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Abstract

In Drosophila chromosomal rearrangements can be maintained and are associated with karyotypic variability among populations from
different geographic localities. The abundance of variability in gene arrangements among chromosomal arms is even greater when com-
paring more distantly related species and the study of these chromosomal changes has provided insights into the evolutionary history of
species in the genus. In addition, the sequencing of genomes of several Drosophila species has offered the opportunity to establish the
global pattern of genomic evolution, at both genetic and chromosomal level. The combined approaches of comparative analysis of syn-
tenic blocks and direct physical maps on polytene chromosomes have elucidated changes in the orientation of genomic sequences and
the difference between heterochromatic and euchromatic regions. Unfortunately, the centromeric heterochromatic regions cannot be stud-
ied using the cytological maps of polytene chromosomes because they are underreplicated and therefore reside in the chromocenter. In
Drosophila melanogaster, a cytological map of the heterochromatin has been elaborated using mitotic chromosomes from larval
neuroblasts. In the current work, we have expanded on that mapping by producing cytological maps of the mitotic heterochromatin in an
additional 10 sequenced Drosophila species. These maps highlight 2 apparently different paths, for the evolution of the pericentric
heterochromatin between the subgenera Sophophora and Drosophila. One path leads toward a progressive complexity of the pericentric
heterochromatin (Sophophora) and the other toward a progressive simplification (Drosophila). These maps are also useful for a better

understanding how karyotypes have been altered by chromosome arm reshuffling during evolution.
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Introduction

Within an organism, genes are arranged in a linear order along
the chromosomes. However, just as mutations change the struc-
ture of genes, chromosomal rearrangements occur that change
the order of genes. Once these rearrangements occur, they can be
maintained and cause karyotypic variability both within and
among populations from different geographic localities. The
study of these chromosomal changes has allowed an assessment
of the evolutionary history of multiple species (Ruiz and
Fontdevila 1985; Yogeeswaran et al. 2005; Fuller et al. 2018;
Auvinet et al. 2020; Franchini et al. 2020).

The genus Drosophila has a long history in the study of chro-
mosomal arrangements due in large part to the presence of poly-
tene chromosomes in the cells of salivary glands. Comparative
genomics in Drosophila began when mapped morphological traits
were used to establish the homologies of the chromosome arms
of closely related species (Donald 1936; Sturtevant and Tan 1937;
Muller 1940; Sturtevant and Novitski 1941). Muller (1940) codified
this effort by assigning a letter to every chromosome arm or
element common to all the species using Drosophila melanogaster
as the model. According to this standard nomenclature, the A

element corresponds to the X chromosome, B and C, respectively,
to arms 2L and 2R, D and E to 3L and 3R, with F corresponding to
chromosome 4 (Fig. 1).

While early studies showed that the genes are syntenic or at
least conserved on the same chromosome arms among the spe-
cies (Sturtevant and Novitski 1941), increasing numbers of physi-
cal and genetic markers on the polytene maps, revealed that the
order of genes within the Muller elements is not conserved
among species (Ranz et al. 2001). Moreover, a wealth of variability
in gene arrangements on every chromosomal arm is found to be
greater when comparing more distantly related species (Sperlich
and Pfriem 1986; Bhutkar et al. 2008). This variability is manifest
in a comparison of polytene chromosomes among closely related
species through which it is possible to reconstruct the evolution-
ary history of the rearrangements (Dobzhansky 1944; Lemeunier
and Ashburner 1976). Unfortunately, the banding pattern of the
polytene chromosomes of more distantly related species is not
comparable at least in part because of the accumulation of
numerous rearrangements.

Drosophila melanogaster has been an exceedingly important
model organism since the beginning of modem genetics and its
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Fig. 1. Syntenic relationships of chromosomal arms of the Drosophila species included in this study. To the left, a phylogenetic tree of the Drosophila
species. To the middle, a representative fly image of a species of each group and the corresponding karyotype are depicted. To the right, the
correspondence of the Muller elements and their standard chromosomal numbering showed in the table. The modified image from Crosby et al. (2007)

and Flybase (http://flybase.org/maps/synteny, last accessed on 22 May 2022).

genome was one of the first to be sequenced (Adams et al. 2000).
Subsequently, an additional 11 Drosophila species (ananassae,
erecta, mojavensis, persimilis, pseudoobscura, sechellia, simulans, virilis,
willistoni, yakuba, and grimshawi) were sequenced (Clark et al
2007). More recently another 5 have been added (biarmipes, bipecti-
nata, eugracilis, mauritiana, and triauraria; Miller et al. 2018). The
number of sequenced genomes in the genus has continued to
grow and of this writing 23 species from the Drosophila montium
group have been added to the expanding data set (Bronski et al.
2020). This wealth of information offers an excellent opportunity
to establish the global pattern of genomic evolution, at both ge-
netic and chromosomal level. The analysis of the data derived
from genomic sequencing has shed light on gene evolution in
terms of length of introns, selective constriction on coding or
noncoding sequences and other processes. The wide range of
conservation of gene content inside the Muller elements is useful
for scaffold assignment to specific chromosomal arms, but as
noted above, gene order is poorly conserved due to the accumula-
tion of multiple inversions and transpositions causing a reshuf-
fling of gene order (Segarra and Aguade 1992; Ranz et al. 2001).
The cytogenetic maps of other Drosophila species represent a use-
ful means to order genomic scaffolds mapped through a web-
based format such as JBrowse on Flybase (http://flybase.org/, last
accessed on 22 May 2022). The combined approaches of compara-
tive analysis of syntenic blocks and direct physical mapping on
polytene chromosomes has provided an elucidation of the orien-
tation of genomic sequences and notably differences between
heterochromatic and euchromatic regions (Schaeffer et al. 2008).
One result from these analyses is evidence of striking differences
in genome size apparently associated with the size and extent of
heterochromatic sequences, which is reflected at least partially
in DNA which is not assigned to specific scaffolds of centromeric
regions in genomic assemblies (Schaeffer et al. 2008). These differ-
ences in genome size are particularly evident in species belonging
to the subgenus Drosophila (Bosco et al. 2007; Schaeffer et al. 2008).

