of Alberta

1969), and PRPP synthetase ’(Lebo and Mart1n,' 1998). Dne,/
‘.'enzyme p1g 6~ PGD “gpu1d not be detecied 1nmany of'ﬁs/
_? clopee Theﬁact1v1t1es of IDH DTC,'and SDH were too weak to

_ perm1t prec1se 1nterpretat1pn of  tHe ge]s...PGKf and PRPP
: . | 'synthetase were detected but the ‘pip and'moUse enzymee
: S m1grated together at pH 7 5, for PGK, and pH 6. 8 for PRPP

i ' ,*synthetase The effects of alter1ng the pH were not tested

o

ro.

\ k,zw 4

‘ (N1cho]s and Ruddle, 1555) 1soc1trate dehydrogenase (LDH) S

{
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RESULTS AND DISCUSSION . O\
: &

(A) The Pig Chromosomes of Hybrid Cells

n

Distinct chromosome.-bands <were - demonstrated in pig
(Fig. 3 and 4), mouse (Fig. 5), RAG (Fig. 6 and 7), and
hybrid cells (th.VB and 9). The 20»different"chromosomes of
the male pig were discriminated and identifieo' tn pig
19mphoc§tes'(Fig,,3'and 4) and hybrid ce]lsG(Fig' 8 and 9;

Table f1a). RAG cells conta1n two K1nds of mouse chromosomes

“intact chromosomes ident1ca1 w1th those of. the normal mouse -

‘cell, and marker chromosomes. produceo by trans]ocat1on.

between mouse_chromosomes. The mouse X-chromosome, all mouse

autosomes, and “some of the mouse marker'chrom0somes'were

S discr1m1nated and 1denf1f1ed in RAG and hybr id cells (Fig. 6

to 9) The chromosomes of hybr1ds are easw]y -1deht1f1ed as

. pig or mouse by the colorat1on of the centromeres, weak for

jthose’of the pig and intense for those of the mouse (Fig. °8

and 9). The 1ntense fluorescence of mouse. centromeres (Fig.

7 and 9), after treatment ‘with act1nomyc1n-D and ‘Hoechst

J33258 is attr1buted to the h1gh dens1ty of aden1ne thymine

(A-T) base pa1rs (Hilwig and Gropp. 1972; Raposa -and
NataraJan, 1874; Jalal et ., 1976; QQrgehsen et al., 1978) .
Karyotypes (Fig. 3 to 9) were arranged.(Lin et al,, 1980;

- the Readihg‘gonferehce. 1980f.hand individual chromosomes of
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1 i . mouse origin were 1dent1f1ed, accord;ng to current standards

f/“\\(Comm1ttee on Standardlzed Genetic Nomenclature for M1ce,

~ 1972; . Hashmi et al., 1974). The cells of hybrid clones
resembled RAG cells (Fig. 10), despite the retentlon of pig

chromosomes. I use the terms "loss", or negat1ve , ~and .-
"retention", or "positive", when referring ‘to. or
{ categorizing, clones. The terms "absence", "freguency", and

"presence" are used to describe the metaphases of various

cells, cell 1lines, or clones. "Absence" imegns, that a
particcler 'type of Chromosome occurs Zzero t1mes in a
particojar'metaphase, presence means that it occurs one or
. more ‘times;: and ‘"frequency ‘means the proportion, of
’_metaphases in thCh .the chromosome occurs one or more tzmes

"Occurrence is used - to indicate the: number of times a

_Unlvenily of Alberla

'particular‘type of chromosome fs rfound in one ‘metaphase
-ChrOmgsome' types are 1dent1f1ed by numbers, from 1 té 19,
'for mouse autosomes, and from 1. to 18 for p1g*autosomes, or
by the letters X and Y for the sex chromosomes The ;number .
ofé,"d1fferent"- chromosomes means- the number of different .
types) not the.totéT number which 1ncludes rep11cates, e.

| g. eﬁle number of d1fferent types in the male pig is 20, but

- the total number of chromosomes is 38.°
Examinat1on of 14 to 22 metaphase spreads from each of

K7 26 hybrid clones showed that 302 (58 %) of 520 (20.% 26) pig

s o chromosomes were reta1ned\and 218 were ]ost (Tabie 1a). For‘

P
N
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|

the 26 hybr1d clones, the mean number of different pig -

chromosomes was 11 62 (SD = '3.16; SE = 0.62; range = 5 to

18). For the 20 types of pig chromosomes, the mean number of

positive .Clones was 15.10 (SD = 6.27; SE = 1.40; range = 3
to 26). The mean square (MS) is 9.90 for the number of

different pig chromosomes per clone, and 37.29 for the.

number of clones per type (F = 2.98  for homogene1ty of

var1ance p < 0. 05) .- The,number of different pig chromosdmes

per clone is less variable than .the number of clones per

type, which/shows that Qetention'and loss are not}completely

random. The_more‘acrocentricmtypes, 13 to 18, were retained =

more freqoently than the}non*écrocentric types, 1 to '12. Of

156 (6 x 26) acrocentrics, 121 (78 %)- were retained and '35 .

" were lost ‘(Table 1a). Of 312-non-acroCentrics,‘155 (50 %),

were reteined and 157 were lost The number of acrocentrtcs

‘reta1ned does not d1f¥er s1gn1f1cant1y from the number of

non- acrocentr1cs,‘ but. the 78 percent retent1on of

~—y

acrocentr1cs 'is s1gn1f1cant1y greater (F 22 43; df = 1 and

50 MSs are equal p < 0.001). Al 26 Slones. reta1ned-
chromosome 16, most retained~1é{ and most lost 12, 3, and le
: ThirteenJ of the '26 ~clon%s COmbined these retentions and
© losses, keepmng 16. and 13 and losing 12 3, and Y. fhis is
| 51n good,-agreementv w1th the expectatlon of 0 51, estimated
from thetmean rEtent1on_of_each type. Thjsvsuggests that theﬂ‘

/o

_retention of a barticﬁlar acrocentric_is/not related to the
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loss of a particular non-acrocentric. A test for correlation

J shows that the number of diFferent acrocentrics retained is_
»=indeoendent of the number of ditferent‘non-acrocentrics (pi >
0.25). A set of seven clones was used to ass1gn genes to the
A -chtomosome (Table ‘b; PLR 1 is not the same as PLR 1 of

a ,  Table 1a, PLR 6 is not included in Table 1a.). PLRs/J to 7

.of Table 1bhand the first 11 of Table 1a, used to assign S0D |
uto chromosome 9 (see 'pages 38 to. 42), were"exemined
'separately to See if the rat1o of acrocentr1cs Bp non-
acrocentr1cs is the same in the ‘different sets of Clo"%ﬁ,/
“used to ‘make ass1gnments. The ratios arg 1.71 (86 % and 50

%) for the.X-chromosome set, 1.5 (83 .% and 52 %) for the

- N

5§v chromosome 9 set, and 1.45 (67 % and 46 %) for "the remainder
?% of able Ta .‘These .Qombarisons show thet ‘most ot the (
;§ veri~ 111ty assoc1ated with. .chromosome type" can be

| ,.attributed to the d1fference between acrocentr1cs and non-‘

acrocentr1 s, as’ groups or classes Most of the’_var1at1on
';among sets -used for d1fferent puirposes is oue,’to_the"’

acrocentrics, to fWhﬁch} I have . made no assignments.
'Re1at1ve]y litt]e"véristion' can be attributed to the non-

acrocentr1cs as a group, to chromosome ‘type,; orﬁlo c]one

“ For ' RAG 'cells;'.the total' number of intact - and
Atran510cation; or marker,‘chromosOmes was estimated from 20.

G-banded metaphases -(Fig. 11)." The mean total of all

: chromosomes is about 60 (SE is about 0. 6) and the mean total
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of marker chromosomes is about 13 (SE is about -0.8). .Th
mean total of %ntact mouse chromosomes is 47, which includes
replicates. The maximum for different types of i..tact mouse

chromosomes is 21. Comparison of G-banded RAG and hybrid

‘metaphases did not detect translocations between RAG and pig

chromosomes, or between one'pig chromosome and another.

