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closely related Chinese muntjac  M. reevesi  possesses a 
chromosome number of 2n = 46, with exclusively telo-
centric chromosomes [Wurster and Benirschke, 1967]. 
The dramatic reduction of the chromosome number in 
the Indian muntjac is the result of repeated centromeric 
and tandem fusions [Hsu et al., 1975; Shi et al., 1980; 
Brink ley et al., 1984; Rattner, 1986; Lin et al., 1991; Yang 
et al., 1995; Latour et al., 1996]. The odd chromosome 
number (2n = 7) in the male Indian muntjac originated 
by a fusion of the extant autosome 3 and the original free 
X sex chromosome (designated as 3 X  chromosome in the 
present study). A detailed molecular characterization of 
fusion sites in the chromosomes of the Indian muntjac 
has already been accomplished [Chi et al., 2005; Tsipouri 
et al., 2008].

  Numerous previous and detailed cytogenetic analyses 
were conducted on the constitutive heterochromatin 
present in the genome of the Indian muntjac [e.g. Com-
ings, 1971; Comings and Okada, 1971; Kato et al., 1974; 
Sharma and Dhaliwal, 1974; Carrano and Wolff, 1975; 
Kimura et al., 1980; Brinkley et al., 1984]. However, to the 
best of our knowledge, only a single investigation focused 
on the visualization of 5-methylcytosine (5-MeC)-rich 
heterochromatin in this species [Vasilikaki-Baker and 
Nishioka, 1983]. In that study, polyclonal anti-5-MeC an-
tibodies, which were first produced by the group of Ber-
nard F. Erlanger some decades ago [Erlanger and Beiser, 
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 Abstract 

 Two 5-methylcytosine (5-MeC)-rich heterochromatic re-
gions were demonstrated in metaphase chromosomes of 
the Indian muntjac by indirect immunofluorescence using a 
monoclonal anti-5-MeC antibody. The metaphases were ob-
tained from diploid and triploid cell lines. A major region is 
located in the ‘neck’ of the 3;X fusion chromosome and can 
be detected after denaturation of the chromosomal DNA 
with UV-light irradiation for 1 h. It is located exactly at the 
border of the X chromosome and the translocated autosome 
3. A minor region is found in the centromeric region of the 
free autosome 3 after denaturing the chromosomal DNA for 
3 h or longer. The structure and possible function of the ma-
jor hypermethylated region as barrier against spreading of 
the X-inactivation process into the autosome 3 is discussed. 

 © 2016 S. Karger AG, Basel 

 The Indian muntjac  Muntiacus muntjak vaginalis  is a 
small deer with a remarkable karyotype. It has the lowest 
diploid chromosome number among all mammals (2n = 
6 ♀ , 7 ♂ ) [Wurster and Benirschke, 1970]. In contrast, the 
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1964; Erlanger et al., 1972], were applied to UV-irradiated 
and photooxidized metaphase chromosomes of a male 
muntjac. All chromosomes showed some degree of anti-
body binding along their length and at their centromeric 
regions, with a distinct immunofluorescence in the cen-
tromeric region of autosome 3 and the elongated centro-
meric ‘neck’ of the 3 X  fusion chromosome. The banding 
pattern obtained by anti-5-MeC immunofluorescence 
was reverse to that obtained by quinacrine banding. How-
ever, the fluorescence signals recorded by Vasilikaki-Bak-
er and Nishioka [1983] with polyclonal anti-5-MeC anti-
bodies at the centromeric regions of muntjac chromo-
somes were of moderate intensity and reduced in contrast 
by the overall bright fluorescence along the chromosomes.

  In the early 1990s, the first monoclonal antibodies 
against 5-MeC and other modified nucleosides were pro-
duced [Reynaud et al., 1992] and subsequently used in 
cytogenetics [Barbin et al., 1994; Miniou et al., 1994; 
Montpellier et al., 1994; Bernardino et al., 1996, 2000]. 
Antisera specific for 5-MeC were initially applied by the 
group of Orlando J. Miller to the chromosomes of several 
mammalian species, including human, chimpanzee, go-
rilla, cattle, mouse, and kangaroo rat [Miller et al., 1974; 
Schreck et al., 1974, 1977; Schnedl et al., 1975, 1976].

  In the present study, the 5-MeC-rich heterochromatic 
chromosome regions in muntjac chromosomes were de-
tected by indirect immunofluorescence using a highly 
specific monoclonal anti-5-MeC antibody.