As noted, heterochromatin cannot be studied using the maps
of polytene chromosomes because it is underreplicated, included
in the chromocenter and therefore does not produce the banding
patterns seen in the euchromatic arms. Nevertheless, for D. mela-
nogaster, a cytological map of the heterochromatin has been pro-
duced using mitotic chromosomes from larval neuroblasts. This

map subdivides the 4 D. melanogaster chromosomes into 61 dis-
crete regions (h1-h61) depending on the differential staining of
DNA following specific cytological treatments (Pimpinelli et al.
1975; Gatti and Pimpinelli 1992; Fig. 2).

Recently, D. melanogaster heterochromatin has been more ex-
tensively sequenced and assembled by whole-genome shotgun
sequencing (Hoskins et al. 2002, 2007; Smith et al. 2007). Similar to
euchromatin, several scaffolds have been assigned to the hetero-
chromatic portions of the genome (Schaeffer et al 2008).
However, the gene content of these regions shows a remarkable
variability among species. For example, some D. melanogaster het-
erochromatic genes appear distributed in the euchromatic por-
tions of the genome in other species (Schulze et al. 2006;
Schaeffer et al. 2008; Cotsworth et al. 2022).

With this new genomic sequence data, we thought that detailed
cytological maps of the heterochromatin from several Drosophila
species would be an important resource as an aid in the analysis of
the multiple heterochromatic rearrangements which have occurred
during evolution and to correlate the history of genome rearrange-
ments with the origin of new species. This also provides a better un-
derstanding of the cause of conservation and stability of the
heterochromatic vs eukaryotic portions of the genomes.

In this work, we elaborated cytological maps of mitotic hetero-
chromatin in 10 sequenced Drosophila species. These maps high-
light 2 apparently different paths for the evolution of the
heterochromatin in the subgenera Sophophora and Drosophila,
one path leads toward a progressive complexity of heterochroma-
tin (Sophophora) and the other toward a progressive simplifica-
tion (Drosophila).

These maps will also be useful for understanding how the het-
erochromatin was involved in and associated with chromosome
arm reshuffling during evolution.

Materials and methods

The sequenced species used here were obtained from NDSSC,
National Drosophila Species Stock Center (https://blogs.cormell.edu/
drosophila/, last accessed on 22 May, 2022). Flies were maintained
at 24°C on a standard medium containing cornmeal, yeast, sucrose,
agar, and propionic acid as a mold inhibitor (except for D. persimilis
and mojavensis). The diet for D. persimilis and mojavensis was banana
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Fig. 2. Heterochromatin in D. melanogaster. a) A classical metaphase of larval neuroblasts; b) Diagrammatic representation of D. melanogaster
heterochromatin map. The diagrams represent prometaphase neuroblast chromosomes stained with DAPI. As reported in the figure, filled areas
indicate bright fluorescence, cross-hatched areas moderate fluorescence, hatched areas dull fluorescence, and open areas no fluorescence. The modified
image from Flybase (http://fb2017_05 flybase.org/reports/FBsp00000001.html, last accessed on 22 May 2022). Scale bar indicates Sum.

medium with the addition of Opuntia powder (recipes from Cornell
College of Agriculture and Life Science, National Drosophila Species
Stock Center, https://www.drosophilaspecies.com/recipes/banana-
opuntia/).

Chromosome preparation
Mitotic chromosome preparations for DAPI staining and chromo-
somal in situ hybridizations (FISH) using fluorescently labeled
BAC probes (FISH) were obtained as described in Fanti and
Pimpinelli (2004) and Pimpinelli et al. (2000, 2010a, 2010b). Brains
were dissected from third instar larvae in physiological solution
(NaCl 0.7%) and transferred to hypotonic solution (sodium citrate
0.5%) for 8 min. After keeping the brains in fixing solution (meth-
anol/acetic acid/water in ratio 5.5:5.5:1) for 305, they were trans-
ferred on siliconized coverslip in 45% acetic acid and squashed.
Slides were frozen in liquid nitrogen and transferred in ethanol
for 10min. Preparations were counterstained with 0.1ug/ml of
' 6-diamidino-2-phenylindole (DAPI), dissolved in 2X Saline-
sodium citrate (SSC) for 10min, and mounted in Vectashield
(Vector Laboratories).

To construct the heterochromatin maps of the sequenced
Drosophila species, as was done for D. melanogaster (Gatti and
Pimpinelli 1992), we performed similar cytological analysis and
banding procedures through a qualitative assessment of fluores-
cence intensity. . This qualitative approach was validated by
quantitative analysis of the fluorescence intensity by using
Image] software with 2 different methods. We randomly chose 3
different images of Y chromosomes, converted them from RGB to
8-bit grayscale and analyzed the fluorescence intensity by using
both the “Plot Profile” application (Supplementary Fig. 1) and the
corrected total fluorescence method described in Casale et al.
(2022). The scaled length of the bands was validated by using
Photoshop software (ruler tool) as in Piacentini et al. (2019).

In addition, to cytologically identifying the corresponding mi-
totic chromosome arms (Muller elements) among all the species,
we employed fluorescent in situ hybridization (FISH) using spe-
cific heterologous cross-hybridizing DNA probes corresponding to
syntenic euchromatic genes of D. melanogaster and sequences of

specific D. pseudoobscura genes. The Muller elements were identi-
fied by using appropriated BAC clones selected from the “BACPAC
Resource Center” (https://bacpacresources.org/, last accessed on
22 May, 2022). The selected clones, their associated marker genes
and map positions in D. melanogaster are shown in Table 1.

In addition, to the D. melanogaster BACs, we used clones de-
rived from D. pseudoobscura to identify the chromosome arms of
D. persimilis and pseudoobscura. These are listed in Table 2.

