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Abstract In order to study the structure of holocentric restriction enzyme gives rise to a characteristic ladder of
chromosomes in aphids, the localization and the compobands (multimers of the basic satellite DNA repeat unit)
sition of Rhopalosiphum padi heterochromatin and rDNA after agarose gel electrophoresis (e.g. Spence €988
genes have been evaluated at cytogenetic and moleculdtandrioli et al. 19993.

level. In particular, heterochromatin resulted located on all SatDNAs have been described in different eukaryotic
the chromosomes both in intercalary and telomeric posispecies and they present some common properties (for a
tions. Moreover, enzymatic digestion & padi genome review see Palomeque and Lori2808. One of the most

put in evidence &ral satellite DNA which has been iso- widespread features of satDNAs is their bent structure that
lated, cloned and sequenced. FISH experiments showes related to a sequence-dependent property of the DNA
that this satellite DNA clusters in an intercalary C-positivemolecule (Gabrielian et al1996. The role of satDNA

band on the two X chromosomes. curvature is not well established, but it seems to be related
to the chromatin organization and to the tight winding of

Keywords Aphid - Holocentric chromosomes DNA in heterochromatin as well as to the binding of spe-

Heterochromatin Satellite DNA cibc proteins to heterochromatic regions (Lobov et al.

200)). The degree of curvature has been related to the
richness in adenine (A) and thymine (T) of the satellite
Introduction DNAs as well as to the presence of clustered AT dinu-
cleotides periodically spaced in the satDNA sequence
Satellite DNAs (satDNAs) constitute a considerable por{Plohl et al.199Q Ugarkovic et al.1992.
tion of the eukaryotic genome and represent the major Species-specibc satDNAs have been reported in several
components of heterochromatin (John and MikId&79  insects, such as iGryllus bimaculatus (Yoshimura et al.
John 1988 Charlesworth et al1994 Cesari et al.2003 2006, but satellite sequences shared among different
Palomeque and Lorit2008. They generally form long species were also identiped (e.g. Bachmann and Sperlich
tandem arrays in which monomer sequences are repeatedif93 Spence et all998. At a cytogenetic level, satDNAs
a head-to-tail fashion. In view of this organization, themay be dispersed on all chromosomes (e.g. Lorite et al.
digestion of the satDNA arrays with the appropriate2001 Spence et al1998 or they can be specibc to some
chromosomes, as reported in the apMgzus persicae for
the Hindlll satellite DNA, whose presence is limited to the
X chromosomes (Mandrioli et all9993.
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are involved in the process of chromatin modibcationthe camera and processed using Adobe Photoshop (Adobe
(Aravin et al.2003 Usakin et al.2007). Systems, Mountain View, CA).

At present, the few studies carried out on satellite DNA Sequence alignments and search for open reading frame
sequences in organisms possessing holocentric chromand internal repeats were performed using the GCG software
somes were mostly focused on nematodes (Lagowsky et dIlGCG Computer Group, Madison, USA). The curvature-
1973 Roth 1979 Collet and Westermari987 Naclerio  propensity plot was calculated with DNase | parameters of
et al. 1992 Grenier et al.1996 1997 Castagnone-Sereno the bend.it servemh{tp://www2.icgeb.trieste.itt dna/bend
et al. 1998a b). In order to improve our knowledge about it.html) according to Gabrielian et al1996.
the structure of holocentric chromosomes, in the present RNA extraction and RTDPCR were performed with the SV
paper we investigated the localization and the DNA com-Total RNA Isolation System (Promega Corporation, Madison,
position of the heterochromatic bands in the holocentridJSA) and with the Access RTBDPCR System (Promega),
chromosomes of the aphilhopalosiphum padi and iso-  respectively, according to the supplierOs suggestions.
lated a satellite DNA that has been cloned, sequenced and The 5S rDNA repeat unit was ampliPed by PCR using
localized by Buorescent in situ hybridization. two primers, F (5TGCACGTAGTGTTCCCAAGC) and

R (5-ACGACCATACCACGTTGAATAC), derived from

the insect 5S rRNA sequences available in GenBank. The
Materials and methods amplibcation mix contained 100 ng genomic DNApY

of each primer, 20QM dNTPs and 2 U of DyNAZyme I
Rhopalosiphum padi represents one of the major pest of polymerase (Finnzymes Oy). Amplibcation was performed
cereal crops on a world scale (Wiktelius etE¥9Q Halbert as above except that the annealing temperature was 59
and Voegtlin1999. Indeed,R. padi may damage wheat for 30 s and the extension time 45 s at@2
plants via direct feeding and by transmitting viruses, which  -Tubulin gene was ampliped using the primers;&
causes an economically important disease of small graing’-ACTAGCATAGCAATTCGG) and Ryg (5-GCCTT-
throughout the world (Irwin and Threst990. Holocyclic = GACCATTACGGACG). This amplibcation served us as
R. padi specimens were collected in Modena and maintainegbositive control for RNA samples in RTDPCR experiments.
at 20°C with 16 h of light and 8 h of darkness &ea mais ~ Amplibcation was performed making the primer annealing
plants. at 57C for 30 s and the extension atf2for 45 s.

