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Abstract. In mealybugs, chromatin condensation is re- 
lated to both genomic imprinting and sex determination. 
The paternal chromosomal  complement  is condensed 
and genetically inactive in sons but not in daughters. 
During a study of chromatin organization in Planococ- 
cus Iitacinus, digestion with micrococcal nuclease 
showed that 3% to 5% of the male genome is resistant to 
the enzyme. This Nuclease Resistant Chromatin (NRC) 
apparently has a nucleosomal organization. Southern hy- 
bridization of genomic DNA suggests that NRC se- 
quences are present in both sexes and occur throughout 
the genome. Cloned NRC DNA is A+T-rich with stretch- 
es of  adenines similar to those present in mouse o~-satel- 
lite sequences. NRC DNA also contains sequence motifs 
that are typically associated with the nuclear matrix. 
Salt-fractionation experiments showed that NRC se- 
quences are matrix associated. These observations are 
discussed in relation to the unusual cytological features 
of  mealybug chromosomes,  including the possible exis- 
tence of multiple centres of  inactivation. 

Introduction 

There are two well-known examples of facultative het- 
erochromatization of whole chromosomes.  One of these 
is mammalian X chromosome inactivation (Lyon 1961) 
and the other, the inactivation of paternal chromosomes 
in sexually reproducing mealybugs and related coccid 
insects (Hughes-Schrader 1948; Brown and Chandra 
1977). In the lecanoid genetic system, found in most 
mealybugs, there are no sex chromosomes and all em- 
bryos begin development with a diploid number of  chro- 
mosomes,  which is usually ten (Brown 1959; Brown and 
Chandra 1977). Around the blastoderm stage of develop- 
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ment, the paternal set of  chromosomes becomes hetero- 
chromatic and genetically inactive in some embryos and 
these embryos develop into males (Brown and Nelson- 
Rees 1961). There is no such heterochromatization in 
other embryos and these develop into females. Function- 
al haplo-diploidy thus seems to be the basis of  sex deter- 
mination. Because it is always the paternal set of chro- 
mosomes that is subject to condensation and inactivation 
in sexually reproducing mealybugs, the mealybug genet- 
ic system also represents an example of genomic im- 
printing (Chandra and Brown 1975). An understanding 
of chromatin organization in this insect is therefore of  
particular interest. 

Micrococcal nuclease (MNase), a Ca 2+, Mg 2+ nucle- 
ase, digests chromatin in the internucleosomal regions 
and accessibility of chromatin to MNase is directly relat- 
ed to its state of  condensation (Sun et al. 1986). During a 
comparative study of chromatin in male and female 
mealybugs, a fraction of chromatin resistant to MNase 
was observed in males but not in females (Kantheti 
1994; Kantheti and Chandra, in preparation). We report 
here the results of our attempts to characterize this chro- 
matin fraction. 

Materials and methods 

Materials. Stock cultures of a mealybug, provisionally identified 
as Planococcus lilacinus, were obtained from the Horticultural 
Research Station, Coorg, India. They were maintained on pump- 
kins at room temperature. Micrococcal nnclease was obtained 
from Sigma Chemical Company, St. Louis, USA. Restriction en- 
zymes were from New England Biolabs and Amersham, England; 
Sequenase was from United States Biochemical, USA. Hybond 
N+ from Amersham, or nylon membranes from Advanced Micro- 
devices, Ambala, India were used in Southern blotting. Other 
chemicals were of analytical grade. 

Preparation of nuclei. Insects were washed briefly in a mixture of 
ice cold acetone and ethanol (1:1 v/v) so as to remove surface 
wax. They were then washed with 0.34 M sucrose in buffer A 
(10 mM Tris-C1, pH 7.5, 25 mM KC1, 5 mM MgC12, 1 mM 
CaCI2), homogenized in the same buffer, filtered through cheese- 



cloth, and the filtrate centrifuged for 10 min at 4,000 rpm in a 
swing-out rotor. Nuclei were then purified over sucrose cushions 
containing 1 M sucrose in buffer A. Phenylmethylsulphonyl fluo- 
ride (PMSF) at a concentration of 0.l mM was used in the isola- 
tion buffers when the nuclei were isolated for chromatin analysis 
and 1 mM EDTA was used when they were isolated for DNA. All 
steps were carried out at 4~ 