Preparation of BAC DNA

Extraction of BAC DNA was as follows: a bacterial culture was
seeded in 10 ml of LB medium with antibiotic (20 mg/ml chloram-
phenicol). Two milliliters of the overnight culture were centri-
fuged for 50s at 13,000rpm. The bacterial pellet resuspended in
100 pl of 50 mM TRIS-HCI, pH 8.5, 10mM EDTA buffer. Then 200 pl
fresh 0.2 M NaOH, 1% SDS solution was added. The tubes were
inverted to mix and immediately 150 ml of 7.5 M ammonium ace-
tate solution was added. The tubes were again inverted to mix.
After centrifugation at 13,000rpm for 15min, the supernatant
was transferred to a 1.5ml microcentrifuge tube with 300ul of
isopropanol. After mixing by inversion, the preparation was cen-
trifuged at 13,000 rpm for 10 min. The pellet and the walls of the
tube were washed with 300pl of 70% ethanol; the preparation
was then centrifuged at 13,000 rpm for 5min, and the pellet air-
dried. The pellet was resuspended in 50 pl of 10 mM TRIS-HCI, pH
8, 1mM EDTA buffer containing 50 pg/ml RNase A. This was fol-
lowed by incubation at 65°C for 10min. The DNA was stored at
4°C for short-term use.

Fluorescent in situ hybridizations

The BAC DNA probes were differentially labeled using a rhoda-
mine or biotin coupled dUTP by nick-translation and in situ hy-
bridization on mitotic chromosomes from larval brains was
executed as reported (Pimpinelli et al. 2010b), in particular after
hybridization at 37°C overnight, and 3 washes in 2X SSC at 50°C,
signal was detected with anti digoxigenin-rhodamine (Roche
Diagnostics) at a 1:100 dilution, or with antibiotin-FITC (Vector
Laboratories) diluted 1:300 for 1h at 37°C. DNA was
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Table 1. Selected clones, their associoated marker genes and map positions in D. melanogaster.

Muller Dmel Gene Gene FBID Dmel Recombination Cytological Sequence Location BAC for

Element Arm Name Symbol CG Map Position Map position Probe

B 2L roundabout 2 robo FBgn0002543 CG5481 2L-3 22A1-22A1 21.:1,380,086.. BACR16D07
1,420,453 []

B 2L Sirtuin 1 Sirtl FBgn0024291 CG5216 2L-47 34A7-34A7 2L :13,165,564.. BACR27F17
13,169,551 [+]

C 2R Cyclin-dependent  CdK5 FBgn0013762 CG8203 2R-74 52A13-52A13 2R :15,569,528..15,  BACR48C01

kinase 5 571,417 []

D 3L CG32264 CG32264 FBgn0052264 CG32264 3L-8 63E8-63F1 3L:3,714,826.. BACR10I10
3,806,459 [—]

E 3R pasilla ps FBgn0261552 CG42670 3R-48 85D17-85D17 3R :9,417,940. BACR19J06
9,455,500 [+]

Table 2. Selected clones, their associoated marker genes and map positions in D. persimilis and D. pseudoobscura.

Muller Dpse Dmel Gene Dmel FB Dpse ID FB Dpse NCBI Gene NCBI NCBI Sequence BAC for Probe

Element Arm Name Gene GA ID Symbol Location

Symbol
A XL  Proteasome regulator Reg FBgn0074052 GA14020 32274  Nodata no data CH1226-69A15
gamma
B 4 Sirtuin 1 Sirtl FBgn0078743 GA18743 4816584  LOC4816584 NC_046681.1: CH1226-68A2
8659800-

8663551 [+]

C 3 Cyclin-dependent kinase 5 CdK5 FBgn0080834 GA20894 4804076 ~ LOC4804076 NC_046680.1: CH1226-66P19

9833015-

9834467 (-]

E 2 Mucin related 89F MURSSF  FBgn0038492 GA27121 42080 Nodata No data CH1226-60J8

counterstained with DAPI before image capture, using a cooled
CCD camera mounted on a microscope.

To localize the Nucleolar Organizer (NO), we performed fluores-
cent in situ hybridization on mitotic chromosomes from larval brains
as described in Pimpinelli et al. (2010b). A probe for the 18S rDNA
was prepared by amplifying a 1,514-bp fragment from D. mela-
nogaster genomic DNA using the primers 18S-F 5'-AGCGATCGCAA
GATCGTTAT-3 and 18S-R 5-AATCCCAAGCATGAAAGTGG-3'.

Immunofluorescence assays
To cytologically identify the centromeres, we performed immu-
nofluorescence experiments using anti-CID (for D. simulans, D.
sechellia, D. erecta, D. pseudoobscura, D. virilis, and D. mojavensis),
anti-BUB (for D. yakuba, D. persimilis, and D. willistoni), or anti
Cenp-C (for D. ananassae) antibodies as indicated in the figures.

Mitotic chromosomes from brains for anti-CID immunostain-
ing were prepared according to Pimpinelli et al. (2011). Briefly,
brains were dissected from third instar larvae in physiological so-
lution and transferred to hypotonic solution for 8 min. Brains
were then transferred to a drop of chromosome isolation buffer
(6mM MgCl,, 1% citric acid, and 1%Triton-X100), placed on a sili-
conized coverslip, dissociated using syringe needles, and
squashed in the same solution. Slides were frozen in liquid nitro-
gen, transferred to cold methanol at —20°C for 5min and then in
acetone at —20°C 1min for anti-CID immunostaining, or in 4%
formaldehyde 10min for anti-Cenp-C immunostaining, washed
in 1X PBS for 5min, permeabilized in 1X PBS and 1% Triton-X100
for 10min, blocked in 1X PBS, and 5% nonfat dried milk for
30min, and processed for immunofluorescence.