Chromosome preparations of parthenogenetic females The 28S rDNA probe was obtained by PCR amplibcation
were made by spreading embryo cells, as previouslyfa 400 bp long fragment of the 28S rDNA gene using the
described (Mandrioli et alLl9993. two primers, F (5AACAAACAACCGATACGTTCCG)

C-banding treatment was performed according to Sumand R (3-CTCTGTCCGTTTAC AACCGAGC), designed
nerOs techniqud 472. After the treatments, slides were according to the insect 28S rRNA sequences available in
stained with chromomycin A (CMAj3) according to GenBank. The amplibcation mix contained 100 ng genomic
Schweizer {976 and with 4D8-diamidino-2-phenylindole DNA, 1 uM of each primer, 20uM dNTPs and 2 U of
(DAPI), as described by Donlon and Magerii983. Silver  DyNAZyme Il polymerase (Finnzymes Oy). Amplibcation
staining has been performed according to Mandrioli et alwas performed at an annealing temperature dfGsfor
(1999h. 1 min with an extension time of 1 min at 7@.

DNA extraction was performed using a standard proto-
col given in Mandrioli et al. {9999. Southern blotting
hybridization, dot blotting and restriction enzyme digestion
were carried out as described in Mandrioli et dl9993.  Results
Densitometric analysis of the dot blots has been performed
with the freely available software Image Bttp://rsb.info.  DAPI, CMA; and silver staining oR. padi chromosomes
nih.gov/ij/). indicated that female karyotype consists of 8 chromosomes

Random priming probe digoxigenin-labeling was per-including six autosomes and two X chromosomes, in
formed according to Roche protocol, whereas Ruorescemtccordance with previous literature data (De Bat892
in situ hybridization (FISH) was carried out as described byLazzari and Voegtlin1993. X chromosomes have been
Mandrioli et al. L9993. easily identibPed as, on the basis of previous studies on

FISH slides were observed using a Zeiss Axioplan epiaphids, they are the longest and the unique nucleolar orga-
Buorescence microscope equipped with a 100 W mercurgizing region (NOR)-bearing chromosomes (Flgbc).
light source. Photographs of the Ruorescent images were C banding, followed by DAPI staining, showed several
taken using a CCD camera (Spot, Digital Instrument,AT-rich heterochromatic regions located both on the X
Madison, USA) and using the Spot software supplied withchromosomes and autosomes (Fig, f). Interestingly, all
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Fig. 1 DAPI (a, d, f), CMA3 (b, €) and silver stainingd, i) of R. padi  whereas the X karyogranh) @llows to mapDral satDNA (on theleft)
female unbandedafx) and C-bandeddff) chromosomes. FISH with  and C band (on theighr) showing theDral is localized on a AT-rich
28S rDNA @) andDral satDNA (h) probes on R. padi chromosomes intercalary heterochromatic bandrrows indicate X chromosomes.
showed that both sequences localize on X chromosomes, as asses&saat corresponds to 10m

by silver staining i). The ideogramf( summarises C-banding pattern,

the chromosomes possessed heterochromatic telomeresin view of the occurrence of large and numerous het-
(Fig. 1d, 1). erochromatic blocks on the whole chromosome comple-
CMA; staining of C banded chromosomes put in evi-ment, R. padi genomic DNA has been digested with
dence a unique GC-rich heterochromatic region located agndonucleasesE¢oRI, Alul, Kpnl, Notl, Mbol, Hindlll,
one telomere of the two X chromosomes (Fig). These X  Cfol, BamHlI, Sau3Al, Sall, Fokl, Dral, Scal, Clal, Ddel,
telomeres were highly positive also after in situ hybrid-Sacl, Sacll, Apal, Notl, Sphl, Bglll, Sssl and Xbal)
ization with a 28S rDNA probe (Figlg) indicating that searching for satellite DNAs. Gel electrophoresis after
they contain rDNA genes, as evidenced also with silvetDral digestion showed a faint band ladder (F, typical
staining (Fig.1c). feature of clustered satellite DNAS, prompting us to use the
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monomeric fragments of thBral ladder as hybridization can be easily identiPed by silver staining (Fig. No
probe in Southern blotting experiments and FISH. Southersgignals were detected on other X heterochromatic regions
blotting evidenced a regular ladder of multimers of basicneither on autosomes.
length, which is typical of clustered satellite DNA con-  Dral satellite DNA has been cloned and twenty clones
Prming thatDral isolated highly repeated and clustered were sequenced and aligned. They showed a sequence
DNA sequences (FigR). similarity ranging from 89.1 to 100%, the only differences
Dot blot experiments (Fig2), combined with densito- being due to nucleotide mutations, whereas no sequence
metric analyses, allowed us to estimate in more than 40@arrangements have been detected (BigThe length of
copies the number of thBral satellite DNA in theR. padi  the consensus sequence is 177 bp with an AT content of
genome by comparison with the 5S rDNA genes whos&7.42%. A search for homology with other DNA sequences
amount has been estimated in 1000120 copies per haploidthin GenBank and EMBL databases yielded no signib-