  Materials and Methods 

 Cell Lines and Culture Conditions 
 Four different cell lines derived from male muntjacs were avail-

able. The cell lines E7-KS and Mmv-E7 are diploid and derived 
from spontaneously transformed fibroblasts. The cell line Munt-
jac- ♂  is also diploid, but derived from primary growing fibroblasts, 
whereas the cell line Muntjac-3n is triploid and originated from 
spontaneously transformed fibroblasts. The latter cell line was ini-
tially established in Denver, Colo., USA, and was kindly provided 
by Robert T. Johnson, Cambridge.

  The cells were grown in DMEM (Life Technologies) supple-
mented with 10% (v/v) fetal bovine serum (Sigma), penicillin (100 
U/ml), and streptomycin (100 μg/ml). Cells were subcultured us-
ing trypsin-EDTA detachment. For each subculture 1/10 of the 
volume of the parental cell suspension was transferred to a new 
flask. To each new flask 9/10 volumes of fresh medium were added.

  Chromosome Preparation 
 Freshly fed and nearly confluent cell cultures were incubated 

with Colcemid (Gibco, 0.1 μg/ml) for 3 h at 37   °   C. Cells were de-
tached with trypsin-EDTA solution, transferred to centrifuge 
tubes, and centrifuged at 1,400 rpm for 8 min, after which the su-
pernatant was discarded. Hypotonic solution (0.075  M  KCl, pre-

warmed to 37   °   C) was added to the cell pellet, gently mixed by pi-
petting, incubated for 12 min at 37   °   C, and centrifuged at 1,400 
rpm for 8 min. The supernatant was discarded, and 1–2 ml of fix-
ative solution (methanol:acetic acid, 3:   1) was slowly added. The 
fixed cell suspensions were stored at 4   °   C or –20   °   C. Chromosome 
slides were prepared according to the conventional air-drying 
method and kept at room temperature for 24 h prior to chromo-
some banding or immunofluorescence.

  Chromosome Banding Analyses 
 The demonstration of constitutive heterochromatin (C-bands) 

in the chromosomes followed the technique of Sumner [1972], and 
the detection of active nucleolus organizer regions (NORs) was 
performed according to Goodpasture and Bloom [1975] and How-
ell and Black [1980]. Photographs of high-quality C-bands and Ag-
stained NORs were taken on an AxioImager A1 microscope (Zeiss) 
equipped with a thermoelectronically cooled charge-coupled de-
vice camera (Applied Spectral Imaging) using BandView software. 
In the karyotypes, the chromosomes were arranged according to 
the previous cytogenetic literature on this cervid species.

  Detection of Hypermethylated Chromosome Regions 
 Hypermethylated DNA was detected by indirect immunofluo-

rescence using a monoclonal antibody against 5-MeC. In double-
stranded DNA, the methyl groups are hidden in the phosphodies-
ter backbone of the double helix and not accessible to the antibody. 
The anti-5-MeC antibody recognizes and binds to its target only if 
the DNA is in the single-stranded configuration. Therefore, the 
slides with the chromosome preparations were immersed 1 cm 
below the level of a buffer solution (PBS) and denatured by UV-
light irradiation for 1, 3 or 5 h at a distance of 10 cm from a UV 
lamp (254 nm). For indirect immunofluorescence, the slides were 
first incubated in a coplin jar for 1 h in blocking solution (PBS, with 
0.3% BSA, 0.1% Tween) and then with 50 μl of a monoclonal 
mouse anti-5-MeC (primary) antibody (Imprint ®  monoclonal 
 anti-5-methylcytosine antibody 33D3, Sigma-Aldrich) diluted 1:  
 1,000 with the blocking solution in a humidified incubator at 37   °   C 
for 1 h. A non-siliconized coverslip (22 × 60 mm) was placed on 
the 50-μl drop to spread the anti-5-MeC antibody over the com-
plete slide surface. Subsequently, the slides were washed twice in 
PBS (with 0.3% BSA) for 3 min each and then incubated with 70 
μl of the secondary antibody (TRITC-conjugated rabbit anti-
mouse IgG, Sigma-Aldrich) diluted 1:   200 with PBS. The incuba-
tion conditions were as with the primary antibody. After 2 further 
washes with PBS for 3 min each, the chromosome preparations 
were mounted in Vectashield ®  mounting medium (Vectashield) 
with DAPI. Image analysis was performed with Zeiss epifluores-
cence microscopes equipped with thermoelectronically cooled 
charge-coupled device cameras (Applied Spectral Imaging) using 
easyFISH 1.2 software.