The variation among RAG cells is complex There may be

_‘one, two, or several chromosomes of any ondytype.v1nclud1ng

.merkers (Flg. ﬁ and 7). .Comparison of these two figures -

shows that only six of the 19ftypes of intact chromosomes :
occur the same number of times; chromosomes 12 and J6 once,

6 and 11 twice, 17, three times, and -9, four times.

fVar1able representefion o?Ithese'and'other chromosomes_was

seen in ‘other RAG' metaphases. Such variation is -

| character1st1c of RAG ‘ce]ls and permanent cell lines in
}general The hybr1d clones show cell-to- cell variation. for
| :all ,chromosomes (FIQ.' 8 and 9). RAG chromosomes 16, once,
.and 6, twice, are the only intact chromosomes of mouse'
forﬁg1n‘ wh1ch. occur the same number of t1mes in- the two RAGh’
.karyotypes (F1g 6 and '7) .and the - two hybr1d' Karyotypes'
(Fig.’ 8 and 9). The cell-to- cell variation for pig

'chromosomes was est1mated for clones PLR 9 (F1g, 12) and PLR

8 (F1g 13) No one type of p1g chromosome was present in

‘all. the metaphases from either clone. The highest

ffrequenc1es, 80 to S0 percent, were those for. pig’
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'completely absent w1th less .than. a 5 percent cha

~ being wrong. If the ‘Yevel  of probab1lity select-- “i
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chromosomes 13, ‘15, and 16 and the‘lowest were those fo

to.7, 7and .12. Since no chromosome is present in

metaphases ‘of a clone, and some are present in only a few

metaphases, it is evident that the "loss" or "retention” of

a pig chrdmosome must. be based on the.examination of an.
'adequatel'number of metaphases If, for . instance, ' a
chromosome 1s present in 20 percent of the metaphases it is,

nnecessary to exam1ne 15 metaphases to conclude that 1: is

e of
1

.

percent the requ1site number of metaphases is ~22.

general it 1s not necessary to prove the complete absence-

of a chromosome " To establish floss it suff1ces to show

that the.chromosome is aosentpfrom mOre\than ‘80 percent of"
the metaphases. The "retention” of a chromosome is based on
‘the conversei.recognition in 20 percent or more of the

;metaphases StrictTy applied this arb1trary d1v1sion means

that the presence of a chromosome 1n three or less, of 20

metaphase» spreads is "loss" and 1ts presence in four. or.~
mdre,_ts "retention"[ Fortunately,: cell-to- ce]l var1at1on'

‘can be dealt with in a more satisfactory manner.

o

-

: The var1ation among‘the cel1s of a clone was assessed

'1n five clones; PLRs 13 22 31, 50, and 96 (Fig. 14), b

‘7ﬂwconstruct1on of heterogene1ty CUPVGS (A]‘défdice et al.,

",A 1973),,the five clones were used.1n,the ass{gnment of SOD-1':
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to chromosome 8; PLR 31 is PLR 1 in Table ta and is negative

"for SOD- 1 and chromosome 9, and the other four are poswt1ve

for both (see pages 38 to 42) Twenty metaphase spreads of
each cﬂone,.except1ng PLR 13 (19 metaphases}, were examined.
] . oo . . .

In the original report lAllderdice et al. 1973) the curves -
3 .

-represent the sum of d1fferent chromosomesl e. g., the first

-
metaphase spread may have five dvfferent pig chromosomes and

- the second may have two different pig chromosomes _not

present. in the- first, so that the first two points on the

llne would be 5 and 7. In this example it does not matter if

the second metaphase spread has none, one, two, three, four,-

or all f1ve of the d1fferent chromosomes seen in the *ﬁrst

If a curve 1s drawn fOF\ a clone o the basis of one’ ser1es

"of 20 - metaphase spreads it is. l1Kely to be 1rregular or

Jagged. If the curve 1s redrawn after chang1ng the order in
Whlch the metaphase spreads are represented the new curve

w1ll d1ffer from the f1rst ‘but‘ it is l1kely to Se-' as

-1rregular or Jagged A set of 20 of these 1rregular curves

.can be averaged to constgabt a smooth mean curve w1th which

to est1mate the term1nal slope. The term1nal slope pred1cts i
the number‘ of add1t1onal metaphase spreads which must be

read to 1ncrease the number of different chromosomes by one_
T8

‘Thls manner of representation was 1ntroduced as a measure of

the heterogeneity. or homogene1ty, of the human chromosome

fcomplement of a human mouse clone When the terminal slope

©
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is close to 0.2 it indicates that }five smetaphase . spreads

must be read to increase the number of different chromosomes

by one. The'terminal slope can also be‘estimated by summing’

the number of different chromosomes_in. a different’ way, e.

2

g., if the sequence is 5, 2 (ndt present in the first

~

metaphase spreadi, and 1 (not present in the first or second

. metaphase spreads), the Qalue for the ftrst metaphase spread

" is 5, that for the second is 5.+ 7 dlvided by 2, the third

is 5 + 7+ 8 d1v1ded by ‘3, etc. Appl1ed to the data of the

D
or1g1nal report (Allderd1ce et al. 1973) this abbreviated

method gives .a terminal slope ‘close to 0.2, the slope

obtained in the original repbrt by 20 repetitions of the.

orlginal- method With the abbrev1ated method the slopes for

the Q\g mouse hybride are less than 0. 2

o ~ T
fReexamination of the .originaP pbrt' discldses

i

variation within a clone. analogous t hat we see between - -

clones (Table la). The number of cells per human chromosome

:ith1s variability.’ was due to the almost complete _absence of

human chromosomes iR to 9 and the relat1ve abundance of the

.others (p < 0.001). In effect the data for. a heterogene1ty

| curve may m1m1c/kthe Qata for. a 'populat1on of separate

clones compare Table ‘1a w1th Table 1 in the or1ginal report

’(Allderd1ce et al. 1973) Th1s suggests that ‘any one\\ctone

utype‘ was much “fhore var1able than the number of d1fferent.

7 Bman chromosomes per cell (p. < 0. 005) The greatest part of’

i
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“may“"bé'ﬁaaé’up of’someWhat'dTFferent'sub+c]onés; We need to

know how many metaphases must be reag in ordsr to compensate
for th1s and we need an incisive means ‘of ‘comparing the
1ntra clonal var1at1on of tmolclones The mean heterogeneity

curﬁgg appear to do this (Fig. 14). The curves tell us- that

'~11 metaphase spreads g1ve a good est1mate of the number of
'd1fferent chromosomes, 15 improve thjs slightly, and 20 are
only slightly more neliable_ than 15. .Equally important.
‘¢lones can be categbrized and dtscriminated from each other

'-by 11 metaphase spreads. e. g., PLR 22 versus PLR 31 '(Fig
14) The sim11ar1ty of the terminal slopes for these two

clones shows that the add1t1on of more metaphases would not

o,

;1nva11date the quant1tat1v1. 'compa.nsons based on 11

'metaphase spreads. These observations justify the search for

Unjversity of Alberta
. -

'wsets of~clones composed of two subsets one negat1ve for a

vpartlcular type of pig chromosome and one pos1t1ve _
o N ‘ STy
/ .
(B) The Nucleolus Organizer Regions

-

A

. ~ .
in chromosome 8, was identified as an NOR, a site of

' ribosomal r1bonuc1e1c acid- (rRNA) synthesis (Table: 2)

,ident1f1cat1ons were nade in lymphocytes from f1ve p1gs ‘The

A segment of pig‘chromosome 10 (Fig}~15)f and another

¥

1dent1f1cat1on of -an NOR may dependAon its act1v1ty. i. e.,

~ Lt
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the %htensity of silver  impregnation may‘ reflect the

. intensity of rRNA synthesis. Failure to detect an NOR = where
‘expected may mean that}it is present but 1nqct1ve e. g.,

- pig chromosome 10 is NOR- in hybrid cells.-,An NOR was

detected in- both Not 10 chromosomes,'but in neither No. 8,

of 24 metaphase spreads from'pig No. 4 (Fig. 15). Detq’tion
Y i

was less' consistent - for the 1ymphocytes of other p1gs,

part1cularly p1g No. 3. Consequently, -male p1g No. 4 was h

| selected as the source of 1ymphocytes,for hybrid1zat1on.

Four -ciones, 'PLRs 8, ‘11, 20, and 52 wer/JLsed in a
search for pig‘NORs (Tabie 3) For 87 metaphase spreads the
totél number of RAG (mouse) NOﬁs was 865 the ‘total for pig
NDRs was zero. The _number of pig: No. 10 chromosomes

1dent1f1ed was 111, Thus, an NOR was"detected in none of 111

ﬂ,tNo. 10 chromosomes. NOR- No. 10 chromosomes were 1dent1f1ed‘

in spreads which conta1ned 'RAG NORs (Fig 16 and 17L.;
attempt to visualize the NOR of pig. chromosome 10 by

'._react1vat1on with TPA (SOprano and Baserga, 1980) did not

succeed (Fig.'18 and 19; Table 4). The_abundahce of RAG NORs

shows - that there is‘no general sugpression of‘NOR‘actiVity

which could account for the non- detect1on of pig NORs Since
there is no 1nd1cat1on of delet1on from No 10 I infer that

the "NOR - of p1g chromosome No. 10_is presehtu but-'nactive.