For Bub immunofluorescence brains were incubated in fix solu-
tion 1 for 1min (2% formaldehyde, 2% Triton-X 100, 10 mM sodium
phosphate pH 7, 0.1mM NacCl) for 1min, in fix solution 2 (45%

acetic acid, 2% formaldehyde, 2% Triton-X 100, 10mM sodium
phosphate pH 7, 0.1 mM NaCl) for 2min, and squashed with a sili-
conized coverslip. Slides were immersed in liquid nitrogen, washed
in TBST (10mM Tris HCI pH 8, 150 mM Nacl, 0.05% Tween-20), in-
cubated in TBSTB (TBST added with 10% FBS) for 1 h.

Incubation with the primary antibody was carried at room
temperature for 1h and at 4°C overnight. The primary antibodies
were diluted in 1X PBS and 1% BSA as follows: chicken anti-CID
(1:100, Blower and Karpen 2001), guinea pig anti-Cenp-C (1:300,
kindly provided by Mellone B.). Rabbit anti-Bub1 antibody Rb666
(kindly provided by Sunkel C.E.) was diluted 1: 1,000 in TBSTB.
Primary antibodies were detected with Alexa Fluor 555 goat anti-
chicken (1:300), Alexa Fluor 488 goat anti-rabbit (1:300), and
Alexa Fluor 488 goat anti-guinea pig (1:300; from Thermo Fisher
Scientific). The incubation with secondary antibodies was carried
out at room temperature for 2h. Washes during immunostaining
were 3 x 5min in 1X PBS or TBST for Bub1l. After immunostaining
preparations were counterstained with 0.1pug/ml of DAPI, dis-
solved in 2X SSC for 10min and mounted in Vectashield (Vector
Laboratories). Chromosomes images were captured using a
computer-controlled microscope equipped with a cooled
CoolSnap CCD camera. The fluorescent signals, recorded sepa-
rately as grayscale digital images, were pseudocolored and
merged using AdobePhotoshop.

Results and discussion

To determine cytogenetic maps of the heterochromatin of repre-
sentative sequenced Drosophila species, mitotic chromosomes
from larval neuroblasts were stained by DAPI. The correspon-
dence of the different chromosome arms (Muller elements) in
the different species was established by FISH using as probes
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syntenic gene sequences of D. melanogaster, except for D. persimilis
and D. pseudoobscura for which sequences of specific D. pseudoobs-
cura genes have been used. The centromeres were localized by us-
ing antibodies directed against CID or BUB proteins depending on
the species (Sharp-Baker and Chen 2001; Vigneron et al. 2004).
The sequenced species investigated here were: D. melanogaster, D.
simulans, D. sechellia, D. erecta, D. yakuba, D. ananassae, D. pseu-
doobscura, D. persimilis and D. willistoni from the Subgenus
Sophophora; D. virilis and D. mojavensis from the Subgenus
Drosophila.

Some of the investigated species are phylogenetically distant,
while others are more closely related. The genome size, the num-
ber of genes, and the features of the transposon types are very
similar among the 12 genomes (Clark et al. 2007). A comparison of
the euchromatic gene order and arrangements reveal that there
have been numerous rearrangements within the euchromatic
chromosome arms as well as fusions of arms which are separate
in some species. About 95% of the genes are syntenic and inver-
sions appear to be the main mechanism producing changes
within chromosome arms among the genomes and arm-to-arm
fusions which alter linkage relationships.

Subgenus Sophophora

Maps of the species of melanogaster group

The sequenced species most closely related to D. melanogaster are
D. simulans, D. sechellia, D. erecta and D. yakuba. All of them are
morphologically very similar and their karyotype consists of an
acrocentric X chromosome, an entirely heterochromatic
Y chromosome, 2 large metacentric autosomes and a dot fourth
chromosome.

Drosophila melanogaster

Drosophila melanogaster heterochromatin is subdivided in 61 dis-
crete bands with different fluorescence intensities, as described
in Gatti and Pimpinelli (1992). In particular, the Y chromosome
contains 25 regions (h1-h25), the X chromosome 9 regions
(h26-h34), each autosome 12 regions (h35-h46 and h47-h57) and

» Muller D

the fourth chromosome 4 regions (h58-h61). Two regions with
different condensation level, the NO, are evident on sex chromo-
somes. We used this cytological map as the reference for the
maps developed for the other species.

Drosophila simulans

Similar to D. melanogaster, DAPI staining reveals that in D. simu-
lans, the entire Y chromosome, about 30% of the X chromosome,
the pericentromeric region of the autosomes and most of chro-
mosome 4 are cytologically heterochromatic (Fig. 3, a—c). Based
on fluorescence intensities, the heterochromatic domains can be
subdivided in 45 different regions (Fig. 3d). The Y chromosome
contains fewer bands (h1-h17) and only 2 constrictions as com-
pared to D. melanogaster, in which the Y chromosome contains 25
regions and 4 constrictions. The centromere is localized in the
h12 region and unlike D. melanogaster, the Y short arm does not
show a constriction suggesting the absence of an NO. This is con-
firmed by the absence of hybridization signals with an 18S ribo-
somal probe (Fig. 3c). Regarding the fluorescence patterns of the
autosomes: the heterochromatin of the left arm of chromosome
2 (h24-h26) appears like that of D. melanogaster, whereas the right
arm (h28-h32) shows fewer bands, specifically lacking 2 large
dark regions (h42 and h45) that are present in D. melanogaster.
Comparing chromosome 3 (h33-h42), 2 main differences are clear
between D. simulans and D. melanogaster. The left arm of D. simu-
lans clearly lacks 2 regions (h51 and h52) that are present in D.
melanogaster and the fluorescence of the heterochromatic bands
is generally more intense as compared to D. melanogaster. The
banding pattern of chromosome 4 (h43-h45) appears cytologi-
cally conserved between the 2 species.