  Results 

 In muntjac metaphases obtained from cell line E7-KS 
and UV-irradiated for only 1 h, the sole region showing a 
specific anti-5-MeC antibody labeling is located in the 
upper part of the well-known heterochromatic ‘neck’ in 
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the 3 X  fusion chromosome. The fluorescence signal de-
tected in this region is extremely bright with sharp bound-
aries. An example of such a metaphase and 4 different 
karyotypes are depicted in  figure 1 a–e. In none of the 
metaphases found in these preparations, the fluorescence 
signal did extent to the rest of the heterochromatic ‘neck’, 

and no further specific hypermethylated regions were de-
tected in the other chromosomes.

  In chromosome preparations denatured by UV-light 
irradiation for 3 or 5 h, hypermethylation is detected 
again in the upper part of the heterochromatic ‘neck’ in 
the 3 X  fusion chromosome, and additionally in the het-

n

o

a

f

k

p

b

d

i

g

l

n

q

c

e

h

m

j

o

r

1 2 3 Y3X 1 2 3 Y3X

1 2 3 Y1 2 3 Y3X 3X

1 2 3 Y 1 2 3 Y3X 3X

1 2 3 Y1 2 3 Y3X 3X

1 2 3 Y 1 2 3 Y3X 3X

1 2 3 Y3X1 2 3 Y3X

1 2 3 Y3X 1 2 3 Y3X

  Fig. 1.  Metaphases and karyotypes of the diploid cell line E7-KS 
from a male Indian muntjac.  a–j  Indirect immunofluorescence us-
ing a monoclonal antibody against 5-MeC. The 5-MeC-rich het-
erochromatic regions show bright red fluorescence signals, the 

chromosomes are stained blue with DAPI. The cells in  a–e  were 
UV-irradiated for only 1 h, those in  f–j  for 3 or 5 h.  k–o  C-banding 
of constitutive heterochromatin.  p–r  Ag-staining of active NORs. 

http://dx.doi.org/10.1159%2F000444431


 5-MeC-Rich Heterochromatin in the 
Indian Muntjac 

Cytogenet Genome Res 2015;147:240–246
DOI: 10.1159/000444431

243

erochromatic centromeric region of the free autosome 3. 
This is exemplified in  figure 1 f–j. In the autosomes 1 and 
2 as well as in the muntjac Y chromosome, 5-MeC-rich 
constitutive heterochromatin cannot be demonstrated.

  C-banding of the metaphases yields the well-known 
heterochromatic patterns of muntjac chromosomes 
( fig. 1 k–o). Autosomes 1 and 2, and the free autosome 3 
contain discrete amounts of centromeric heterochroma-
tin, the very small Y chromosome is completely hetero-
chromatic. The 3 X  chromosome is distinguished by the 
large heterochromatic ‘neck’, which extends from about 
the middle of the short arm down to the centromeric re-
gion.

  Ag-staining shows that active NORs are present in the 
long arm telomeric region of autosomes 1 and in the 
proximal third of autosomes 3 ( fig. 1 p, q). Active NORs 
in autosomes 1 are found in all metaphases analyzed, 
whereas those in the autosomes 3 may be absent ( fig. 1 r). 
Neither the autosomes 2 nor the fused X chromosome or 
the Y chromosome bear active NORs.

  Two further cell lines analyzed (Mmv-E7 and Munt-
jac- ♂ ) are also diploid with no obvious chromosome re-
arrangements. Again, in preparations UV-irradiated for 

3 h or longer, hypermethylation is present in the hetero-
chromatic ‘neck’ of the 3 X  fusion chromosome and in the 
heterochromatic centromeric region of the free autosome 
3 ( fig. 2 ). In none of the other heterochromatic regions, 
anti-5-MeC antibody labeling is detectable. No C-band-
ing or Ag-staining was applied to these cell lines.

  The fourth cell line examined (Muntjac-3n) was origi-
nally triploid, but during culture the Y chromosome was 
lost. Additionally, before triplication of the genome, the 
long arms of the 2 free autosomes 3 enlarged as result of 
a partial duplication or an insertion ( fig. 3 ). The hyper-
methylation pattern recognizable after UV-light irradia-
tion for 3 or 5 h is the same as in all other cell lines exam-
ined. It is restricted to the upper part of the neck in the 3 X  
fusion chromosome and to the centromeric heterochro-
matin in the free autosomes 3 ( fig. 3 a–c). Analysis of the 
C-banding patterns excludes any apparent reshufflings, 
deletions or duplications of the heterochromatic regions 
( fig. 3 d–f).