'Prev1ous ‘reports. show that the non-detection of/ NORs in

hybr1d cells 4ﬁs. assoc1ated W1th the preferent1al loss of'A
' / . .
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>/,//g;romosomes from one parental species. 'The species .whosé

chromosomes are Tlost, preferentially, is the species whose .

‘NbRs are inactivated (Soprano-et-a[., 1979). The‘pig is the

losing or "recessive" . species for‘these'pig-mquse hybr ids

and it is the pig NORs ‘which cﬁnhot be detected. Presumably, -
o . . v _ 0
» the explanation for the non-detection of NORs in other
. ] | .

hybrid cell lines, when learned, will also explain the non-

detection of pig NORs in pig—m6use?c1ones; The best evidence -

for the presence of the NOR in NORF‘hybrids is reactiyation

by two very- different agénts‘SVf40-virus (Soprano et al,;

ﬁ{ 1979) and"TPA (Soprano and B€§§¥g§¢~ }980). My -attempf to

reactiydfé pig NORs with TPA- did not include a positive

‘control, i. e., a hybrid clone whose negative NORs had been

reactivated  in' previous experiments of others. It is

ar

.the NOR site of pig chromosome No. 10 is
11,720, and 52, and the other PLRs, al
d : :

~ proved the opposite, that it is retaiped.

(C) G-6PD; HPRT, GLAiand?the'x-éhrombsome'

°

| ';Ihép'histocﬁémith__basis_'fbrA the 'detect;on!of G-6PD

actiVity_in.stardh gelgiSjas‘followsf the sfaininé  mixtuné
._cqnsfsts ﬁ_og_ tﬁe ,subs}rate,,-,glucqse;é-phosphate, the.
Y.

H . ' © ,
]

possible that my use of TPA-was faulty. I do not infer that
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‘and a colourless dye, NBT."Ih the presence of .G-6PD, TPN. is

reduced to TPNH. As TPNH is formed, it reduces the PMS,
which. in ‘turn reduces ‘the NBT. The latter is converted to a
reveals the

formazan.

blue precipitate, The formazan

location of G-6PD,

The detection of HPRT act1v1ty in starch gel depends on

depyrophosp:oﬁytation aqg r1bosylat1on The enzyme converts

PRPP and d1olabe41ed hypoxanth1ne into labelled IMP and

pyrophosphate (PP). Labelled IMP s

1\~//;?nthanum chloride and having acquired aznegative charge
: i

inds to'the ion-exchange paper.

paper to X-ray fi]milocates the labelled IMP and the enzyme.

Direot .printing of the X-ray films  gives “conVenient
replicas. - . L 3 | )

°

Another unnatural substrate 1s used to locate GLA GLA

3

cleaves

D¥galactoses Nrfrom - 4- methylumbell1feryl alpha-

| ga1act051de, ' y1e1d1ng 4- methyldmbell1ferone. | which -
fluoresces br1ght]y between gﬁ\10 and pH 12

Of seven hybr1d clones tested for pig G- 6PD, HPRT and

GLA, five (PLRs 1, 2, 3, 6, and 7) exhibited all three

act1v1ties (Table 1b). and the p1g X chromosome was 'preseng

in 43 to 86 percent of-the metaphase spreads. PLRs 4 and 5

- . 36

. necessary cofactor, TPN, an electron transport carrier, PMS,

prec1p1tated by

- Excess hypoxanthine .is .

~  removed with - Tris-HC1 buffer, Exposure of the ion-exchange

)
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o ;

did not exhibit any of. the ‘three activities, and the X-

I ' o,

“chromosome was - present in just 4 pércent of the PLR 4
metaphases and in«.none of the PLR 5§ metaphases ‘Tée“ ‘:- :
= ’retention : and, loss of enzyme agt1y1ty was Judged by
comparison with appropr1ate controls (Fig. 20, to 23). The
retention and loss of the pig X- chromosome ‘was Judged by the
closeness of the freqqenC1es, 43, 4, and zero percent, to

the reference percentile (20 .%) for "retention" versus ; \1

'/ “loss" The poss1ble qua11f1cat1on that af™X-chromosome may. ]

be reta1ned and inactive, if derived from a female p1g, Was,
ant1c1pated by us1ng a maleh plg (No 4) as-the donor of
| lymphocytes_ for hybr1d1zat1on The conoordance of the .
en;ymes -with the X- chromosome s’ s4gn1¢ioant by F1sher s ¢
'exact“test‘tp =‘05048).

o

? P1g G- 6PD and GLA formed e1ectrophoret1c 1ntermed1ates ‘;%W'
with the. RAG enzymes (F1g 20, 22, and 230 As . expected
HPRT d1d _not- form an active 1ntermed1ate (F1g | 21) because .
RAG ‘cells are HPRJ- 1 have not- 1nc1uded the HPRT tests for ‘:‘
PLRs 4 ‘and 5 1n the f1gures In fact, '1t is no} clear how‘ ;
PLRs 4 and 5 cou]d survive and grow ;n}:eleot1ve medium S

Presumably.eﬂhRs 4 and 5 lost the p1g X-chromosome. - after '.'g-

trangfer_ to ma1ntenance-med1um. in which the loss would not . ? -
be lethal. The alternative possibility is that  RAG  HPRT"
, activity recovers to a marg1na]ly adequate 1eve1 which I do ﬁag '

not,detect‘ I do not Know of proof for the_ spontaneous ‘

L : T L,

2 SO SIPRE SN
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gj,not know if pig and mouse HPRT "wouid . form activé

- - . —
intermediates. I have not included a positive test for mouse

HPRT‘.in the figures 1 did not return PLRs 1 to 7 -to HAT

medium to ;prove retention« and lose of pig HPRT. The
,formatiOn of active intermediates of G- BPD and GLA shows

"that these pig and‘mouse enZymes ‘can. combine to form active

heteropolymers~f -Enzyme intermediates. ‘which “must’ be

:heteropolymers, have been reported fér other interSpecific
hybrids of som@tic\cells (Boone-and Ruddle, " 1969; Westerveld
N et al,, 1972; Chapman and Shows, 1976; Garver et al., 1978
;'gHeuertz and‘Horstgayla, 1978) | '

Wl »
ra P

' The concordant retention of G-5PD, HPRT, and 'GLA in

-

.PLRs . ,L'2.' 3, 6 and 7, and the presence of the pig X-c
‘chromospme 1n 43. percent or more’ of the metaphases. suggestsl

"*that the three enzymes are syntenic and, that their

-

the - loss of . the three enzyme activ1ties from PLRs 4 and 5

'and the absence of the X- chromo\bme from more than 80

percent of *heir metaphase spreads. The actiVities of the
three pig enzymes, in PLRs 1, 2, 3, 6, and 7, -are mucﬁ
weaker than the actiVities obtained from pig tissues. This

may be related to the frequency of the -chromosome, which

was present in’ ;64.v(43 to 86)

9

)

i ‘;‘:!g:f"‘

structural “or regulatory, ‘genes areh located in the X=-

' chromoscmi§§;he acceptance of this depends on the converse,“

ént- Gf the metaphase,

\

) recovery ‘ovaAé HPRT adtivity after hybridization and I do

\
(
i

ool
CE o ;
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spreads from PLRs 1, 2, 3? 6, and 7. This deficiency might
‘accountﬂﬂfor the frelativelyl weak activities of the pig

</
(Return PLRs 1, 2, 3, 6, and 7 to HAT

_enzymes. 1 dig
fmedtum . which \shou -vhave increased the enzyme aotiJitiesvby
‘eliminating sulS as wh1ch had lost the pig X- chrompsome

The effect of var1ation in the number and Kind of mouse
chromosomes was not examined The data seem adequate proofw
for ,the asstgnment of G- 6PD HPRT and GLA to the X- '

thromosomeﬁef'the pig. In this respect” the pig does not

el

differ from pther mammalian species (Ohno, 1968, 1973).

v : : . /

- P
o

B TD)-Supérokfﬁe.pismutase'andAChromosome ]
. \ . - ) - . .
The term ‘"superoxIde d1$mutase (SOD) identtftes a
,_group of enzymes wh1ch d1smutate the superox1de an1on, “the .
oxygen ‘molecule bearlng a s1ng1e negat1ve charge
";"D1smutation'\'means that " two’ | anions- undergo | mutual

- oxidat1on redq.tion to form free oxygen and the perox1de

L=—atl

an1on. There are two principal forms of the enzyme, _a~ )

