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Summary. Sex chromosome length, sex chromatin area and the pattern of sex chromosome replication were deter- 
mined in the field mouse Akodo~z azarae (Rodentia Cricetidae). Among the animals studied a group of spontaneously 
deleted femMes was included. The complement in deleted females was 38Xx, being the x a grossly deleted X-chromo- 
some. 

Length of sex chromosomes expressed as percentage of the haploid set was: X-chromosome 7.89% (-4-1.t8), x- 
chromosome t.47~o (~0.20), Y-ct{romosome t.15% (~0.29). Area of sex chromatin expressed as percentage of the 
haploid genome was 7.28% (:~2t.t8) in XX females and 3.26% (~0.73) in Xx females. According to these data it 
was assumed that: (a) sex chromatin was formed by all those sex chromosome material in excess of the 5~o of the 
haploid set; (b) the x-chromosome in Xx females was always involved in sex chromatin formation. 

Time-sequence of sex chromosome replication was as follows: (a) at the beginning of the S period one X-chromosome 
starts replication early while the other X, the x and the Y-chromosomes are the last lo initiate DNA synthesis; (b) in 
the intermediate stage of the S period sex chromosomes replicate in the same way as autosomes; (c) in late and final 
stages of the S period both sex chromosomes are late replicating in their whole extension. It  is concluded that the 
pattern of sex chromosome replication at the beginning of the S period may be more informative than the pattern 
at the end of the S phase to distinguish between hetero-and euchromatin in the sex genome of Akodon azame. 

Dosage compensation by inactivation of one 
X-chromosome occurs early in the embryonic life of 
placental mammals. Thus, from that moments on- 
wards one X-chromosome in the female is the last 
to finish DNA synthesis and gives the sex chromatin 
corpuscle in the interphase nuclei. Which of the 
X-chromosomes is selected for inactivation is a matter  
of random for any single female cell. However, once 
a given X-chromosome is inactivated it remains so 
in all descendents of the cell. 

In some human females with structurally abnormal 
X-chromosomes the anomalous X is always 1ate 
replicating and responsible for the sex chromatin 
body in the interphase cells. Although in those cases 
random has changed into preferential X-inactivation 
this exception to the rule remains to be proved in 
other mammals than human beings. 

I t  has been lately reported that  the field mouse 
A k o d o s  azarae has easily identifiable X-chromosomes. 
Moreover, deletion of X-chromosomes spontaneously 
occurs in natural populations of this species (BIANC~II 
and CONTRERAS 1967). Therefore, an investigation 
aimed at determining the pattern of sex chromosome 
replication in males and in deleted and non-deleted 
females of A k o d o n  azarae was undertaken. 

Material and Methods 

Thirty-one A k o d o n  azarae collected in the vicinity 
of Brusquitas brook (Province of Buenos Aires) were 
studied. Specimens were deposited in the Masto- 
zoological collection of the Facultad de Ciencias 
Exactas y Naturales de Buenos Aires. 

H3-thymidine (2.5 ~zc per gr. of body weight; 
specific activity 6.8 C/mMole) was injected intra- 
peritoneally. Mice were killed at t, 3, 5, 8, t0, 12 
and t5 hours after the injection. One half ml. of 
0.04% colchicine solution was intraperitoneally given 
3 hours before sacrificing the mice. One male, one 
deleted and one non-deleted female were studied in 
each TdH 3 labeling-time; thus, among the 31 animals 

only 21 were selected for extensive analysis of the 
sex chromosome labeling pattern. Techniques for 
bone marrow chromosome spreads and for auto- 
radiography have been previously reported (BI- 
A~,-Cm e t a l .  t964, BIANCltI and MOLINA 1966). 
Fif ty well spread metaphases in each animal and 
a total of 642 autoradiograms were analysed. Ex- 
posure time for autoradiograms was 90 days. 

Liver cells for sex chromatiu studies were prepared 
as described elsewhere (BIANCtlI and CONTRERAS). 
Two hundred cells were scored in each specimen. 