Drosophila sechellia

As shown in Fig. 4, the heterochromatin can be subdivided in 38
regions with a cytological pattern showing differences with re-
spect to the patterns of both D. melanogaster and D. simulans. The
banding pattern of the short arm of the Y chromosome appears
like those of the 2 other species except for the fluorescent
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Fig. 3. Mitotic chromosomes of larval neuroblasts stained with DAPI from D. simulans. a) A prometaphase as an example. The Y chromosome in the
white box comes from another prometaphase; b) Dapi staining (left panel) and localization of BACS 48C01 and 19J06 (right panel) on the same
metaphase; c) Dapi staining (left panel) and localization of 185 rDNA probe to NO (right panel). The signal is localized in the X heterochromatin. The
numbers indicate the autosomes; X, X chromosome and Y, Y chromosome; c indicates the centromere; d) Diagrammatic representation of D. simulans
heterochromatin map. The diagrams represent prometaphase neuroblast chromosomes stained with DAPI. The filled areas indicate bright
fluorescence, cross-hatched areas moderate fluorescence, hatched areas dull fluorescence, and open areas no fluorescence. Scale bar indicates Spm.
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Fig. 4. Mitotic chromosomes of larval neuroblasts stained with DAPI from D. sechellia. a) A prometaphase as an example; b) Dapi staining (lower panel)
and localization of BACS 48C01 and 19J06 on the indicated Muller elements (upper panel); ¢) Dapi staining (lower panel) and localization of CID on the
centromeres (upper panel). The X chromosome in the white box comes from another prometaphase; d) Localization of 18S probe to NO. The signal is
localized in the X heterochromatin. The numbers indicate the autosomes; X, X chromosome and Y, Y chromosome; €) Diagrammatic representation of
D. sechellia heterochromatin map. The diagrams represent prometaphase neuroblast chromosomes stained with DAPI. Filled areas indicate bright
fluorescence, cross-hatched areas moderate fluorescence, hatched areas dull fluorescence, and open areas no fluorescence. Scale bar indicates Sum.

intensity of some of the blocks that appear greater while others
dimmer. In addition, similar to D. simulans there is no NO in Y
short arm (Fig. 2d). The fluorescent pattern of the Y long arm
appears like that of D. simulans but different from that of D. mela-
nogaster in both the number of bands and their dimmer fluores-
cence intensity. The heterochromatic pattern of the X
chromosome is like the X chromosome of D simulans but is
completely different from that of D. melanogaster. Regarding the
autosomal heterochromatin: The cytological patterns are like the
heterochromatin of D. simulans but lack the distal regions of both
arms of chromosome 3 and the right arm of chromosome 2. In
addition, fluorescence appears less bright as compared to D. simu-
lans and like that of D. melanogaster.

Drosophila yakuba

The heterochromatin is subdivided in 33 regions and the banding
pattern is different from that of D. melanogaster (Fig. 5). The Y
chromosome is acrocentric, unique among these species, but this
is probably not due to the absence of the entire short arm. The
proximal regions (h5-h11) appear like the long arm regions of D.
simulans and the distal regions (h1-h3) appear like the short arm
regions (h13-h17) of the same species suggesting a pericentric in-
version. Thus, the centromere appears to be repositioned,
through the inversion. The X heterochromatin is cytologically
conserved with melanogaster except for loss of h27-h28 and h30
regions. It is possible that a small proximal inversion has oc-
curred moving part of the 16 bright regions into telomeric posi-
tion (region 18). Regarding the autosomes: The heterochromatin
of chromosome 2 appears to be inverted relative to other mem-
bers of the melanogaster subgroup. The cytological and molecu-
lar characterization of this species (Schaeffer et al. 2008)
demonstrated the presence of a pericentric inversion of this chro-
mosome relative to its close relatives and this pattern in the het-
erochromatic banding pattern is consistent with that
observation. This inversion is particularly evident when compar-
ing D. yakuba with D. simulans heterochromatin, in which D. simu-
lans h26, h28, h29, and h30 appear to be cytologically similar to D.
yakuba h23, h19, h20, and h21, respectively. These last 3 regions

also appear very similar to the 2L regions of D. sechellia (h22-h24).
The heterochromatin of chromosome 3 shows fewer regions with
respect to all the other species of the same group but very similar
to the pericentromeric regions of D. simulans (h35-h40).

Drosophila erecta

As shown in Fig. 6, the heterochromatin of this species is subdi-
vided in 23 regions. The heterochromatic banding pattern is more
rearranged than when comparing D. yakuba to D. melanogaster.
Thus, a comparison is possible only between the sister species D.
erecta and D. yakuba. The Y chromosome lacks the D. yakuba hl
region and h5-h10 regions (h4 in D. erecta) are homogeneous in
fluorescence intensity. Furthermore, the NO region is located
close to the centromere at the end of the chromosome. The X
chromosome contains 4 short bands with the NO in the h10 re-
gion close to h11 containing the centromere and the h8 and h9
regions homologous to h16 and h17, respectively, of D. sechellia
and h18 and h19 regions of D. simulans. The second chromosome
lacks the h21 region of D. yakuba but the other regions appear
very similar in the 2 species. The third chromosome shows the
h21 and h22 regions like the h29 and h30 regions of D. yakuba
while the h18 and h20 regions apparently show no homology
with the h26 and h27 regions of D. yakuba. Centromeric region
h19 of D. erecta is located between h18 and h20, while the h26 and
h27 regions of D. yakuba are at the same side of centromeric re-
gion h28. Furthermore, these regions show a different fluores-
cence intensity pattern.