genome in insects (Paques et H95. cant results. Similarly, no signibcant direct or inverted
In situ hybridization performed oR. padi chromosomes repeats have been found.
using theDral satellite DNA as a probe (Figh, 1) showed The curvature-propensity plot, calculated with DNase |

that this highly repeated sequence is localized on a inteparameters of the bend.it server, presented a region
calary heterochromatic band on the X chromosomes, whichetween nucleotide 60 and 100 with a curvature propensity
value whose magnitude roughly corresponds to the value
calculated for a highly curved motif described in a DNA
satellite of Columba risoria (GenBank |ID: CRBENSAT)
(Fig. 4).

Transcription of theDral satDNA carried out by RTD
PCR together withg-tubulin gene (utilized in order to
conbrm both the presence and the integrity of the mMRNAS)
did not evidenced any result, thus demonstrating that
satDNA is not transcribed iR. padi (Fig. 5).

Discussion

In the last two decades the distribution of heterochromatin
has been evaluated in several aphid species showing a
tendency to accumulate heterochromatin on the X chro-
mosomes (Manicardi et all991 1996 1998. Hetero-
chromatin amount on autosomes may vary signibcantly
since it could be absent (as reported Aphis pomi by
Criniti et al. 2005, located in different intercalary positions
(as inMyzus varians) (Bizzaro et al.1999 or restricted to
telomeres (as inM. persicae, Mandrioli et al. 19993.
sat 58 Interestingly,R. padi showed large blocks of heterochro-
' © matin on all the chromosome complement, including large
heterochromatic bands at both the telomeres of all the
| chromosomes. The rare researches carried out in order to
. » ° analyse heterochromatin localization in other taxa pos-
sessing holocentric chromosomes, in some cases were
unsuccessful (Collet and Westerm®®87), but generally a
Fig. 2 Digestion ofR. padi genomic DNA withMspl (lane 1), Hpall  telomeric and sometimes intercalary localization of C

(lane2) and Dral (lane 3) (a) and successive Southern blot i
hybridization with theDral satDNA probe ) revealed thatDral positive bands on whole chromosome complement was

isolate a highly repeated and clustered satellite DNA. The moleculafl€scribed (Papeschii988 Grozeva and Nokkal22003.
weight of the bands was deduced using a 100 bp ladder marker. Ddthis distribution substantially differs from what observed
blot experimentsq) performed in order to verify iDral satDNAwas  jn monocentric chromosomes, where the heterochromatic

repeated in th&. padi genome showed that this satDNA (sat) is more . . . )
repeated than the multigenic 5S rRNA gene family (5S). DNA regions typically occupy specibc zones of all chromo