Micrococcal nucIease digestion and DNA isolation. Nuclei isolat- 
ed in the presence of 0.1 mM PMSF were treated with 0.1% Tri- 
ton X-100 in buffer A and washed successively with 0.34 M su- 
crose in buffer A and buffer B (50 mM Tris-C1, pH 7.5, 25 mM 
KC1, 5 mM MgC12, 1 mM CaC12). Nuclei were then suspended in 
buffer B and treated with MNase. In most experiments, MNase 
was used at a concentration of 0.1 U/10 OD units of nuclei (Kant- 
heti 1994). DNA was isolated from these digests after Proteinase 
K treatment, extracted with 1:1 phenol:chloroform and 23:1 chlo- 
roform:isoamyl alcohol and precipitated with ethanol. For South- 
ern hybridization genomic DNA was extracted from nuclei isolat- 
ed from gravid females. All DNA preparations were treated with 
RNase A (100 btg/ml) before further analysis. 

Digestion with restriction endonucleases. Mealybug genomic 
DNA was incubated with restriction enzymes at a DNA to enzyme 
ratio of 1:5 for 8-12 h at optimum temperature for complete di- 
gestion. For partial digestion with Sau3AI the DNA to enzyme ra- 
tio was reduced to 1:1 and incubation was carried out for 1 h. 
Complete digestion was carried out with Sau3AI, DraI, HindIII, 
BamHI, HpaI and XmaI. 

DNA electrophoresis, Southern blotting and hybridization. Agaro- 
se gel electrophoresis was performed as described by Sambrook et 
al. (1989). Agarose gels were stained with ethidium bromide and 
photographed. For sequencing, polyacrylamide gel electrophoresis 
was carried out as described by Sambrook et al. (1989). DNA was 
transferred onto nylon membranes following the protocol of 
Chomozyski (1992) except that denaturation and transfer were 
carried out in 0.4 N NaOH after treating the gel with 0.25 N HC1 
for 10 min. For preparing radiolabelled nuclease resistant chroma- 
tin (NRC) probes, the DNA band corresponding to NRC was cut 
out from a 2% low-melting agarose gel, the agarose removed by 
phenol/chloroform extraction and the DNA recovered by ethanol 
precipitation. This DNA was then nick-translated according to 
standard protocols (Sambrook et al. 1989). Prehybridization and 
hybridization were as described by Sambrook et al. (1989) in 6 x 
SSPE, 50% formamide at 42~ Final wash was in 0.1 • SSPE, 
0.5% SDS at 65~ DNA was sequenced by the dideoxy method 
using Sequenase (USB) as specified by the supplier. 

Sizing ofNRC DNA. Gel-eluted NRC DNA was used for size esti- 
mation by pulsed-field gel electrophoresis (PFGE) on a Pharma- 
cia-LKB Pulsaphor system. Run conditions were as follows: 1.1% 
agarose gel prepared in 0.5 • modified TBE buffer (50 mM Tris, 
50 mM boric acid, 0.1 mM EDTA) and electrophoresis at l0 V/cm 
for 7 h at 9~ with a pulse time of 5 s. 

Fractionation of chromatin. Following the method of Sanders 
(1978), MNase-digested nuclei were pelleted at 3,000 rpm in a 
swing-out rotor and the nuclear pellet was resuspended in buffer 
A containing 0.6 M NaC1 to separate the nuclease-resistant frac- 
tion from the digested chromatin. The DNA and proteins associat- 
ed with the supernatant and the pellet were analyzed on 2% agaro- 
se and 12% SDS-polyacrylamide gels respectively. Isolation and 
analysis of acid extractable protein was carried out according to 
Rao et al. (1979). 