Drosophila ananassae

This species is part of the melanogaster group, but not of mela-
nogaster subgroup. The heterochromatin is subdivided in 48
regions thus this species has the highest number of heterochro-
matic regions after D. melanogaster. As shown in Fig. 7, D. ananas-
sae has a karyotype characterized by a large metacentric X
chromosome. The left arm (h13-h15 regions) is like the h26-h28
regions of D. melanogaster except that the h15 region of D. ananas-
sae has a brighter fluorescence intensity than the h28 region of D.
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Fig. 5. Mitotic chromosomes of larval neuroblasts stained with DAPI from D. yakuba. a) A prometaphase as an example; b, c) Dapi staining (upper
panels) and localization of BACS on the Muller C (48C01) and E (19]06) elements (b), Muller B (27F17) and D (35M01) elements (c) from larval brain
neuroblast (lower panels). The green and red signals indicate 2 different probes on the same metaphase; d) Localization of BUB to the centromeres; e)
Anaphase in which is shown the NO constriction of the Y chromosome; f) Localization of 18S probe to NO. The signals are localized on the X and Y
heterochromatin; g) metaphase in which is shown the NO constriction of the X chromosome; the numbers indicate the autosomes; X, X chromosome
andY, Y chromosome, NO indicates NO and c, centromere; h) Diagrammatic representation of D. yakuba heterochromatin map. The diagrams
represent prometaphase neuroblast chromosomes stained with DAPI. As reported in the figure, filled areas indicate bright fluorescence, cross-hatched
areas moderate fluorescence, hatched areas dull fluorescence, and open areas no fluorescence. Scale bar indicates Spm.
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Fig. 6. Mitotic chromosomes of larval neuroblasts stained with DAPI from D. erecta. a) A prometaphase as an example; b) Dapi staining (upper panel)
and localization of BACS (lower panel) on the Muller elements from larval brain neuroblast. The green (10110) and red (27F17) signals indicate 2
different probes on the same metaphase; c) Localization of CID to the centromeres; d) Localization of 18S probe to NO. The signal is localized in the X
heterochromatin. The numbers indicate the autosomes; X, X chromosome and Y, Y chromosome; e) Diagrammatic representation of D. erecta
heterochromatin map. The diagrams represent prometaphase neuroblast chromosomes stained with DAPI. Filled areas indicate bright fluorescence,
cross-hatched areas moderate fluorescence, hatched areas dull fluorescence, and open areas no fluorescence. Scale bar indicates Sum.

melanogaster. An NO region does not map to the X chromosome
(Fig. 7e).

The Y chromosome contains 3 bright fluorescent blocks on
the long arm (h1, h3, and h5) like those of distal regions of D. mel-
anogaster, as well as a proximal intermediate fluorescent region.
On the short arm, there are 2 bright fluorescent blocks proxi-
mally, one intermediate fluorescent block and a distal NO. This
part of the chromosome resembles the inverted short arm of the

D. sechellia Y chromosome. The autosomes, including the fourth
chromosome, are also large and metacentric. Arms 2L and 2R
correspond, respectively, to E and D Muller elements while 3L
and 3R correspond, respectively, to the C and B Muller elements.
The autosomes appear to be very different from those of the
other melanogaster group species. However, a resemblance of
chromosome 2 of D. ananassae to chromosome 3 of D. erecta and
D. yakuba can be envisioned if one postulates an inversion of the
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Fig. 7. Mitotic chromosomes of larval neuroblasts stained with DAPI from D. ananassae. a) A prometaphase as an example; b, ¢) Dapi staining (lower
panels) and localization of BACS (upper panels) on Muller B (16D7) and D (10110) elements (b), Muller C (48C01) and E (19]J06) elements (c) from larval
brain neuroblast. The green and red signals indicate 2 different probes on the same metaphase; d) Localization of CENP-C to the centromeres; e)
Localization of 18S probe to NO. The signals are localized in the Y and 4 heterochromatin; f) metaphase in which are shown the NO constrictions
(arrowheads) of the Y and 4 chromosomes. The numbers indicate the autosomes; X, X chromosome and Y, Y chromosome; g) Diagrammatic
representation of D. ananassae heterochromatin map. The diagrams represent prometaphase neuroblast chromosomes stained with DAPI. As reported
in the figure, filled areas indicate bright fluorescence, cross-hatched areas moderate fluorescence, hatched areas dull fluorescence, and open areas no

fluorescence. Scale bar indicates Sum.

arms. Furthermore, a resemblance can be observed comparing
chromosome 3 of D. ananassae with chromosome 2 of D. sechellia.
Drosophila ananassae is the only species among those analyzed
that has a large heterochromatic metacentric chromosome 4,
with 2 pairs of bright fluorescent blocks separated by the centro-
meric region. Despite a different fluorescence intensity this chro-
mosome appears very similar to the Y chromosome also
containing also an NO in the telomeric position of the right arm.

Maps of the species of obscura group

The species of obscura group are characterized by the presence of
4 acrocentric autosomes, one of them a dot and a metacentric X
chromosome. The left arm of chromosome X (XL) corresponds to
Muller element A, while the right arm corresponds to the D ele-
ment. The autosomes 2, 3, 4, and 5 correspond to the E, C, B, and
F elements, respectively (Crosby et al. 2007). The Y chromosome
carries some genes belonging to the D element, suggesting it
could be a degenerated autosome (Carvalho and Clark 2005).

Drosophila pseudoobscura

According to the hypothesis of a Y chromosome as a degenerated
autosome, the heterochromatic pattern of the Y is completely dif-
ferent from the Y of the other species, except D. persimilis. As
shown in Fig. 8, the Y chromosome shows 4 bright fluorescent
blocks similar in size (h1, h5, h7, and h9) as well as other differ-
ently sized intermediate or dull fluorescent blocks. The h7-12
regions could be the result of a pericentric inversion with respect
to h6-h10 regions of D. ananassae. This inversion is also evident in
D. persimilis (h7-h12). The X heterochromatin has one bright fluo-
rescent block (h18) and other regions showing intermediate fluo-
rescence on left and right arms plus a dull region (h19) on the
right arm that corresponds to an NO. The autosomes have a
small and homogenous piece of heterochromatin. The h23 and
h22 of chromosome 4 and 3, respectively, could have the same
derivation as the h30 and h32 of the third chromosome of
D. ananassae.