  In all 4 cell lines analyzed, most interphase cell nuclei 
exhibit the same number of brightly fluorescing anti-
5-MeC antibody signals as found in the metaphase chro-
mosomes. In some few nuclei, the fluorescing signals 

1 2 3 Y3X 1 2 3 Y3X

1 2 3 Y3X 1 2 3 Y3X

1 2 3 Y3X 1 2 3 Y3X

1 2 3 Y3X1 2 3 Y3X

a b c

d e

hf g

i j

  Fig. 2.  Metaphases and karyotypes of the diploid cell lines Mmv-E7 
( a–e ) and Muntjac- ♂  ( f–j ) from male Indian muntjacs showing 
indirect immunofluorescence using a monoclonal antibody 

against 5-MeC. The 5-MeC-rich heterochromatic regions show 
bright red fluorescence signals, the chromosomes are stained blue 
with DAPI. The cells were UV-irradiated for 3 or 5 h. 
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have a thread-like morphology of low contrast which in-
dicates that the hypermethylated regions are decon-
densed and replicating (not shown).

  No specific anti-5-MeC antibody labeling of euchro-
matic chromosome bands or larger euchromatic seg-
ments is observed by immunofluorescence microscopy. 
If occasionally present in some metaphases, these signals 
are most probably artifacts caused by insufficient washing 
of the chromosome preparations after incubation with 
the TRITC-conjugated secondary antibody.

  It must be emphasized that the results obtained with 
the immunofluorescence experiments are reproducible 
irrespective of the fixation time of the cell suspensions 
(1–60 days), the temperature at which the fixed cell sus-
pensions are kept (4   °   C, –20   °   C), the age of air-dried chro-
mosome slides (1–12 months), and the incubation time 
with the primary and secondary antibodies (1–5 h). Cru-
cial for the experiments, however, are the quality of the 
antibodies, the time of UV-light irradiation of chromo-
some preparations, and the washing procedures after in-
cubation with the primary and secondary antibody.

  Discussion 

 Like in primates, rodents, birds, and fishes [Miller et al., 
1974; Schreck et al., 1974, 1977; Schnedl et al., 1975, 1976; 
Schmid et al., 2015a, b], in the Indian muntjac microscop-
ically detectable  5-MeC-rich repetitive DNA sequences 
are restricted to a subset of the heterochromatic regions 
present in the karyotypes. The best known example is the 
human karyotype, in which visible hypermethylation of 
reiterated DNA is present exclusively in the centromeric 
and paracentromeric heterochromatin of the autosomes 
1, 9, 15, and 16 as well as in the long arm heterochromatin 
of the Y chromosome [Schnedl et al., 1975]. There seems 
to be no general rule about the chromosomal locations of 
hypermethylated heterochromatic regions in vertebrate 
genomes. These very distinct fluorescent markers are spe-
cies-specific and, therefore, quite useful for comparative 
cytogenetics in many vertebrate taxa. Even phylogeneti-
cally closely related species of birds, amphibians and fish-
es, with the same diploid number, chromosome morphol-
ogy and C-banding, show different hypermethylation pat-
terns [Schmid et al., 2015a, b].

  The very heterogeneous chromosomal distribution of 
hypermethylated heterochromatic regions among verte-
brate species is easily explained. The predominant com-
ponents of constitutive heterochromatin are repetitive 
DNA sequences which are characterized by repetition of 
relatively long monomers (of a few hundred base pairs) 
over many megabases of DNA [for reviews, see Brutlag, 
1980; Long and Dawid, 1980; Singer, 1982; Southern, 
1984; Beridze, 1986]. It is not uncommon to find up to 
25% of a genome made up of different repetitive DNA 
families [for review, see Lohe and Roberts, 1988]. Even 
among closely related species, reiterated DNAs usually 
differ in quantity, sequence and chromosomal location 
[Miklos, 1985]. Since they are not subjected to evolution-
ary pressure, sequence changes in repetitive DNAs can be 
accumulated and fixed in genomes very much faster than 
can the changes in functional (transcribed) DNA. There-
fore, constitutive heterochromatin is heterogeneous 
within and between species [for review, see Verma, 1988]. 
This variability of heterochromatin is also characterized 
by extremely rapid changes of its hypermethylation pat-
terns. Thus, it can be predicted that the amounts and lo-
cations of hypermethylated heterochromatic regions in 
the karyotypes of the Indian muntjac, the related Chinese 
muntjac  M. reevesi  and other more distant cervid species 
may be strikingly different.