‘cytosol dimeF; whlch contatns copper and- z1nc,' and a

"’m1tochondr1a1 tetramer, wh1ch contains manganese The dimer

resists organ1o solvents “and is sens1t1ve to oyanide, and
the tetramerrls sens1t1ve to organ1c solvents and 'res1sts

cyanide. . The dimer usua]ly uﬂgrates' more . rap1dly during

. v“v, L
) @- o &,&‘ '
S . N
\

o
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electrophoresis. Both enzymes have been . identitﬁed "in‘
extracts of pig bheart (Weisjger and"Fridovichb 1973),_an;
both should be present ‘in pigfcells which haVe mitochondrta,

vi..e.,\the erythrocytes should.have the dimer, but lack'-the

tetramer ‘because they "dack mitthondria (Beckman et ‘al.,

f,1973) Lysates of pig  lymphocytes‘ '»c0ntain.;: two

o s 'electrophoret1cally d1st1nct SODs (Fig. 24). Netther cyanide
nor . organic so]vents were used”toAlnh1b1t SOD activity so

‘ " that it 1s not 1mméd1ately clear ‘whether the two
AN electrophoretxc bands (F1g 24) represent (anodal) d1mer1c

o SOD and (cathodal)- tetramer1c S0oD,, . »or two electrophoret10’

1 'var1ants- of the d1mer1c-form If the lymphocyte preparat1on
was heavily*contaminated 1t is poss1b1e thatq the cathodal
\f\ band represents the tetramertc form, a common contam1ngnt '

¥ the polymorphonuclear ‘ granuloc te,' conta1ns | many

_Nuh\ixén‘,y or A",em - Y . " _‘ B i

m1tochondr1a éﬁd is the richest sOUrce of tetramer1c SOD
- 3‘hvahe most conven1ent soburce of ‘the d1mer1c enzyme is’athe
~erythrocyte another common contaminant Th identity‘of the
L'p1g SOD present in extracts of p1g leucoigtes (F1g 24) is

_ unproVen The occurrence. however, of an 1ntermed1ate enzyme
"in PLRs- 9 and .96 (F1g 24), and the other poslt1ve clones, "
.-1nd1cates that it is the d1mer1c Form of p1g SOD wh1ch is
reta1ned Thws conclusiqn follows from, 1) the occurrence of
'Sthree bands (F1g 24) 2) the nearly equal spac1ng of the
three bandsw, 3). the absence of the 1ntermed1ate band—from

7 |

-
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pig and RAG cells, 4) the~'a1-1'gnment of the most cathodal -
band of clones with' that of p1g leucocytes, and 5) the
tntenéity of'the'cathodal band of p1g leucocytes The only
| obvious 1nterpretat1on A1s that the cathodal band of p1g |
_ ' leucocytes represents p1g SOD wh1ch also comb1nes with RAG
‘A_f D . SOD to form the 1ntermed1atet The. RAG SOD is the anodal or
T gimeric SOD of the mouse (Nichols and Ruddle,-._1973)
¢ homologous w1th the d1mer1c SOD- 1" of humans (Brewer 1967) ;-
the tetramerxc SOD of the mouse mwgrates toward the cathodel
'.(N1chols ﬁihd Ruddle, 1873) and was not seen in my gels " The
1nterpretat1on of the three bands from postt1ve PLRs is very
‘f ilar to the interpretation of bands f:bm hybr1ds of
Chwﬁigézgamster and mouse cells (Francke and Taggart 1979)

and from hybr1ds of human and Ch1nese hamster cells (Moore

et-a]., 1977) Compar1son with other studies (We151ger ?éha

’&Mvomhy of Alberta

1Fridovich .1873) 1nd1cates that the four bands seen in

‘?preparations from-p1g leucocytes may correspond to thoséjy .

v , “seen in preparat1ons fcom other tissues of other spec1es o

_t"v-g;; - .';unnamed vague band level with (+), band A just cathodal to

" o E/RAG SBD band B Just anodal to (-), and band .C just above '
the or1g1n (F1g 24) The named “bands are variants of
dimeric:SOD It seems most un11be1y that the SOD reta1ned by

"~ seven pos1tive PLRs is the tetramer,- whlch appears in many
Apreparat1ons from other spec1es as a 51ngle cathodal band Di

M " ."o

(We1s1ger and Fr1dov1ch 1?73)
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“The retention and ioss of the pig‘SOD, which‘l'identify-
s 'band, C.-of SOD-1 (Weisiger and Ertdovich, 1873), ts

'completely“concordant with’theyretention and tossfcof _pig
. , chromosome .9 (Table 5); seven clones are positive for both :_
o i and = four are negattve for_ both. : The ‘.difference isf

rstatisttca11y sionificant (Tab]elé)” The Chi- square test (p
o < 0 01 after correct1on for the smal]l numbers) si confwrmed
f/Q*v by F1sher 3“exact test (p = 0 003) Three quest1ons are
‘ - ' answered for the SODs of pig-mouse clones: 1) the chromosome
;5:///' S 1dent1f1cat1on by. two methods, 2) the 1dent1t1es of the
v SODs, - and 3) the concordance of chromosome 9 and p1g SDD 1.

- Two quest1ons are unanswered 1) the 'randomness : of(

.']chromosome lo‘k from the c]ones wh1ch lost pig SOD-1, and 2)

'the mean1ng~of the concordance of chromosome 8 and p1g SoD-

1.1 have no way of assess1ng randomness as such but I have -

University of Alberta

i assessed the s1m11ar1ty of the 11 re]evant clones (Table 5)
to ~other clones. The 26 - clones 11sted in’ Table 1a
preferentially lost p1g chromosomes 1 tor 12, and
Q_preferent1ally retained pig chromosomes ‘t3lto,18L Theh11
ﬂ.clones of Table 5 are ‘the first 11- clones of Table .1a (ﬁLR
31 of Table 5 is PLR 1 of Table fa; PLRs 1 and 6 of Table 1b
and PLRs 8 and .11 of Tablbs 3 and 4 are not 1nc1uded in

".Tabre fa; the total\number of :PLRs' is 30,-not 26.). The 11
clones tested for SOD-1 were compared with theA157other.

clones of Table 1a. Theftt_clones retained 83 'percent”_of'f“

-



I * of chromosomes 1 to 12. The ratios of acrocentrics to non-

ﬁp1g chromosomes is non- s1gn1f1cant There is no reason to

believe that clones pos1t1ve for SOD- (9, 13, 16, 20, 22,
"76) 'Mare unusual, PLRs 13 and 31 have very s1m11ar

heterogeneity curves and 22, 50 and - 96 d1ffer Sy hav1ng

more 'chromosomes (F1g 14). The, last quest1on, the‘meaning

chromosomes, and the preferent1a] retent1on of acrocentric

-

f?ifg? ,,-f'i : p1g chromosomes, from pig- mouse hybr1ds is " not without

jprecedent Nonrandom loss and retention have been suggested
IR 4

'f_tYoshida‘ and Ephrussi,_‘1967,» Santachlara et al 1970)

@

acrocentric chromosomes 13 to 18 and 52 percent of non-.
acrocentric chromosomes 1 to 12. The obther "15 clones

reta1ned 74 percent of chromosomes 13 to 18 and 47 percent

s - N
N LR N &crocentr1cs are 1.59 and 1. 58 (see page 28) The difference
: W L
‘4* the way the two sets of clones handle the two groups of

50, and 96) and those negat1ve for SOD- (26, 31, . 71, .ande}

-
i% of concordance ‘cannot be answered The non-detect1on of pig
‘% : ‘t’SOD 1 in four c]ones 1ack1ng chromosome 9 may mean that"
‘§= -f.chromosome 9 carries. the structural gene or 1t may mean that

. 1t carries a regulatory gene ' ’du i; 5

. ~ .. CONCLUSION

,
,Thef preferent1al Ioss".ofh' non acrocen¢r1c - pig.

s 2
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Mouse hamster hybr1ds may lose mouse chromﬁsomes '1n groups

(Mﬁrtn,_ 1969 Marin and Pugl1att1 Crippa, 1972),;and human-

chromosomes (Mlnna and Coon, 1974 ‘Norum and. ngeon, 1974).
There may also be a preferentlal loss - ~and retent1on of
individual chromosomes, p1g chromosome 12 was lost from 25

of 28 'clones; and” chromosome~ 16° was retained by all.

i Considertng-- £Eé smallsfnumberh»of' clones examjnedl-th1s

difference 1must be"regarded as fﬁandom. but there are

precedents.. -Human"chromosomes 7 and 17 were retained by .