Isolation of NRC-specific clones. NRC DNA was purified from a 
2% low-melting agarose gel by phenol/chloroform extraction and 
ethanol precipitation. NRC DNA was digested with Sau3AI and 
cloned at the BamHI site of Bluescript vector pSKII(+) (Strata- 
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gene). The Sure strain of Escherichia coli (Stratagene) was used 
for transformation. NRC-specific clones were selected by hybrid- 
izing slot blots of plasmid DNA extracted from clones with NRC 
DNA. The same blots were deprobed and hybridized with 32p-la- 
belled mononucleosomal DNA. Those clones that hybridized only 
to NRC DNA were selected for further analysis. 

Isolation of matrix-associated DNA. The protocol followed was 
that of Basler et al. (1981). Briefly, MNase-digested nuclear sus- 
pensions were chilled on ice and centrifuged at 3,000 rpm for 
10 rain at 4~ The nuclear pellet was resuspended in low salt 
buffer (10 mM Tris-C1, pH 7.5, 0.2 mM MgC12), incubated for 10- 
20 min on ice and centrifuged. The pellet obtained was then ex- 
tracted with high-salt buffer (2.0 M NaC1, 10 mM Tris-C1, pH 7.5, 
0.2 mM MgC12). DNA contained in the supernatant and the pellet 
obtained after high-salt treatment was extracted and analyzed on a 
2% agarose gel. 

Results  

Differential sensitivity to MNase of  chromatin 
from males and females  

Permeabi l ized nuclei  from males and females were di- 
gested with MNase.  DNA was extracted from aliquots of 
nuclear  preparations taken at different t ime intervals dur- 
ing digest ion and analysed on a 2% agarose gel as de- 
scribed. Chromat in  extracted from females shows pro- 
gressive digest ion with t ime giving rise to a typical  lad- 
der pattern (Fig. 1A). However, when nuclei  from males 
are treated similarly, in addition to the ladder, a chroma- 
tin fraction that remains  resistant to digestion is seen as 
high molecular  weight  DNA (Fig. tB).  Even at high 
concentrat ions of MNase  (10 U/10 OD units of nuclei)  
and in spite of longer  periods of digest ion (180 rain), 
this fraction remains  resistant to nuclease  (data not 
shown, Kanthet i  and Chandra,  in preparation). This 
NRC constitutes 3 % - 5 %  of the total genome as estimat- 
ed by densi tometr ic  scanning of the photographic nega- 
tives. 

Characterization o f  NRC 

It is known that sperm bundles  form about 70% of the 
abdominal  tissue in adult  male mealybugs  (Nur 1962). 
Chromat in  in sperm is known to have a highly compact  
organisat ion different f rom that in somatic nuclei  (Ki- 
e rzenbaum and Tres 1975). Therefore,  to investigate 
whether NRC is derived from the differentially orga- 
nized chromat in  of sperm, the head region of males,  rep- 
resent ing the somatic tissue, was dissected out from the 
sperm-bear ing abdominal  region. MNase  digest ion was 
then done separately on nuclei  derived from these two 
regions and the DNA extracted was analysed as before. 
NRC is present  in digests of nuclei  from both the head 
and the abdomina l  regions (Fig. 2), suggest ing that NRC 
occurs in both somatic and germl ine  chromatin.  

To investigate the nature of NRC, the association of 
histones with NRC DNA was examined.  After  MNase  
digestion, the nuclei  were extracted with 0.6 M NaC1 as 
described in Materials and methods. Both mononuc leo-  
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Fig. 1A, B. Pattern of micrococcal nuclease (MNase) digestion of 
nuclei from females (A) and males (B). DNA extracted from ali- 
quots of nuclei taken at different time points during digestion with 

MNase was analysed on a 2% agarose gel in 0.5 • TBE. The dura- 
tion of digestion is indicated above each lane in minutes. NRC nu- 
clease resistant cbromatin. C DNA from undigested nuclei 

Fig. 2. MNase sensitivity of nuclei from the head region (//) and 
abdomen (A). C DNA from undigested nuclei. MNase digestion 
was carried out for 5 and 30 rain as indicated 

somes and oligonucleosomes are solubilized whereas 
NRC remains in the insoluble pellet (Fig. 3A). An analy- 
sis of  this pellet fraction by SDS-polyacrylamide gel 
electrophoresis shows that a complete complement  of 
core histones and H1 is present in this fraction (Fig. 3B). 
Since the 0.6 M NaC1 pellet is virtually free of mononu- 
cleosomal DNA (Fig. 3A), this would suggest that NRC 
has a nucleosomal structure. However, the possibility 
that a subset of DNA sequences within NRC may be 
nonnucleosomal cannot be ruled out at this stage. 