To determine the percentage of the haploid set 
represented by the sex chromosomes the cut out 
method described by OItNO and BEgAK (t964) was 
employed. Ten well spread metaphases from males, 
ten from deleted and ten from non-deleted females 
were photographed. Negatives were projected at 
a same magnification (6000 • ) traced on a drawing 
paper and chromosomes cut out and weighted on 
a precision balance. The weight of the haploid set 
of autosomes (A) was determined as follows: 

Male A = (Total weight) -- (Weight of X u 
2 

Female A = (Total weight) -- (Weight of X X) 
2 

Afterwards the percentage of the haploid set re- 
presented by the X, the deleted X, and the Y-chromo- 
somes were obtained. 

To determine the accuracy of the method five 
human metaphases and five metaphases from Rat tu s  
norvegicus were analysed as described above. Re- 
sults obtained indicate that  X-chromosome repre- 
sents 5.24% of the haploid set in human beings and 
6.2% in rats, In human beings the figure is coinci- 
dent with those published by Otlxo st al. (t964) using 
the cut out method and by the Chicago Conference 
(t966) using chromosome measurements. In rats the 
results agree with that  of VRBA (t964) obtained by 
using chromosome measurements. Hence the cut out 
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method was considered accurate enough for the 
purposes of this work. This procedure was also 
employed to determine the percentage of the nuclear 
area represented by  the sex ehromatin. 

Results 

Sex Chromosome and Sex Chromatin Measurements 
--  Chromosome morphology in Akodon azarae will 
only be briefly mentioned in this paper  since it has 
been previously described (BIANC~II and COlVTRERAS 
t967). In males the complement is formed by  34 
acrocentric, 2 small metacentric autosomes, a sub- 
terminal X-chromosome, and a dot-like Y-chromo- 
some (Fig. t). In  females 4 varieties of complements 
can be found: (a) 38 chromosomes with X X  sex 
chromosomes; (b) 38 chromosomes Xx, being the 
x an X-chromosome with a gross deletion in its 
long arm; (c) 38/37 Xx/XO mosaics; (d) 37 chromo- 
somes with an XO complement (Fig. 1). 

Pattern of Sex Chromosome Replicatio~ -- When 
the percentage of labeled metaphases was plotted 
against the labeling-times the 50% in the ascending 
and descending curves of labeling were found at 3 
and 1t hours respectively (Fig. 5). Hence, it can be 
concluded tha t  G 2 and S periods in bone marrow 
ceils of Akodon azarae last 3 and 8 hours (SIsKEN 
t964). I t  is also worth mentioning tha t  in t 5 hour- 
t rea tments  labeled chromosomes had silver grains in 
only one chromatid indicating tha t  those cells had 
divided twice since the moment  of labeling. 

The analysis of the replicating behavior of sex 
chromosomes allows to distinguish three different 
pat terns  of metaphase labeling. The first pat tern  
was recognized by  the existence of one unlabeled 
chromosome and the remaining complement com- 
pletely labeled or labeled in more than half of their 
chromosomes. The unlabeled chromosome was one 
X in X X  females, the x0) in Xx(i ) females, and the 

Fig. 2. X-chromosomes from an Xx(s ) 
deleted female. Notice the deletion in the 
short arm of one of the X-chromosomes. 

2000 x 

Fig. I. Karyotypes of Akodon azarae: (a) male; (b) 38XX female; (c) 38Xx(1) 
female; (d) and (e) 38Xx(1)37XO mosaic female; (f) 37XO female. 700X 

3 4 
Fig. 3. Liver cell from an XX female 

showing the sex chromatin body. 1200 • 
Fig. 4. Liver cell from an Xx(l ) female 
showing the sex chromatin body. 1200 X 

In the present report  over a total  of 24 females 
analysed t2 were XX, 8 Xx, 2 Xx/XO and t XO. 
The remaining female showed a deletion in the short 
arm of the X-chromosome not previously described 
(Fig. 2). Long arm and short arm deleted X-chro- 
mosomes will hereafter be represented as x0) and 
x(~) respectively. 

When the percentage of the haploid set represented 
by  the sex chromosomes was calculated it was found 
tha t  X-chromosomes comprised 7.89% (+_t.18) where- 
as x07 and Y-chromosomes comprised t.47 (___0.20) 
and t . t  5% (-t-0.29) respectively. 