"‘human-mouse:hybrids (Cr0ce'et‘a1 1973), and certa1n human

‘aUtosomes and the X chromosome were reta1ned preferent1a11y

¢

'mouse hybr1ds show preferent1al Aretent1on ;of some'%human‘;

/

| »by hybr1ds of human with ChInese hamster cells (Douglas et '

19%8) Mouse’ chromosome 11 was lost from all hybr1ds ofi'

reta1ned by a]l (Francke et a1 h 1977 ' Kozak and - Ruddle,'

,,the mouse w1th the Chinese hamster and chromosome 15 was

1977). Chromosome loss does not appear to be random w1th

et1me Most of the loss may occur '1n the f1rst few- days
B (Ephruss1 and We1ss, 1967 Terz1,‘1974) and the subsequent

'losses may not occur at a constant rate

~Several mechanisms have been proposed “to. explain-“the |

'\

yspec1es spec{f1c1ty of chromosome loss: In1t1ally it was

thought that 105t chromosomes are those. which repﬁtcated ‘too

vslowly In other words, the generat1on times of the parental

-.f;cells may lnfluence ‘the acqu1sition and retentton of the1r
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‘ chrohoSomes by hyﬁLids A(Kao“and‘ Puck, 1970). There are

-1nstances in wh1ch the chromosomes of the slower-orow1ng

parental cells are underrepresented (Weiss and Green; 1967

Scaletta et.al 1967 Kao and Puck 1970; Koyama‘ et alr._

1 1970). Since some blood lymphocytes divide very slowly in

the absence - of spec1f1c st1mulatlon, and 1 used blood

lymphocytes_.aS' donors * of pig chromosomes,= I might have

| anticipated . the preferential loss of pig chromosomes,

;5<However, the chromosomes of the slowerwgrowing parental cell~

may not be reJected\\preferent1ally and the slgnals for
;;*‘/

Nerl1cat1on seem to apply. equally to all chromosomes 1n the -

hybr id - cell (Labella et al., -1973). Other hypotheSes

”f~attr1bute preferent1al loss and retention to"the' mitotic

apparatus . The argument favour1ng some species specif1c1ty3

for the m1tot1c apparatus :ls~f-byf" analogy _ w1th "the'v“

A

. 1nterspeoific fert1l1zat1on (Terz1, 1974) .

A NOR 1s found in p1g ‘chromosome 8 and another in plg‘
; chromosome 10. The 1nc1dence var1es from pig. to p1g, as -

| de.l from the s1lver mpregnahon of metaphase spreads of

f lymphocytes st1mulated in v1tro W1th phytohe@agglut1n1n A

'-_‘part1cular male p1g was selected as the ~donor. of all f
“7'lymphocytes used 1n hybr1dlzat1on because“1t:gave cons1stent-
4 and the.

results,_ the NOR of chromosome 8 wa never

.'»NOR of chromosomq 10" was always detected | n thigs pig's -

.s:;,-

'-'preferential ldss of chromosomes from hybr1ds produced by

s




: Tymphocytes Ne1ther NOR could be. detected 1n grow1ng, sub-
‘ conf luent pig- mouse clones This. may mean that the NOR ofpm
> T chromosome 10- is deleted or concealed Attempts to v1sual1ze
the NOR by a treatment wh1ch has succeeded with other
hybrids fa1led S1nce the attempts were unsuccessful a firm
1nterpretation cannot be given NORs are detected by s11ver
| ‘1mpregnat1on wh1ch 1s thought to depend on the non h1stone‘/s
.‘, . protejns of the._chromosome '(Goodpasture and Bloom, 1975;
ﬂ.'Howe]J et al., 1975: HoWeTT;‘ 1977 , Schwarzacher et a]..-
S ?1978Y These ‘may be"rich' 1n access1ble sulfhydryl and
| .,disulfide groups (Buysvgnd 05129a, 1980) The intensity of

‘s11ver 1mpregnat1on ref}éctsdthe intensity of transcriptioni

~inactive NORs are not detected (Miller et al., 1976a, 1976b,
* . 1978). - This ~relationship - has been ‘verified for the

University of Alberta

‘embryogenes1s of the mouse (Engel et al , 1977; Hansmann etf

a]t}- 1978) the spermatogenes1s of var1ous mamma]s (Schm1d'“

- s humans (Buys et al.;f 1979). A1 though the NOR of png o
| | .y chromosome 10 could not be detected in the hybr1ds, deSp1te
-~ ;-the ‘.clear --1dent1f1cation of more than 100 No 10
”;,”chrOmosomes, the mouse NORs wére not affected There werel 8
to 13 mouse NORs per metaphase spread in agreement with a‘
study of human mouggjhybrids (Nlelsen et al 1979) . Human-d'
T'mouse hybrlds wh1ch lose human chromosomes preferent1ally do

'A (Eleceiri and Green, 1969;

fnot» synthesize human . 288

‘et al. 1977; Hofgartner et al , 1979), and the, ‘aging of$ . -

S it drie A AN % e o A il Taa b gl aiha it . v N
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Marshall et al. 1975), and the human NORs do not react w1thu

silver nitrate (Miller ‘et al. 1976al Human mouse hybridsw'

which retain human chromosomes preferentially do synthesize

human1285 rRNA (Croce et al., 1977), and the human .NORs do

" react With'-Silver nitrate (Miller et.al i976b). Simi lar

reports exist for #ht human hybrids (Tantravahi et' al,;

. 1978b) . There are exceptions, e. g., rat mouse Jhybrids may

.synthesaze both Kinds of rRNA (Kuter and Rodgers,. 1975),

P‘although these hybrids lose rat chromosomes preferentially

Undetected human NORs and. undetected mouse :NORs of human-

..mouse hybrids can be v1sualiZed follow1ng treatment of the

clones w1th sv- 40 virus or TPA and this is accompanied” by
reneWed syntheSLS//of the appropriate 28S rRNA‘(Soprano et
al. 1979; Soprano and, Baserga.;‘1980) These reports

,,demonstrate that'.the~ undeteCted ANOR is retained but is’

.concealed by 1ts 1nact1v1ty or by something related to its
1nact1vity Presumably the same eXplanation applies to the'

‘non detection of pig NORs in pig mouse hybrids

The inactivity of NORs 'cannot be dismissed Aagiu

A aberration due to unnatural conditions The transcription of

: rRNA _undergoes rate changes during gametogenesis, early .

development and aging (see above) The cytoplasm of . Xenopus‘

- blastomeres can inhibit rRNA synthe51s (Shiokawa and Yamana,'~

o
1967) . “Gg\y one member of a pair of large acrocentric

.chromosomes of the guwnea plg has an NOR; the other '
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chromosome is heavily condensed (Ohno et al.,  1961).
Interspecific | hybrids =~ of blants. produced 'by' cross-

ifertitization, express the NORs_ from _the ' parent whose

, chromosomes ‘are retained andjjr“*”*~>an be " reverSed by

R ox

backcross1ng (Keep, PQGZ)‘“ ce. of cont1nu1ng

e &

;T modulatnon 'has 'led tc th-; ’ ;»,V$otfaa- reversible o
w¥'fv-,_ suppress1on by methylatjon,, , TTantﬂbvah1 ‘et al.,

‘ Pig G-6PD, HPRT, and GLA are syntentc and map to the X-

-

b o )
. B chromosome, extend1ng Ohno' s hypothes1s of X- chromosome

)

f A *conservat1on (Dhno, 1973) to yet another mamma11an species.’

- : ~‘°»WThere 'js mo Known except1on to Ohno s hypothes1s that the
genetic content of the X~chromosome 'is lldentwcal . in all

mammals,' marsupial . and placental. The loci for _GLA, G 6PD

Univerxtl.y” of Alberta

HPRT, and PGK have been ass1gned to the X- chromosome in 15 |
.?

‘“mamma11an spec1es (Pearson- and‘ Roderick, 1979) e. g i

N

sl

-k

- humans (Grzesch1k et al. 1972a; 1972b; R1cc1ut1 and,Ruddle,;.
1973; Kozak et al N 1975 Shows and Brown, 1975; Chapman and
Shows.'1976) the gor111a (Garver et al 1978), and cattle
(Heuertz and Hors-Cayla, 1978) or three, of these loci
have. been ass1gn the x chr some of the Ch1nese

ZQ:;fal 1972) ~the-horse (Deys.7 1972)

'gthe Indian muntJac (Shows et al. 1976), and marsupials

‘,tGraves et-al., 1979) For humans, PRPP szgghetase'has been.

rassigned to the X chromosome (Yen et al“ 1978 .Becker: et

'hamster (Westervel
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“al., 1979) and OTC is X-linked (Ricciuti et al., 1976). It

$

'Y

would be _particular]y_interesting td léarn the location of

the synthetase because of ‘the utilization df PRPP by HPRT.