The distribution of NRC DNA sequences within chro- 
matin was studied by Southern hybridization. DNA ex- 
tracted from MNase-digested chromatin of  males and fe- 
males was fractionated on a 2% agarose gel (Fig. 4A), 
transferred to a nylon membrane and probed with 32P-la- 
belled NRC DNA (Fig. 4B). These results indicate that 
in nuclei derived from males NRC DNA hybridizes to 
the MNase-resistant fraction and not to mononucleoso- 
mal DNA; it also hybridizes to DNA of females, thus 
ruling out the possibility that NRC contains only male- 
specific DNA sequences. In females, NRC sequences 
hybridize predominantly to DNA derived from oligonu- 
cleosomes, suggesting that in females also NRC is rela- 
tively nuclease resistant. 

DNA derived from the NRC fraction when analysed 
on a 1% agarose gel is seen to consist of  fragments of  
various sizes, suggesting that it is heterogeneous in this 
respect. To estimate the size range of NRC DNA, PFGE 
was performed under conditions recommended for the 
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Fig. 3A, B. Detection of histories in NRC. 
MNase-digested nuclei of males were fraction- 
ated with 0.6 M NaC1. A DNA from various 
fractions was analysed on a 2% agarose gel. 
m HinfI digest of pBR322 DNA as marker (in 
base pairs), 60" DNA from nuclei digested for 
60 rain with MNase, S supernatant of salt-frac- 
tionated 60 rain digest, P pellet of salt-fraction- 
ated 60 rain digest. B Acid-extracted proteins 
from the fractions corresponding to 60', S and 
P, analysed by electrophoresis on a 12% SDS- 
polyacrylamide gel. I protein molecular weight 
marker (in kDa), 2 chicken erythrocyte core hi- 
stones as marker 

Fig. 4A, B. Hybridization of NRC DNA to MNase digests. DNA 
from MNase-digested nuclei from females (F) and males (M) was 
run on a 2% agarose gel and hybridized with 32p labelled NRC 
DNA as probe. A Ethidium bromide stained gel; B autoradiogram. 
FS', F30', 345', M30' indicate DNA of nuclei derived from fe- 
males and males respectively, digested for 5 and 30 min with 
MNase. M C and F C are DNA samples from undigested nuclei from 
males and females, respectively 

separa t ion  of  D N A  f ragments  of  up to 100 kb  (Instruc-  
t ion Manua l  for  L K B  2015 Pu l sophor  system).  As  
shown in Fig.  5, the size range o f  N R C  D N A  is approxi -  
ma te ly  2 to 100 kb. The  dis t r ibut ion of  NRC D N A  se- 
quences  within the genome  was s tudied by  Southern  

Fig. g. Analysis of NRC 
DNA by pulsed-field gel elec- 
trophoresis. PFGE was car- 
ried out in a 1.1% agarose gel 
in 0.5 • modified TBE at 10 
V/cm for 7 h at 9~ The 
pulse time was 5 s. 1 Phage )~ 
DNA concatamers, 2 phage )~ 
DNA digested with HindIII, 3 
NRC DNA 