In  the investigation of the sex chromatin only 
those cells with an heterochromatic corpuscle at- 
tached to the nuclear membrane  were considered as 
sex chromatin positive. This criterion was taken to 
avoid difficulties in distinguishing the sex corpuscle 
from other heterochromatic masses. 

Sex chromatin was positive in 28% to 40% of 
liver cells !in X X  females. In Xx0) females the Burr 
body was found in 4% to 12% of cells and in males 
it was negative. Furthermore,  the Burr body was 
much larger in X X  than in Xx0) females (Figs. 3, 4). 
In  the former animals the sex corpuscle measured 
7.28% ( !1 .18)  of the haploid nuclear area. In the 
la t ter  ones sex chromatin comprised 3.26% (___0,73) 
of the haploid nuclear area. 

Y in males. The other X in deleted and non-deleted 
females and in males was always among the labeled 
chromosomes (Fig. 6, 7, 8). Metaphases with this 
pa t tern  were mainly observed in 10 and t2 hour- 
t reatments ;  hence, they were considered as represen- 
tatives of the initial stage of the S period. Over 
642 autoradiograms 26% belonged to this group. 
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Fig. 5. Percentage of labeled metaphases in each one of the 
TdFI3 treatments performed. The ordinate represents the 
percentage of labeled metaphases. The abscissa indicates 

the different labelings performed 
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The  second group  was fo rmed  b y  
48% of cells t h a t  showed labe l ing  of 
the  whole  compIement .  T a k i n g  in to  
account  t h a t  these  m e t a p h a s e s  chief ly  
a p p e a r e d  in t 0  and  8 h o u r - t r e a t m e n t s  
i t  was assumed  t h a t  t h e y  be longed  to 
an i n t e r m e d i a t e  s tage  of the  S per iod.  
No cha rac t e r i s t i c  p a t t e r n  of sex chro-  
mosome rep l i ca t ion  was no t i ced  in 
th is  g roup  of cells. 

Metaphases  wi th  the  t h i r d  p a t t e r n  
of l abe l ing  were found  in 5 and 3 hour-  
t r e a t m e n t s .  The  36% of au to rad io -  
g rams  forming  this group e x h i b i t e d  
c lumps  of s i lver  g ra ins  l oca t ed  over  
smal l  ch romosome areas  and  extense  
un labe led  regions of the  complement .  
If  un labe led  regions compr i sed  less 
t h a n  half  of the  complemen t  cells were 
cons idered  to  be long  to l a te  s tages  of 
the  S period.  W h e n  more  t han  half  of 
the  genome was un labe Ied  i t  was as-  
sumed  t h a t  t h y m i d i n e - H  3 had  ent-  
e red  the  cells dur ing  the  f inal  phase  
of the  S per iod.  The  mos t  o u t s t a n d -  
ing obse rva t ion  in th is  g roup  was the  
fac t  t h a t  b o t h  sex chromosomes  in 
males  and  in de le t ed  and  non-de l e t ed  
females were comple t e ly  l abe led  and  
la te  r ep l i ca t ing  in mos t  me taphases .  
However ,  in a smal l  n u m b e r  of cells 
one of the  X ' s  showed a smal l  unla-  
be led  b a n d  loca t ed  in the  p a r a c e n t r o -  
mer ic  p a r t  of the  long arm. This  region 
r ep re sen ted  no more  t h a n  one s ix th  
of the  t o t a l  ch romosome  leng th  
(Figs. 9, t0,  1 t ,  t2,  t 3 , t4 ,  15, 16 
a7). 

Thus  far,  t he  t ime  sequence  of sex 
ch romosome  rep l i ca t ion  in bone  mar -  
row cells of males  and  females of A k o -  
don  azarae can be s u m m a r i z e d  as fol- 
lows:  (a) a t  the  beg inn ing  of the  
S pe r iod  one X - c h r o m o s o m e  s t a r t s  
r ep l i ca t ion  ea r ly  while the  o the r  X,  
the  x0) and  the  Y-chromosomes  are  
the  l as t  to i n i t i a t e  D N A  syn thes i s ;  
(b) in the  i n t e r m e d i a t e  s tage  of the  
S pe r iod  sex chromosomes  rep l ica te  
in the  same w a y  as au tosomes ;  (c) in 
l a te  and  f inal  s tages  of t he  S pe r iod  
b o t h  sex ch romosomes  are l a te  repl i -  
ca t ing  in the i r  whole  ex tens ion  (or 
a lmos t  in the i r  whole  extens ion) .  
Hence  i t  can be conc luded  t h a t  one 
of the  X-ch romosomes  t akes  a longer  
t ime  to rep l i ca te  t h a n  the  x0), the  Y 
or the  o the r  X in the  case of non-  
de l e t ed  females.  