? —_— " The HPRT* locus is located on tie 1ong arm of the human X-
" chromosome, separa“’d from the centromere by the GLA locus-

V(Francke vand Taggart, .1980) "The order is reversed in the

mousé; centromere, HPRTﬁf’and GLA (Francke',ang Taggart,

1980). .The locus for motise PGK ‘also " lies between the

« centnomere and GLA (Lusis’ and West, 1976; Nielsen and

'Chapman, 1977) Ohno s/hypothes1s has been ver1f1ed but it

1s not yet -clear that the order of sex- linked genes is

4

' conserved. If the order of sex- 11nked genes 1s related to'
'fr’ the banding pattern- we should ‘expect to ® find some
‘ conServatien bfv thelisequence.z,lhere are s1mi1ar, perhapse
| X‘chr

. homo togous, patterns Cin all omosomes desp1te great.

2 4 University - of Alberta

. differences in siie and overali morphology’(Grouchey et al.,
1972' Turleau et al., 1972 Borrow and Madan,_t973' Evans et .
‘al.’,. 1973; LeJeune et al., 1973 Yosida and Sagai, 1973;
IBuckland and Evans, 1978a,71§78b). The ‘band1ng, pattern of
the';xrchremeSOme'df humans is almost identtcal with that of

| the'chimpanzeex(Lfﬁfet al., t973j Yunis et ait, 1980). The-
X-chromosomes of GO mammatian' species have two trypsin-

:eswstant bands desp1te .gross morphological dtfferences

h.(Pathak and Stock, 1974) ., ,I found two trypsvn reS1stant

’bands 1n the X- ohromosome of the pig Ther’ is no reason .'to o

Te ' - . ,"
: .

F ¥, YR L LT o
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assume  that the evidence for concordance of genetic clusters

‘and banding patterns, within the X-chromosome, isAexhqested.

fThe'Ja;signmént;\of SoD-1 tbApig‘chrdmosomeIQ is partly
for;uitous.~ The necessaryf reaoenté wereV available as

‘componeﬁfs of . other tests and it was fortunate that the

initial tests matched up clones that 'gave cleancut evidence

of -selective»' retention and A loss. There is only one .

chromosome whose retent1on’,and loss match . that of “the

o

enzyme, chromosome 8. The 1dent1f1cat1on of the act1v1t¥/as

-due to SOD-1, not  SOD- 2 "is* as = certain Vasv‘*the!

1dent1f1cat1onsv made .in pr1or a551gnments of Soe)eﬁzymes

,{:e 1dent1f1cat10n.cou1d be 1mproved by wuse of unamb iguous '

chanues - for d1st1ngu1shing SOD-1 _from SOD- 2. The SOD
enzymes of the p1g (W1dar et al., 1975) and 'Sther\'mammais
" (Bauer® and Schorr, 1969; Utter,,71971} BUrhet,f1QZ2)'may

occur in muk;1ple forms Multip]ioify-may be ' isozymic

| (Weis1ggr and Fr]dov1ch 1973) or allélic'(Beokman;-1973:
Beckman and Beckman, 1975 Beckman et al., 1875). The fqbt‘
that the enzyme is a dimer means ‘that it .can probably form'

- mixed d1mers'with-1sozym1c"warTants, and there is amplo

eVidehce that 'this'foa‘génerai phenomenonl Similarly, pig

. with ?mou5e' - SOD-1.

Heteropo]ymer1zat1on 'is; in fact the only gxper1menta1.
observation to prove ‘that the p1g enzyme is SOD-1; the otherlg

evidence is der1ved from compar1sons w1th prev1ous reports;

‘ - e L v
-
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? SOD- 1 and S0D-2 are not isozymic 1n the . or1g1na1 mean1ng oﬁ
>fﬂ’ - ‘the terms "isozyme' and’ "isoenzyme" . 50D-1 s '5' Cu++ -and

- "”; . In++ meta]loenzyme of remarkable thermal stability “and am1no
| S acid contentl wh1ch #o:ms 'dimers, ~ and mimics  the
conf1gurat1on of 1mmunoglqbul1n doma1ns sOb-2 is a~‘Mn+;z;

- metalloenzyme -which f rms-tetramers. and is unusual only for L\

its 1ocat%on in the miltochondrion. It is not surprising that

" the two enzymes do t..combine with each other to°form‘
vheteropolymers;.they could.herdjy Bé more different ( Beckman

A .Ehd Holm, 1975). e‘The oetalysts “of the d1smutatlon ofll _
";y i | "superoxide anion may be mislead1ng One’of these enzymes may~
- react w1th- other spe01es of active-oxygen, e gy s1nglet
oXyoen SOD- 1. 1s elevated in. tr1som1c 21 -humans (S1ch1t1u et .

al., 1974 Feaster et al., 1977) the f1rst-1ndicatton that

University of Albefta:

o it »is carr1ed on human chromosome 21 to.which it has beenﬂ

| ' 'ass1gned (Tan et al. 197§ Moore et al. 1977) It is

3 _ synten1c with: the interferon reCeptor (IfRec, formerly AVG
... or AVP) (Revel et al., 1976; Sinet et al., 1976) .‘and

‘ g]yc1nam1de rlbonucleotvde synthetase (Moore et al. ' 1977)
S0D-1 and IfRec’have been ass1gned to mouse chromosome 16. .54'
(Cox - et al 1980) 1f the SOD genes .are. components of bt
conserved genet1c complexes we m1ght f1nd the SOQ'R ene on ? 4h
mouse chromosome 17. Mouse . chromosome 17 carr'lei e maJor

..

homo}GGPM'*complex carr:ed on human chromosome 6 (Creagan et :'?
£ | ST S 4
?

CT\h1stocompat1b111ty complex, and SOD -2.1s synten1c w1th the

&-
&

.'/\{~’ '_/.‘ ’ . . . 0 .
o I . v L SR ) i

il e w e, o
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‘al., 1973; Van Someren et al., 1974). The assighmént of SOD- - %

1. to pig chromosome :9, if veri{ied, 1§ a first step in
feslab?ishtng;‘ synteny groups and ' making chromosomé
.assignments This should proceedorapidiy because of the

vigorous growth of pig mouse hybrids “and the cieancut"

i_ﬂ' o qontrasts which distingu1sh pig from’house chromosomes .The

*fﬁﬁ'g value of the pig for work,of thislﬁind is the availability.

numbers, and;controlled var]ety of the spécies. o S A}

3

-Q It has been postulated that ‘tetraplmdization “occlered ‘. >
5 | ‘ - 2 3 X 108 years ago, doubling the“chromosome number and.
| thereby permitting maJor rearrangements of gene groupings. . . .
Rearrangements may have been conserved by acc1dents which N

_..:"4'.-‘ .’_‘-‘ | 5
| usuaily ieave ancestral hnkage gFGUps mtact

YT

' Unlvcnily of Alberta

v\? g.

Robertsonian fusions, 1nversions, and gene duphications

T

(Comings, . 1972 Ohno,: 1973) This ghypothesis predicts |

XTI

detection of the,same linkagetgroups in - different species o S

~ v . . N SR R ,,:, ',‘ . . v
Z N U T \Some of wthe genes that are “‘syntemc 1n humans are aiso. J-’f3; o

K __ @mpanzee gori 11a, orangutang. and ba
S, ..‘,e:)‘ - . v .ﬁ?\ - ::,’_f: R S ,f,’ iy
= and in‘fthﬁp:}ff:; épn‘ reen. capuchin, and rhesus monkefs

- c -

‘ on | anggbdRoder ck, 1979) These synteny groups"are
| | located in &ﬁromosomess_}udged by banding, to be homologous' o
: ﬂ wi'th hunﬁn chromosdnes ( Pearson and Roderick 1979 Yunis et.

aal 1980) TK fand galactokinase (GALK) are syntems in . : o
hL;nans and the chihpanzee, and this synteny" is aiso found in o
the mouse, - and other‘ non-primates
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{ S 1978a. 1978b Fran Ke and Taggart 19'79 19'80») Fwe £enzymes

‘
b

T

. g
nent (Ge), of the“ alpha 2- qlobulm wh1ch bmds

‘ ‘Ihe lﬁpplng ofﬁww genes (Dav1sson and Roder1ck

\{‘

.,,ell*s (ﬁ‘r'ancke et al. 1977 Lalley et al

. e.‘ e

- ‘clones of h

T pk 2,~Eno £, Gpc

& Vl.are syntemc in’ the ‘mouse (Huttonv and Frederick, 1970

Ohapman. 1995" Lalley*-; et al~.-, _lS?Sa) and | 'i_n the human

Ac)

. (Pearson and Rodermk 1979) A1l are ‘assigned -to. mouse

chromosome 4, and all but Gpd" 1 dr'é ass1gned to the ‘short

in the pig More d1rectly, does p1g chromosome ,Qghave a gene.