analysis  of  genomic  D N A  diges ted  with different  restr ic-  
t ion endonuc leases  and p robed  with 32p-labelled NRC 
DNA.  Hybr id iza t ion  o f  N R C  is obse rved  all over  the ge- 
nomic  digests  (Fig. 6B), indica t ing  that the compos i t ion  
of  D N A  sequences  in N R C  is he te rogeneous .  In Sau3AI  
par t ia l  digests ,  N R C  D N A  hybr id izes  more  in tense ly  to 
par t icular  D N A  sequences  as ind ica ted  by  arrows 
(Fig. 6B, lane 1). Even on comple te  d iges t ion  with  
Sau3AI  (Fig. 6B, lane 6) an unequal  hybr id iza t ion  inten- 
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Fig. 6A, B. Distribution of NRC DNA 
sequences within genomic DNA. Mealy- 
bug genomic DNA digested with differ- 
ent restriction enzymes, and separated 
on a 1% agarose gel was Southern blot- 
ted and probed with 32p-labelled NRC 
DNA. A Ethidium bromide stained gel, 
B autoradiogram. Lanes 1-3 and 5-8 
contain mealybug genomic DNA digest- 
ed with: 1, Sau3AI (partial); 2, DraI; 3, 
HindIII; 5, BamHI; 6, Sau3AI (com- 
plete); 7, HpaI; 8, XmaI. Lane 4, phage 
)~ DNA digested with HindIII 

Table 1. Percentage A+T content of NRC-specific clones 

Clone %A+T 

NRC 1 40.2 
NRC 6 65.9 
NRC 7 67.3 
NRC 8 67.3 
NRC 9 46.0 
NRC10 59.6 
NRC11 67.8 
NRC13 71.4 
NRC14 64.3 
NRC20 58.0 
NRC36 59.6 
NRC42 58.6 
NRC46 66.8 
NRC50 50.5 
NRC51 69.3 

sity in certain regions is seen along with background hy- 
bridization (indicated by arrows). This suggests that 
NRC DNA probably contains certain sequences that are 
present in multiple copies. The pattern of  hybridization 
with the Dra! digest suggests the presence of two classes 
of  sequences in NRC DNA, one that has few sites for a 
rare cutter like DraI, and another that is probably A+T 
rich and frequently cut by DraI. This pattern of  hybrid- 
ization is reproducible. 

To characterize NRC further, the Sau3AI fragments 
of  NRC DNA were cloned into the BamHI  site of  a 
Bluescript plasmid vector. Of  the 28 NRC-specific 
clones obtained, 15 have been sequenced. The base com- 
position of these clones is shown in Table 1. Except for 

GATCTCAATA GATGTGTGAA AGTACAGG/%A /%ATTGGTGCT 
TTTGATTCAT ACAGAAATAT C, AAATAAAAT AATAAAACAC 
CCGC, AAAGCT GAATAGCTGG /%AAttttcGA AATTTTTAAT 
TTTCTACAAG GGTGTTTATC TGTTGTTGTT GAATTGGAAT 
TGACTACCCC CTAACTACCA CCTGATC 

Fig. 7. Nucleotide sequence of clone NRC7 (Accession no. 
gblU27458). (GAAA) sequences are in bold, corresponding com- 
plementary sequences (TTTC) are in lowercase; underlining in- 
dicates the matrix-associated sequences (MAR) 

three clones all others have an A+T content higher than 
50%, in the range of 58-71%. A homology search using 
the BLASTn and FASTA programmes was done with the 
nucleotide database available on the public domain of 
the Internet. None of the clones showed significant simi- 
larity to any of the known sequences. Two clones, NRC7 
and 8, which were selected independently, had exactly 
the same insert size (187 bp) and sequence (Fig. 7, Ac- 
cession no. gblU27458). However, a polypurine motif  
(GAAAA), similar to that observed in centromeric alph- 
oid sequences (Radic et al. 1987), was identified by vi- 
sual comparison. Similarly, an A+T-rich motif  that is be- 
lieved to be involved in matrix association (Cockerill 
and Garrad 1986) was detected in several NRC clones. 
Figure 7 illustrates these features for clone NRC7. 