6 7 

Fig. 6. Autoradiogram from a male labeled in an initial stage of the S period. 
Notice all the complement labeled and the Y-chromosome unlabeled (arrow). 

1200 X 

Fig. 7. Autoradiograln from an Xx(1) female labeled in an initial stage of the 
S period. Notice all the complement labeled and the x(1)-chromosome unlabeled 

(arrow). ~200• 

8 9 

Fig. 8. Autoradiogram from an XX female labeled in an initial stage of the 
S period. Notice all the complement labeled and one of the X-chromosomes 

unlabeled (arrow), 1200 X 

Fig. 9. Autoradiogram from an XX female labeled in a final stage oI the 
S period. Notice both X-chromosomes completely labeled. 1200 • 

D i s c u s s i o n  t 0 t t 

A l t h o u g h  in mos t  m a m m a l s  the  
X-ch romosome  compr ises  a b o u t  5 % of 
t he  hap lo id  c o m p l e m e n t  some roden t s  
a re  endowed  wi th  X-ch romosomes  t h a t  

Fig. 10 and 1 t. Metaphase pre-and postautoradiography from an XX female 
labeled in a late stage of the S period. X-chromosomes are arrowed in the 
metaphase preautoradiography. Arrow in the antoradiogram points out 
a small unlabeled segment of one X-chromosome. The remaining area of sex 

chromosomes is completely labeled, t200 X 



346 N. O. BIANCHI, F. N. DULO~JT and J. CONTRERAS: Theoret. dppl. Genetics 

t2 t3 
Fig. 12 and 13. Metaphase pre-and postautoradiography from an Xx(s ) female 

labeled in a late stage of the S period. Notice both X-chromosomes completely 
labeled (arrows). t200 • 

t4 15 
Fig. 14 and 15. Metaphase pre-and postautoradiography from an Xx(1) female label- 
ed in a late stage of the S period. X and x(1)-chromosomes are arrowed in the 
metaphase preautoradiography. Tile arrow in the autoradiogram points out 
a small unlabeled segment of the X-chromosome. The remaining area of sex 

chromosomes is completely labeled. 1200X 

16 t7 
Fig. 16 and 17. Metaphase pre-and postautoradiography from a male labeled in 
a final stage of the S period. Notice the X and the Y-chromosomes completely 

labeled (arrows). 1200 • 

represent 10% (duplicate type), t 5 % (triplicate type) 
or 20% (quadruplicate type) of the haploid set 
(OItNO et al. t964). In those species, the analysis of 
metaphases previously labeled with TdH3 have 
demonstrated that  all sex chromosome DNA in 
excess of the 5% of the haploid genome is late 
replicating. 

In species with duplicate, triplicate, or quadru- 
plicate X-type chromosomes sex chromatin in females 
as well as in males is double positive. Corpuscles in 

females being formed by  an entire 
X-chromosome and by the part  of 
the other X in excess of the 5% 
of the haploid set; and in males 
by the extra part  of the X and 
by the entire Y which habitually 
is a large element (the only excep- 
tion to this rule is the chinchilla 
in which the Y remains a minute 
chromosome) (0~I~O 1967). 

In XX females of Akodon azarae 
the X-chromosome and the sex 
chromatincomprise 7.9% andT.28% 
of the haploid genome respectively. 
Hence, the first conclusion to reach 
that  sex chromatin is formed by  
a single heterochromatic X-chro- 
mosome. In this species, a second 
sex chromatin corpuscle formed by  
the part  of the other X-chromo- 
some in excess of the 5% of the 
haploid genome has not been detec- 
ted. However, its existence cannot 
be ruled out since the extra part  is 
only about 2.9% and a corpuscle 
of such a size may be difficult to 
distinguish from other heterochro- 
matte masses of the nucIeus. 