Drosophila persimilis

This is the sister species of D. pseudoobscura and this is evident
also in the heterochromatic pattern of sexual chromosomes. As
shown in Fig. 9, both the X and the Y chromosomes are fully com-
parable between the 2 species. The only exception is a double du-
plication of h12 and h13 regions (h14-h17) present in D. persimilis
thatis not seen in D. pseudoobscura. Furthermore, there is a differ-
ence in fluorescence intensity between the h14 region of the X
chromosome of D. pseudoobscura and the h18 region of the same
chromosome of D. persimilis which is brighter. Also, in this spe-
cles, the autosomal heterochromatin consists of small and fluo-
rescent homogeneous regions (h27, h28, h29, and h30 of the
chromosomes 2, 3, 4, and 5 respectively).

Map of the species D. willistoni

The only member of the willistoni group examined here is D. willi-
stoni. This species diverged basally to the obscura and mela-
nogaster groups within the subgenus Sophophora. Therefore, we
presume this species could be representative of a progenitor of
the more derived species. As shown in Fig. 10, a-c, and diagram-
matically reported in Fig. 10d, D. willistoni has a symmetric Y
chromosome, with 2 pairs of bright fluorescent blocks lateral to
the pericentromeric region (h1, h3 and h9, h11) which contains 2
intermediate fluorescent blocks (h5 and h7) separated by the cen-
tromere. An NO is located in the h8 region. The X chromosome
has 2 bright fluorescent blocks (h13 and h19) separated by 2 in-
termediate fluorescent blocks (h15 and h17) between which the
centromere is positioned. The chromosome 2 contains 5 bright
fluorescent blocks (h20, h22, h24, h26, and h28) with the centro-
mere submetacentrically positioned (h25). Chromosome 3 has
less heterochromatin when compared to chromosome 2. It could
also contain the heterochromatin of the chromosome of the
Muller F element which is fused to this larger autosome
(Schaeffer et al. 2008), although this is not detectable in the map.
The third chromosome has a single bright fluorescent block (h32)
and 3 dull blocks (h30, h34, and h36); the NO regions are visible
on both Y- and X-chromosomes (h8 and h15; Fig. 8).
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Fig. 8. Mitotic chromosomes of larval neuroblasts stained with DAPI
from D. pseudoobscura. a) A prometaphase as an example; b) Dapi
staining and localization of BACS on Muller B and E elements from larval
brain neuroblast. The green (68A2) and red (60J18) signals indicate 2
different probes on the same metaphase; c) Localization of the 18S probe
to NO. The signal is localized in the X heterochromatin. The numbers
indicate the autosomes; X, X chromosome and Y, Y chromosome; d)
Diagrammatic representation of D. pseudoobscura heterochromatin map.
The diagrams represent prometaphase neuroblast chromosomes stained
with DAPI. Filled areas indicate bright fluorescence, cross-hatched areas
moderate fluorescence, hatched areas dull fluorescence, and open areas
no fluorescence. Scale bar indicates Sum.

Subgenus Drosophila

This subgenus includes the sequenced species D. mojavensis from
the repleta group and D. virilis from virilis group.

Map of the species D. mojavensis

As shown in Fig. 11, the karyotype consists of X and Y sex chromo-
somes, 4 acrocentric autosomes and a dot autosome. Muller ele-
ments are distributed in such a way that E element corresponds to
chromosome 2, B corresponds to chromosome 3, D corresponds to
chromosome 4, C corresponds to chromosome 5 and F corre-
sponds to chromosome 6 (Crosby et al. 2007). The autosomes have
a small and homogeneous portion of heterochromatin not repre-
sented in the map. Regarding the sex chromosomes, both Y and X
have homogeneous heterochromatin with only 3 intermediate (h1,
h3 for the Y and h4, h6 for the X) or dull (h2 for the Y and h5 for
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Fig. 9. Mitotic chromosomes of larval neuroblasts stained with DAPI
from D. persimilis. a) A prometaphase as an example; b) Localization of
BUB to the centromeres; c, d) Dapi staining (left panels) and localization
of BACS (right panels) on the Muller A (69A15) and C (66P19) elements
(C), Muller B (68A2) and E (60J18) elements (D) from larval brain
neuroblast. The green and red signals indicate 2 different probes on the
same metaphase; the numbers indicate the autosomes; X, X
chromosome and Y, Y chromosome; e) Diagrammatic representation of
D. persimilis heterochromatin map. The diagrams represent
prometaphase neuroblast chromosomes stained with DAPI. Filled areas
indicate bright fluorescence, cross-hatched areas moderate fluorescence,
hatched areas dull fluorescence, and open areas no fluorescence. Scale
bar indicates Spm.

the X) fluorescent regions and both have an NO region. Regarding
the autosomes, they show similar small blocks of dull fluorescent
pericentromeric heterochromatin (not diagrammaticaly shown).

Map of the species D. virilis

Drosophila virilis karyotype appears very similar to D. mojavensis
(Fig. 12), but Muller elements are enumerated differently: B ele-
ment corresponds to chromosome 4, C corresponds to chromo-
some 5, D corresponds to chromosome 3, E corresponds to
chromosome 2 and F corresponds to chromosome 6 (Crosby et al.
2007). In comparison with D. mojavensis, the metacentric Y chro-
mosome of D. virilis contains 10 regions with variable fluores-
cence intensity, with 2 lateral distal intermediate fluorescent
blocks (h2 and h10), and 8 dull (h1, h3, h5, h7, and h8) or not fluo-
rescent (h4, h6, and h9) regions. The acrocentric X chromosome
shows 3 small regions of heterochromatin: one bright fluorescent
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Fig. 10. Mitotic chromosomes of larval neuroblasts stained with DAPI from D. willistoni. a) A prometaphase as an example; b) Localization of BUB to the
centromeres; ¢) Dapi staining and localization of 18S probe to NO. The signals are localized in the X and Y heterochromatin. The numbers indicate the
autosomes; X, X chromosome and Y, Y chromosome; d) Diagrammatic representation of D. willistoni heterochromatin map. The diagrams represent
prometaphase neuroblast chromosomes stained with DAPI. Filled areas indicate bright fluorescence, cross-hatched areas moderate fluorescence,
hatched areas dull fluorescence, and open areas no fluorescence. Scale bar indicates Sum.