  In the Indian muntjac, hypermethylated heterochro-
matin is confined to the upper part of the ‘neck’ in the 3 X  

a b

c

d e

f
1 2 3q+ 3X

1 2 3q+ 3X

1 2 3q+ 3X

1 2 3q+ 3X

  Fig. 3.  Metaphases and karyotypes of the triploid cell line Muntjac-
3n derived from fibroblasts of a male Indian muntjac.  a–c  Indirect 
immunofluorescence using a monoclonal antibody against 5-MeC. 
The 5-MeC-rich heterochromatic regions show bright red fluores-
cence signals, the chromosomes are stained blue with DAPI. The 
cells were UV-irradiated for at least 3 h.  d–f  C-banding of consti-
tutive heterochromatin.     
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fusion chromosome and to the centromeric region in the 
free autosome 3. This specific hypermethylation pattern is 
consistent in all cell lines analyzed and found irrespective 
of the degree of ploidy of the cells. The larger fluorescing 
signal in the ‘neck’ of the 3 X  fusion chromosome is already 
detectable after denaturing the chromosomal DNA by 
UV-light irradiation for 1 h, whereas the demonstration 
of the distinctly smaller signal in the centromeric region 
of the free autosome 3 requires UV-light irradiation for at 
least 3 h or longer. The differing time of UV-light expo-
sure is an indication for structural differences in the DNA 
of the 2 hypermethylated regions.

  The molecular structure of the constitutive hetero-
chromatin in Indian muntjac chromosomes was exam-
ined by Ueda et al. [1987] using restriction enzyme diges-
tion, in situ hybridization with cloned DNA probes and 
distamycin A/DAPI fluorescence staining. They showed 
that the heterochromatic centromeric region of the free 
autosome 3 and the heterochromatic ‘neck’ in the 3 X  chro-
mosome are distinct from each other and different from 
the heterochromatic regions in the remaining chromo-
somes. A single band, located at the extreme end of the 
heterochromatin in the short arm of the 3 X  chromosome, 
is characterized by bright distamycin A/DAPI fluores-
cence. A repetitive DNA probe, pMM3 (30 kb in length), 
derived by a double digest of genomic Indian muntjac 
DNA with the restriction enzymes  Hae III and  Alu I, was 
found to hybridize exclusively to this band. This is exactly 
the same site in the 3 X  chromosome which in the present 
study turned out to be hypermethylated. It is conceivable 
that the pMM3 probe used by Ueda et al. [1987] is com-
posed of 5-MeC-rich repetitive DNA and, therefore, re-
sponsible for the specific anti-5-MeC antibody labeling.

  In another molecular cytogenetic approach, Cheng et 
al. [2009] generated 7 different non-satellite sequence ele-
ments from a 69-kb-long Indian muntjac BAC clone and 
mapped these probes by FISH to the chromosomes. Al-
though all probes hybridized mainly to the heterochromat-
ic centromeric regions, none was specific for the hyper-
methylated region in the short arm of the 3 X  chromosome.

  The fact that in the Indian muntjac 3 X  chromosome a 
large hypermethylated heterochromatic region is located 
exactly at the border of the X chromosome and the trans-
located autosome 3 provokes interesting speculations 
about its possible function. In female mammalian cells 
carrying spontaneously originated aberrant X;autosome 
translocations, the X inactivation process can run over to 
the adjacent autosome causing detrimental genetic imbal-
ances [for review, see White et al., 1998]. Thus, 5-MeC-
rich repetitive DNA in the ‘neck’ region of the muntjac 3 X  

chromosome could act as an effective molecular barrier 
which prevents the spreading of X inactivation into the 
autosome in one of the two 3 X  chromosomes in female 
cells. It is conceivable that the presence of this hypermeth-
ylated region in the X chromosome of the ancestral munt-
jac population was the prerequisite for the maintenance 
and evolutionary fixation of the 3 X  chromosome once this 
fusion occurred in the founder individual. The immediate 
question that arises is whether in other known mamma-
lian species with fixed X;autosome fusions or X;autosome 
translocations similar hypermethylated heterochromatic 
regions are present at the X-autosome chromatin border. 
This can be easily determined by examining their meta-
phases by indirect immunofluorescence with the highly 
specific monoclonal anti-5-MeC antibody.

  Another interesting point worthwhile to examine is 
whether the X inactivation in female muntjac cells can 
spread into the adjacent chromosome 3 when the cell cul-
tures are exposed to demethylating agents. Such agents 
are, for example, the cytosin analogs 5-azacytidine and 
5-2 ′ -azadeoxycytidine which cause extensive demethyl-
ation of the 5-MeC residues and reduce DNA methyl-
transferase activity in the cells [Jones and Taylor, 1980; 
Jones, 1985; Cheng, 1995].

  Despite the above-mentioned possible function of the 
hypermethylated heterochromatic region in the 3 X  chro-
mosome of the Indian muntjac, it cannot be excluded that 
the peculiar chromosomal position of these repetitive DNA 
sequences has just randomly evolved without being essen-
tial for the X inactivation process operating in female cells.
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