In Xx0) females the x0)-chromo- 
some and the sex chromatin are 
1.47% and 3.26% of the haploid 
complement respectively. In these 
animals it seems evident that  Barr 
bodies are formed by  the entire 
x(1 ) plus a small part  of the non- 
deleted X-chromosome. The low 
percentage of sex chromatin found 
(5% to 12%) is probably due to 
the fact that  only those nuclei in 
which the x(1 ) and the extra part  of 
the X are attached show an hetero- 
chromatic corpuscle large enough to 
be scored. Conversely, the lack of 
binding between the Y-chromo- 
some and the heterochromatic part  
of the X may account for the ab- 
sence of sex chromatin in males. 

Thus far it can be concluded that  
Akodon azarae behave like the other 
mammals in tha t  sex chromatin 
seems to be formed by  all the sex 
chromosome material in excess of 
the 5 % of the haploid genome. More- 
over in Xx0) females the deleted 
X-chromosome is always involved in 
sex chromatin formation; therefore, 

in deleted females of Akodon random X-inactivation 
has changed into preferential X-inactivation such as 
described for human beings with structurally ab- 
normal X-chromosomes. 

Differences between Akodon azarae and other 
mammals show up when the relationship between 
late replicating sex chromosome regions and sex 
chromatin is established. I t  has been demonstrated 
that  in most mammals sex chromatin is formed by 
late replicating and genetically inactive parts of the 
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sex genome (GRUMBACH et al. 1962, 1963). In Akodolr 
azarae the area of late replicating regions in sex 
chromosomes by far exceed the area of the sex 
chromatin body. Consequently, this fact poses 
a very interesting problem: there are genetically 
inert parts of the sex genome not included into the 
sex chromatin body, or oppositely, late replicating 
sex chromosome regions not always indicate genetic 
inactivity. No answer to this problem can be sug- 
gested at the present moment. 

The analysis of the pattern of sex chromosome 
replication at the beginning of the S period showed 
that  Y-chromosomes in males, the x(0-chromosome 
in Xx(l ) females, and one of the X-chromosomes in 
XX females are the last to start  replication. The 
pattern in males is similar to that  described in 
human beings (BIANCHI and BIANCI~I 1965), rats 
(BIANCm and BIANCHI 1966) and in Chinese hamster 
(Hsu 1964). In females analogies with other mammals 
cannot be established since the beginning of sex 
chromosome replication is still rather controversial 
in this sex (BIANCHI and BIANCHI 1966). 

In Xx(t) females the x0)-chromosome beside to be 
the last in starting replication does always give rise 
to the sex chromatin body. In X X  Akodon there 
are no clue allowing to determine which of the two 
X's is the one entirely involved in sex chromatin 
formation. However, on account of the findings in 
Xxo) females it may be assumed that  the X-chromo- 
some that  begins replication last, is also the hetero- 
chromatic one. In that  case the pattern of sex 
chromosome replication at the beginning of the S 
period may be more informative than the pattern 
at the end of the S phase to distinguish between 
hetero- and euchromatin in the sex genome of 
Akodon azarae. 

Z u s a m m e n f a s s u n g  

An der Feldmaus Akodon azarae wurde die L~nge 
der Geschlechtschromosomen, die Gr6Be des Ge- 
sehlechtschromatink6rperchens und das Muster der 
Oeschlechtschromosomenreplikation bestimmt. Unter 
den untersuchten Tieren befand sieh auch eine Gruppe 
yon Weibchen mit einem spontan deletierten X- 
Chromosom. Der Karyotyp  dieser Weibchen war 
38 Xx, wobei x das stark deletierte X-Chromosom 
darstellt. 

Die L~inge der Geschlechtschromosomen wurde 
wie folgt, ausgedrfickt in Prozent des haploiden 
Satzes, ermittelt:  X-Chromosom 7,89yo (___1,t8), 
x-Chromosom t,47~ ( !0 ,20) ,  Y-Chromosom 1,t5~o 
(+0,29). Die Gr6ge des Geschlechtschromatin- 
k6rpers, ausgedrtickt in ~ des haploiden Genoms, 
betrug 7,28% (-+1,t8) bei XX-Weibchen und 3,26% 

(___0,73) bei Xx-Weibchen. Auf Grund dieser Daten 
wird angenommen, dab a) das Oeschlechtschromatin 
durch das gesamte Geschlechtschromosomenmaterial, 
das ~~ des Haploidsatzes iibersteigt, gebildet wird, 
und b) das x-Chromosom bei den Xx-Weibchen stets 
an der Geschlechtschromatinbildung beteiligt ist. 