samples of lug (1) and 4ug (2) have been, respectively, spotted on SOMES, corresponding to centromeres (Schweizer and Loidl
the membrane 1987).
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Fig. 3 Sequence alignment of the 20 sequenfedl DNA satellite. Sequence identity decreases frblack to white
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Fig. 4 Curvature-propensity plot dbral DNA satellite showing the
presence of a high value of curvature propensity in the region betwee
nucleotide 60 and 10®lack line plots the curvature propensity in the
Dral satbNA sequence, whereas thlyeey line estimates the GC Fig. 5 Search for transcription of th®ral satDNA by electropho-
content resis of the RTBPCR products failed to evidence any satellite
transcripts inR. padi (lane 1) suggesting that this sequence is not
C banding of R. padi chromosomes conbrmed the Lranscribed. Thes-tubulin gene was amplibz_ed in order to conbrm
. " oth the presence and the quality of mMRNAs in the RNA samples used
occurrence of heterogeneity in the composition of heteros, RTPPCR experimentdatie 3). Lane 2 shows the 100 bp ladder
chromatin since all C-bands resulted AT-rich with the DNA molecular marker
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exception of a GC-rich region corresponding to the NOR-Cesari et al2003. Molecular studies addressed questions
bearing telomere on both the X chromosomes. It must beegarding levels of genetic diversity found Rhopalosip-
noted that rDNA genes have been located on one X chroaum populations (Hales and CowelP9Q Bulman et al.
mosome telomere in all the species analysed to dat2005 Valenzuela et al.2007). Using a combination of
(Manicardi et al.2002 with the only exceptions ofcho-  mitochondrial DNA sequences and microsatellite data
utedenia ralumensis and Maculachnus submacula that  Delmotte et al.2003 put in evidence the presence of two
present autosomic NORs addnphorophora idaei which — haplotypes withimR. padi populations. The identibcation of
shows interstitial NORs on X chromosomes (Blackmanthe Dral satellite DNA could contribute to reveal phylo-
1987. This specibc location could be the result of a stronggenetic relationships among differeRt padi populations
evolutionary constrain related to the peculiar mechanism oénd investigate putative hybrid origin of cryptic taxa.
X0 male determination which involve pairing of the X  Dral satDNA presented a high AT content that bts our
chromosomes by their NORs during prophase of the mateytological data which showed its localization into a bright
uration division (Blackman and Spen@896. Buorescent C band after FISH. Indeed, in situ hybridization
To date, the studies carried out on satellite DNAshowed thatDral satDNA is located limitedly to an
sequences in organisms possessing holocentric chromitercalary heterochromatic band of the two X chromo-
somes are scanty and generally centred on nematod®mes, whereas no hybridization signals have been
(Grenier et al.1997. In aphids, only three repeated DNA observed in the other heterochromatic bands of the X
sequences have been described so far: (1) a 600 bp repeitomosomes neither on autosomes. This distribution is
unit located in the intercalary heterochromatinMégoura  similar to that observed M. persicae and M. viciae,
viciae X chromosomes (Bizzaro et dl996; (2) the 169 bp where the satellite DNAs labelled only intercalary hetero-
tandem repeat occurring at a subtelomeric location on althromatic bands of the two X chromosomes (Bizzaro et al.
chromosomes of three members of te persicae group 1996 Mandrioli et al. 19993.

of species (Spence et dl998; (3) a 189 bp longHindlll Bioinformatic analyses showed that an internal portion
satDNA located on intercalary heterochromatin of the twoof the Dral satDNA possesses a high curvature propensity
X chromosomes i1. persicae (Mandrioli et al. 19993. suggesting that this satellite DNA could be involved in the

At a sequence leveDral satDNAs resulted conserved tight winding of DNA in heterochromatin, as previously
both in length and sequence with differences due teuggested for other satDNAs (Palomeque and L@0O@3.
nucleotide substitutions only. At present the intra-specibc The transcription of insect satDNAs has been studied in
sequence variability in insect satDNAs falls in the rangefew species and just some of them present RNAs related to
1D13% even if very similar satDNAs are more frequenthese repetitive DNA. RNAs related to tgral satDNA
than variable sequences (Lopez-Leon etl®95 Mandr-  have been searched R padi by RTDPCR without any
ioli et al. 19993 Landais et al.2000. This conservation positive result. However, in insects satDNA transcription
could be due to a process of OOconcerted evolutionOO dedsrbeen related to cell type, developmental stage and sex
mined by molecular drive (Dover et al982 Dover and so that it could be not so easy to detect the transcripts
Tautz 1986, but may also be related to the presence of(Renault et al.1999 Lorite et al. 2002 Palomeque and
constrains due to the interaction of satDNAs with specibd orite 2008. Moreover, at least itD. melanogaster satel-
proteins involved in heterochromatin formation trough alite DNA-related transcripts consist in small RNAs that
direct binding or via RNA interference (Talbert et al. cannot be detected by RTDPCR (Aravin e28l03 Usakin
2009). et al. 2007 so that an exhaustive assessment of satellite

Dral satDNAs is also characterised by a strong con-ranscription in aphids require further investigations.
servation in their length. In other species, this feature has As a whole, R. padi Dral satDNAs present several
been related to a possible role of satellite DNA in thefeatures common to the two satellites isolated in the aphid
nucleosome phasing necessary during the process of héit persicae since they are long less that 200 bp, present a
erochromatin condensation (Henikoff et abD01J). high degree of similarity among the sequenced repeats in

The evolutionary turnover of satDNA is usually very both length and sequence (the percentage of similarity is
fast so that in closely related species non-orthologougreater than 90%), show an high AT content (about 60%),
satDNAs are often found at the same chromosomal locacontain an internal region with a high curvature propensity
tions (Csink and Henikofl998. However, other satDNA and localize in AT-rich heterochromatic regions. This is
families evolve more slowly and are represented in severdhteresting considering that. viciae and M. persicae
closely related species (Mantovani et B997 Cesari et al. belong to the tribe Macrosiphini, where&s padi belongs
2003. Consequently, some satDNAs may be valuablego the tribe Aphidini suggesting that aphid satellite DNAs
taxonomic tools for species determination, while otherspresent common properties despite the relative phyloge-
might be informative in phylogeny (Mantovani et 4997  netic distance of the studied species.
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