&;,".» cluster l1Ke that in human‘b chromospme ,21 '~ﬁnd mouse‘

: _chromosome lS, and wh1ch p1g chromosomes correspond in th1s

respect to human 1 and mouse 4, ﬂd to human 6 and' mouse 177
- '% g L

‘A,

. Interspecific'f'somatic cell hybrids are powerfUl genetic
»tools It is, possible to hybr1d1ze cells of many mamnahan

»spec1es td produce permaneni clones wh1ch lose the
N .

chromosomes Gf- oﬁe specipf wht\le retammg the chromosomes

8

* e, many of" the homologous enzymes (-Khan.,, 1__971,~ Nichols 'and

i
it
Y

7 N

D S . "R KIS

GKo:;ak et al 1977.; Pearson and Rodemck 1979). The group-

'pjg," vis closely l%edé toq*'ser‘ﬁm albumin m Wmans
"nb et al . 196v§)”and the r%nse (Weltkarrp and Allen,l
ack.\ 1980)”‘&6 been accelerated by analys1s of .
Pgd and Pgm 2; see’ pages x1v to xvi) .

',~-arm of human chromosome 1 It w1ll be USeful twlearn which’

; of; the synteny groups of human's and the rnouse are conserved

4;of the other Vhthin a clone 'it,ms possmle to d1st1nguish v

. . v *
R, o3.e8
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Ruddle; - 1973; ‘!?Fris and Hopkinson '176)’ prove the

the retention of the other, contrast the loss and retentlon
of part1cular chromosomes,' and . prove the concordance of

D (}Qenzyme loss and chromosome loss. This. is ass1sted by ‘the
- distinctive..banding- of the different._chromosomes of a

;_"u in. chromosomes of d1fferent spec1es If the ‘banding pattern

of a chromosome 1s determ1ned bgpthe base sequences of Aits
genes, the bandﬁng pattern may p1npo1nt reg1ons wh1ch are
irhomologous w1th those of other spec1es We may be able fto

ant1c1pate many gene ass1gnments from the concordance of

D SO

»some band1ng patterns and gene’ ass1gnments (Turleau e;¢§al

- 1972; F1naz et al. 1873; Ruddle and Creagan 1975 M1nna et

University of Alberts

R M

all, 1976) Interspe01f1c recurrences of b7hd1ng pattersgh

'and synteny groups' ‘are - clear ev1dence _of elect1on to

- ma1ntaln chromosome regions and clusters -of genetic IOCl,
but it is. the except1ons - to - _conservation f and" the

PN

Q'1nstruct1ve We do not yet have the 1nformat1on with* which-
Y

' except1ons. ‘and rearrangement w1th1n clusters A 4Bandtng
5 patterns may speed thew acqu1s1t1on of. the necessary

‘ 1nformation as they have!fac1l1tated the- 1dent1f1cat1on of

. *'ib

¥ ks

‘srearrangement of loc1 w\th1n clusterscﬁhwch may prove most:

to assess -the\_frequency and mean1ng of conservat1on, the .

homology of two enzymes, prove the loss of one homologue and,-

o o o a s
_species; and by the recurrence of similarq banding patterns

!

54

Ly *"3‘: 4§

chrcmosomes and detected the1r alterat1on by delet1on,_ ?

o~

.
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linear duplication;‘fusion. inyersion, and translocation.

! searched 140 .G-banded metaphase spreads of  pig-mouse

o 'clones for altered pig -chromosomes, ~and for p1g mouse
e = ueranslocat1ons ‘w1thout success, the p1o-chromosomes rema1n
. fﬁﬁ‘,}ntgit and separate There 1s no 02y1ous reason/to bel1eve
. that the non detectlon of p1g NORs 1n pig-mouse 'clones

]

/ represents the delet1on of the wOR from chromosome 10 Nor
;;/ d1d 1 f1nd any reason to th1nk that the asstgnments of
B nzymes to theaX-chromosome, or chromosome 9, are urong by
: Qvgfgchance of chromosome deletion or translocation 'AThe-
| possib1l1ty of a‘ m1nute alterat1on wh1cth1ght comprom1se ‘Kc
' because it or its equ:valent would have had" to occur 1n
i }.@b?ferent clones If minute alterations are as random as
7:major alterat1ons, the- recurrence of the same or equ1valent
: minute - alteratﬁon would be an 1nterest1ngvphenomenon by
itself, mone Tmportant than the as51gnments 1 have made. S1x -
‘genes or gene complexes ‘have been ass1gned to pig
. chromosomes: one NOR to chromosome 8, one NOR to chromosome '
A 10 three enzymes to the X- chromosomeb' and - one enzyme to )
S chrOmosome 9 (Flg 25) The homogene1ty, or heterogene1ty,
‘ _of f1ve of the 11 clones used to~ make the ass1gnment to" !
chromosome ‘9 was shown to be convent1onal (Fig. 14, Table
SH 5) The six assignments made here are the first ass1gnments'

to p1g chromosomesw U e IR

these ass1gnments cannot be excluded but 1s deemed unl1kely H‘!&

»



SUMMARY

. Hybr1ds of p1g and mouse cells were obta1 C qlﬁfusion of

male p1g lynphocytes with mouse cells from ‘an est’ab\lishe_d

phosphrbr i bosyl transferase | HPRT ).

‘,m

N

a8

g 16 was 1dent1f1ed in all clones in wh1ch it was sought (28f

: University of Alber\l

’

lynphocytes, the N.OR of chromosome 10 was detected 1n all

. 9‘ ' parental pig lymrpcytes The NDR of plg chromosome 10 could
@ . n be detected Jﬁ p1g mouSe hybr1ds although the number of
- 3 detectable mouse Nﬁﬁ;*a's ndt r'r‘educed Four clones ‘were

exammed in. deta1 ,,«‘ 111 No vl : "nomosomes were NOR- and- '

) )

ngne were QﬁOR-r Amiﬁtenpi to overcﬁbg 'tms by/treatment of

sy DS
the cells w1 th TPA chd not succeed «w l?:
v ‘,fl, Lol uggysw -
‘ o M‘f’r’.’f’ .q‘:’ . .-
. : ‘ Tt s (@)
7o LA . %
) 1'*‘.;1-’, : o ‘ \ _ 3
e N -
”
e | | ¥ —.’;‘ SR
> Ll ) o . ) -4 .. . " . o . ‘ L . h,.,n.

line . (RAG) ' defic1ent 1n . hypoxanth‘ine-gdanosine,

gﬂ: he hybr1ds grew rap1dly Th1rty permanent clones weqe
establ1shed and - examined in detall The " clones lost pig ]
ohromosomes preferenhallyx The loss was ' greatest for ‘the -

non- acrocentmc chromosomes, 1 to 12 Acrocentric chromosome” '

3 NORs were detected in chromosomes 8 xand 10 of pig .

TR AR SN e SO SN UL
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- 4. Pig alpha galactos1dase ‘GLA) HPRT"-and glucose 6-

‘*?” phosphate dehydrogenase . (G-BPD) are synten1c and are
»assigned to the X- chromosome seven concordant clones, f1ve .
positive and two negatlve (p <.0. 05) ‘This agrees with the.‘ )
findingsvfor other species. ‘

vﬁg; . 5 Dimeric superox1de dismutase (SOD 1) is assigned to p1g--
, {f L chromosome 9; 11 concordant clones. seven pos1tive and four
i! ' , negat1ve (p < 0‘01) Th1s is fthe f1rst assignment 'of an
;o . ,'enzyme to an autosome of a domestic or agricyltural anima],
. by direct ident1f1cat1on of the chromosome . " e
' ‘ . - . ‘ . 2 _— ] ”
; g o * - \L .’ -
g . ; . S -
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T.;b'l{gl;":_. . The Distribution of l‘ig Chromosomes Among 26 Pig-mouse

L Lo - Hybrid c1ones.;

Pig Chromosome Con_stitht}fon:f I R
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te. The pig chromosomes are o
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Readwng Gbnference, 1980)4 o
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BUERERT e 4. f A Q bahded (actm&ﬁ% WD and S Q e
Lo 7 Hoechst 33258) Karyotype: of a :
SR parg\r.\ta1 pig lynphocyte.
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nded'Karyot%pe of’a mbuse Bone marr\\\\\
‘The. mouse ¢ romosomq; ‘are arranged

ident i f f&d.
-'(Comm{ttee on Standardized Genetic . . ="

in accordance with' standards.“ o

cNomenclature For Mice,. 1972) L
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Figure ) . "% A Q-banded (actinomycin-D

e T 777 0 33258) karyotype of a pig-mouse hybrid cell.
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Photemicrographs of RAG and
pi?-mouse hybrid cells in culture:
(a) parental RAG cells, and

_(b) pig-mouse hybrid cells..