Die Geschlechtschromosomenreplikation ging zeit- 
lich wie folgt vor sich: a) zu Beginn der S-Periode 
beginnt ein X-Chromosom frtih mit der Replikation, 
w~thrend das andere X-Chromosom und das x- und 
Y-Chromosom die DNS-Synthese als tetzte beginnen; 
b) im intermedi~iren Stadium der S-Periode repli- 
zieren die Geschlechtschromosomen in gleicher Weise 
wie die Autosomen, c) in den sp~iten und Endstadien 
replizieren beide Geschlechtschromosomen in ihrer 
gesamten Ausdehnung spat. Das Muster der Chro- 
mosomenreplikation zu Beginn der S-Periode kann 
als aufschlul3reicher ftir die Unterseheidung yon 
Hetero- und Euchromatin im Geschlechtsgenom yon 
Akodol~ azarae angesehen werden als das Replikations- 
Muster der Endphase. 

Literature Cited 
1. BIANCHI, N.O., and M. S. A. DE BIANCHI: DNA 

replication sequence of human chromosomes in blood 
cultures. Chromosoma (Berl.) 17, 273--290 (t965). -- 
2. BIANCHI, N. O., and M. S. A. DE BIANCHI: Shifting in 
the duplication time of sex chromosomes in the rat. 
Chromosoma (Berl.) i9, 286--299 (1966). -- 3. BIANC~I, 
N. O., and J. CONTRERAG: The chromosomes of the field 
mouse Akodon azarae (Cricetidae Rodentia) with special 
reference to sex chromosome anomalies. Cytogenetics 6, 
303--3i3 (1967). -- 4. BIANCHI, N.O., A. LIMA-DE- 
FARIA and H. JAWORSKA: A technique for removing 
silver grains and gelatine from tritium autoradiographs 
of human chromosomes. Hereditas (Lund) 31, 207--2tt 
(1964). -- 5. BIANCHI, N. O., and J. MOLINA: Autosomal 
polymorphism in a laboratory strain of Ratt~s norvegicus. 
J. Here& 57, 231-  232 (1966). -- 6. Chicago Conference: 
Standardization in Human Cytogenetics. Birth Defects: 
Original article series I I :  2 (1966). The National Found- 
ation, New York, -- 7. ORUMBAGH~ IV[. M., P. A. MARKS 
and A. MoRIsHIMA:Erythrocyte glucose-6-phosphate de- 
hydrogenase activity and X-chromosome polysomy. 
Lancet I, 1330--t33t (t962). -- 8. GRU~BACH, M.M., 
A. MORISHIMA and J. H.  TAYLOR: Human sex chromo- 
some abnormalities in relation to DNA replication and 
heterochromatinization. Proc. nat. Acad. Sci. (\u 
49, 381--389 (t963). -- 9- Hsu, T.C.: MammMian 
chromosomes in vitro XVIII.  DNA replication sequence 
in Chinese hamster. J. Cell Biol. 25, 53--62 (1964). -- 
I0. OHIO, S.: Sex chromosomes and sex linked genes. 
Berlin: Springer-Yerlag 1967. -- 11. OHNO, S., W. B~gAK 
and M. L. BEgAK: X-autosome ratio and the behaviour 
pattern on individual X-chromosomes in placental 
mammals. Chromosoma (Berl.) 15, 14--30 (1964). -- 
12. SISKEN, J .  ~E. : Methods for measuring the length of 
the mitotic cycle and the timing of DNA synthesis for 
mammalian cells in culture. In: Methods in cell phy- 
siology, p. 387--401. New York: Academic Press 1964. 
--  t 3. VRBA, M. : Idiogram of the rat (Rattus ,zorvegicus) 
and reliability in identification of individual chromo- 
somes. Folia Biol. (Prague) lo, 75--80 (t964). 