After digestion of permeabilized nuclei with MNase, 
extraction with 2 M NaC1 solubilizes all DNA sequences 
other than those that are matrix associated (Basler et al. 
1981). Similar fractionation of chromatin of  the male 
mealybug leaves NRC sequences in the pellet, suggest- 
ing that these sequences are matrix associated (Fig. 8). 
These putative matrix-associated sequences range in size 
from 2 to 100 kb (data not shown). 
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Fig. 8. Association of NRC DNA with the nuclear matrix. MNase- 
digested nuclei of males and females were extracted with high 
salt, and DNA from soluble and pellet fractions was analysed on a 
2% agarose gel. F3o, is DNA from nuclei of females digested with 
MNase for 30 min; M3o, is DNA from nuclei of males digested 
with MNase for 30 rain; FLs, FHs and Fp are low-salt soluble, 
high-salt soluble and pellet fractions, respectively, from nuclei of 
females digested with MNase. MLs, MHs and M e are low-salt solu- 
ble, high-salt soluble and pellet fractions, respectively, from nu- 
clei of males digested with MNase 

Discussion 

Chromosomal condensation seems to function as a point 
of divergence between the developmental pathways of 
males and females in mealybugs. Condensation of the 
paternal chromosomal set is correlated with maleness 
(Hughes-Schrader 1948; Brown 1966; Chandra 1963b). 
In mealybugs and other coccids, radiation-induced chro- 
mosomal  fragments are not lost during mitosis, but per- 
petuate themselves as stable entities in nuclei of both 
sexes, demonstrating that the centromere is diffuse and 
that freshly broken chromosomal ends can form telo- 
meres (Brown and Nelson-Rees 1961; Chandra 1963a). 
Moreover, when broken chromosomes are transmitted by 
fathers to their sons, each chromosomal fragment under- 
goes heterochromatization (Brown and Nelson-Rees 
1961; Chandra 1963a), suggesting that there are multiple 
centres of inactivation. This is in contrast to the faculta- 
tive condensation of the X chromosome in mammalian 
females in which a single centre is thought to control in- 
activation (Cattanach 1975; Rastan 1983; Brown et al. 
1991). The inactive X chromosome in mammalian fe- 
males shows a typical chromatin organization as as- 
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sessed by MNase sensitivity, but transcriptional factors 
do not bind to its condensed domains (Pfeifer and Riggs 
1991). As far as we are aware, a sex-specific chromatin 
fraction such as that observed in P. lilacinus (Kantheti 
1994; Kantheti and Chandra, in preparation) has not 
been observed in other systems. Resistance of this chro- 
matin to MNase may be a consequence of its compact 
organization, or its association with the matrix, or both. 
Since NRC DNA hybridizes predominantly to oligonu- 
cleosomal DNA in females also, it appears to be orga- 
nized in a partially MNase-resistant manner even in the 
active or potentially active female chromatin. This may 
mean NRC sequences are matrix associated even in fe- 
males, or that a subset of  NRC sequences are centromer- 
ic in origin. The centromeric regions of  Saccharomyces 
cerevisiae are organized into nucleosomes, with a spac- 
ing, including the linker, of  200-300 bp (Saunders et al. 
1990; Bloom 1993). In mammals  also, centromeric DNA 
is organized into nucleosomes and centromeric proteins 
such as CENP-A are involved in this organization 
(Bloom 1993). In mealybugs, although both males and 
females have diffuse centromeres, NRC is observed only 
in the males, thus suggesting a connection between NRC 
and the condensed state of paternal chromosomes in the 
males rather than with the centromeres. 

NRC DNA sequences appear to be heterogeneous in 
size and dispersed within the genome. In male mealy- 
bugs, large NRC DNA sequences, approximately 
2-100 kb in size, are matrix associated. This is in con- 
trast to other systems where matrix-associated regions 
are much smaller, ranging in size from 300-500 bp (Ba- 
sler et al. 1981). Several clones derived from NRC con- 
tain the A+T-rich motif  implicated in nuclear matrix-as- 
sociation (Cockerill and Garrad 1986). Matrix associa- 
tion may help confer nuclease resistance to NRC in male 
mealybugs. 

In summary, we observe that 3%-5% of the genome 
of P. lilacinus is organized as highly compact chromatin 
in males. These NRC sequences appear to be associated 
with the nuclear matrix and are present in the genomes 
of both males and females. The diffuse nature of the cen- 
tromere and the ability to form new telomeres are fea- 
tures common to both sexes but nuclease-resistant 
chromatin is present only in males. The possibility that 
DNA sequences present in NRC may, in conjunction 
with other factors serve as centres of  initiation of facul- 
tative heterochromatization merits further investigation. 
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