Figure 10:
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fFigure 1.

(((((

A

Frequency histo@rams of intact and
marker chromosomes of parental
RAG cells. The histograms

‘represent 20 G-banded

metaphase spreads.. The frequencies
are the numbers of ' L@
metaphase spreads in the various
classes; the.class interval is 4,
and the numbers on the X-axis

are the midpoints plus 0.5.

-\



a

AONANDIYL

-. | L. | ]
. ‘” |. - '
. . : b - . o .
T aua,o.mmo.sou:c Jo *oN- sawosowo1y)y 3o 'ON
1Z (T €1 -6 « 0L 99 29 8S %S 0S
r +——t—t — —
o g ~
: T e t
) w . . 4 .
L3 ) J.r . o \.&.l L.! -
3 ) . - +—
. - T o . T
; . [~ .
1 . f
ol = - - N -l
nn. m .. Y |
.w.u ' R L \ ¥ -
- . . ) s
. -’ Q L o . | ) ’ -l
w : " (€£9-09 v .
¢ .LI ) S o’
W \, R R ) L . - - |
- L - = . . .t S L L S \ . Lv
= R 'SAHOSONOYHD ¥ANAVH (#1-11) STHOEOHOWHD WANUVA ANV ASNOW TOVINI
L& ) T Ty /
. ANIT 1120 OVY 9HL 40 monaamHmamHa.mzombxozzo T \
: _ E
n . S




Usiiversity of Alberta

: —‘_-3 :‘_ < ) \
87 |
B ! ) /
e e _ S S - . .
; o <
! - ' . q(f 1
‘ i\\ ) i { \\__
-
N .
!
4‘ .
. Figure 12.  Distribution of pig chromosomes in -
_ : piig-mouse hybrid clone PLR 9. The
di\stribu_tion represents 17 G-banded
, metaphase spreads. The number of '
metaphase spreads which retain at | '
Jedst one copy of a particular '
chromosome (X-axis) is given in ,
o percent (Y axis). : | &
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‘Figure 13. Distribution of pig chromosomes in
: pig-mouse hybrid clone PLR 8. -
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Figure 14. Heterogeneity curves for five "
pig-mouse hybrid clones
(see text, pp. 30 to 32).
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Two different parental pig lymphocytes

stafned with Giemsa and impregnated

with silver to reveal the NOR sites.
(a) and (b): Giemsa. .

{c) and (d): NORs.

The circles identify :

No. 10 chromosomes. . ¥
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"Figure 16. A pig mouse hybrid cell impregnated

-with silver to reveal NOR sites.
NOR sites in RAG chromosomes
_ : 11 white triangles. ’
/ ~ Non-detection of NOR sites in '
I ) ' pig chromosomes: two No. 10

L chromosomes. two white arrows.
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“Figure 1?.

A pig-mouse hybr1d cell stained with

actinomycin-D and Hoechst 33258
and impregnated with silver.

(a) Fluorescence of mouse
centromeres. s Non-f luoréscence
of six pig centromeres: five

“white triangles and one white

arrow to pig chromosome 10.

‘(b) Detection of six mouse .

NORs: six white triangles.

_.Non-detection of one pig NOR:
five black triangles and one black

arrow to pig chromosome 10.

The four dots in pig chromosome

10 do not represent the NOR.

The -four chr somes which do

not have fluorascent centomeres (a)
and are not marked (b) as pig

chromosq2?§ are\pot identified.
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Figure 18.

3

.

Pig-mouse hybrid cells impregnated
with silver after. TPA treatment.

(a) After treatment with 100 nM TPA:
12 mouse NORs, white triangles.

Non-detection of pig NOR:

one No. 10 chromosome, black arrow.
(b) After treatment with 200 nM TPA:
nine mouse NORs, white triangles.

Non-detection of pig NORs: :
two- No. 10 chromosomes, black arrows. -
. One No. 11 chromosome, black arrow,

showing that these chromsomes can be
discriminated. - T '
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Figure 19,

A TPA-treated (100 nM) pig-mouse hybrid
cell stained with actinomygin-D and Hoechst

33258 ‘-and impregnated with silver.
" (a) Fluorescence of mouse centromeres.

Non-fluorescence of pig centromeres:
two No. 11 and one No. 10 chromosomes,

- white triangles, showing that these can be

discriminated. :
(b) Detection of mouse NORs:
five are marked, white tr1angles

“Non-detection of pig NOR: two.

No. 11 and one No. 10 chromosomes.

-black triangles, showing that these

can be d1scr1m1nated

+
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Figure 20.

A

Q

F3

-
4

Electroghoretic patterns of glucose-c
6~phosp ate dehydrogenase in starch gel.

- -Channels 1-2: cell lysates from parental
" RAG cells mouse. G-6PD (RAG) ,

Channels 3 -4: a mixture of parental
lymphocyte and RAG cell T?sates.

- . mouse and pig G-6PD.

Channels 5-6: cell lysates from a pig-mouse

_hybrid clone; mouse, intermediate (Het.),
and pig (" weak") G-6PD, ¥
' Channels 7-8: cell lysates from parental

pig lymphocytes; pig G-6PD. e

)
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Figure 21.

. ‘L .
Y N
) - -
; s

Electrophoretic.patterns of hypoxanthine-
guanine phosphoribosyltransferase

‘in starch gel.

Channels 1-2: cel] lysates from pqrental
RAG cells; no_mouse HPRT. .

Channels 3-4: a mixture of parental
lymphocyte and RAG cell lysates;

pig HPRT.

Channels 5-6: ce]l lysates from a pigfmouse;

hybrid clone; pig HPRT.
Channels 7-8: cell lysates from parental
pig lymphocytes, p1g HPRT.
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. Figure 22, ‘ Electrophorét1c patterns of'alpha-'

galactosidase in starch gel. o
. Channels 1-4: cell lysates from p1g mouse
hybrid clones; mouse GLA (RAG).

- Channels 5-8: cell lysates from pig mouse

-hybrid clones; mouse, intermediate. (Het. )
and pig GLA.
Channels 8-10: cell 1ysates from parental
pig - lymphotytes; pig GLA ("weak"),
Channels 11-12: a mixture of-

““pig.liver and RAG ce]l lysates;

',‘ pig and mouse GLA.

Channels 13-14: cell lysates fnom pig 11ver,

pig GLA.
Channels 15-16: cell lysates from parental
RAd cells; mouse GLA.
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Figure 23.

t'Electrophoret1c patterns of alpha-'
~galactosidase in starch gel,

Channels 1-7: cell lysates from pig-mouse

" hybrid clones; mouse GLA (RAG).

Channels ‘8-9: cell lysates from pig-mouse

hybrid clones; mouse, inteppediate (Het.),

and pig GLA.

hybrid clones; mouse GLA.
Channels 12- 13 cell lysates from parenta]

~ pig lymphocytes; pig-GLA. |
- Channels 14-15: cell: lysates from parental

RAG cells mouse GLA.

, .
/ . L a

~_Channels 10-11: cell lysates from p19 mouse  o
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',Figuré.24.

~

~Electrophoret1c patterns of superox1de'

dismutase.

Channels 1- -2 cell 1ysates from p1g mouse
hybrid- clones; mouse SOD (RAG). .
Channels 3-4: cell lysates from pig-mouse

.,hybr1d clones;=mouse, intermediate (Het ),
-and pig SOD. .
‘Channels 5-6: cell lysates from p1g mouse-

clones; mouse SOD.

Channels 7-9: cell Iysates from p1g mouse .
hybrid clones; mouse, 1ntermed1ate (Het.),
and pig SOD.

. Channel 10: cell lysate from a pig- mouse
-~ hybrid clone; mouse SOD.

Channels 11- 12 a mixture of parentalv}

- pig lymphocyte and RAG cell lysates;.
‘mouse and.pig SOD. :
Channels. 13-14: cell: lysates from parenta]'

lymphocytes; pig SOD.

e AN

" Channels 15-16: cell lysates from parental
 RAG cells, mouse SOD :
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Figuhé 25, Gene ﬁssignments tO'piQ chromdéomes;--

These ‘assignments were made
during the present study.
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