region (h13) and another with intermediate fluorescence (h11)
separated by one small dull fluorescent region containing the NO
(h12). The X chromosomes of D. virilis and D. mojavensis appear
very similar, except the distal region (h6 of mojavensis and h13 of
virilis) which is brightly fluorescent in D. virilis and of intermedi-
ate fluorescence in D. mojavensis. The heterochromatin of the
autosomes 2 and 4 appears similar with an intermediate (h14
and h20, respectively), a dull (h15 and h21, respectively) and a
bright (h16 and h22, respectively) fluorescent regions. Likewise,
the heterochromatin of the autosomes 3 and 5 appears similar
with 3 regions (h17-h19 for the 3 and h23-h25 for the 5). The only
difference is that the external regions of the third chromosome
are dull and those of the fifth chromosome are intermediate fluo-
rescent. The sixth chromosome contains only one small dull
fluorescent region.

Conclusions

The genomic analysis of pericentric heterochromatin is essential
to the study of chromosomes behavior and understanding karyo-
typic evolution. The presence of certain patterns is not the exclu-
sive prerogative of the species in the genus Drosophila. These
compartments of the genome appear to be conserved during the
evolution of several eukaryotic genomes: some orthologs of het-
erochromatic genes of D. melanogaster (Corradini et al. 2007) have
been found in yeast, mouse and human and have a euchromatic
location (Kuhn et al. 1991; Horvath et al. 2000; Brun et al. 2003).
The discovery of hundreds of heterochromatic genes in
Drosophila, plants and mammals through sequencing projects
offers unique opportunities to examine the different ways in
which heterochromatin influences gene expression and the ap-
pearance of new species. The availability of detailed cytological
maps of several Drosophila species enables the analysis of the
multiple heterochromatic rearrangements that have taken place
during evolution; it also provides the observation of their conser-
vation or variation and an understanding of the stability of het-
erochromatin in the genomes of higher eukaryotes.

In this work, we have built the cytological map of the hetero-
chromatin of 10 sequenced Drosophila species. The different

quantity of heterochromatin and its variable fluorescence inten-
sity likely reflects differences in both DNA base composition and
protein composition and consequently different properties and
functions. The emerging result is a constant increase of abun-
dance and complexity of heterochromatin during evolution, at
least for the Sophophora branch of the genus Drosophila. Only
the obscura group seems to be an exception due to this pattern
due to its poor autosomal heterochromatin (Fig. 13 and
Supplementary Figs. 2-5).

Following the separation of Sophophora subgenus from
Drosophila subgenus, about 40 million years ago, the branch con-
taining the willistoni group was established early. Among the
species under study, we speculate that D. willistoni represents a
basal cytological pattern of heterochromatin and can be viewed
as the progenitor of the Sophophora subgenus. This species has a
metacentric X chromosome, in which the left arm, containing
Muller A element, corresponds to the X in all species of the genus;
the right arm containing the Muller D element, corresponds to
the left arm of the Sophophora chromosome 3. This result is
compatible with our heterochromatin map. The 17h-18h regions
of the D. willistoni X chromosome overlaps with 25h-26h regions
of the D. ananassae 2R chromosome, both containing the Muller D
element.

Furthermore, D. ananassae is the only species among those se-
quenced that contains a big metacentric and fully heterochro-
matic chromosome 4. Based on the homology of the 4
heterochromatic blocks with the willistoni Y chromosome, there
is the possibility that the fourth chromosome originated by the
duplication of a Y chromosome present in the common ancestor
of the Sophophora and Drosophila subgenera. Indeed, the D. ana-
nassae chromosome 4 is very similar to the D. willistoni Y, al-
though some blocks have a slight difference in fluorescent
intensity. Furthermore, the ananassae Y chromosome is like the
D. willistoni Y chromosome confirming that they are closer spe-
cies to the common ancestor. Furthermore, chromosome 2 of D.
willistoni is surprisingly like the Y chromosome of D. ananassae,
also containing the NO in distal position of 2R and very different
from the chromosome 2 of all the other species.
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Fig. 11. Mitotic chromosomes of larval neuroblasts stained with DAPI
from D. mojavensis. a) Mitotic chromosomes of larval neuroblasts stained
with DAPI as an example; b) Dapi staining and localization of CID to the
centromeres; c) Localization of 18S probe to NO. The signals are localized
in the X and Y heterochromatin; d) Diagrammatic representation of D.
mojavensis heterochromatin map. The diagrams represent prometaphase
neuroblast chromosomes stained with DAPI. As reported in the figure,
filled areas indicate bright fluorescence, cross-hatched areas moderate
fluorescence, hatched areas dull fluorescence, and open areas no
fluorescence. The pericentric heterochromatin of autosomes is not
reported because, for all of them, corresponds to identical small blocks
with homogeneous dull fluorescence Scale bar indicates 5pm.

Five species among the 12 first sequenced belong to Sophophora
subgenus: D. melanogaster, D. simulans, D. sechellia, D. yakuba, and D.
erecta. Their karyotypes and the syntenic relations among the spe-
cles show a closer relation of D. sechellia and D. simulans, with re-
spect to D. melanogaster (Schaeffer et al. 2008). Our maps seem to
confirm that the heterochromatic pattern of D. simulans is more ho-
mologous to the D. sechellia pattern. This major homology concerns
both the sexual chromosomes and chromosome 2. With regards to
chromosome 3, it appears that D. simulans is much richer in AT
sequences with respect to both D. melanogaster and D. sechellia.
Chromosome 4 has the same pattern in all 3 species.

Considering the entire heterochromatic pattern amongst
Drosophila species, we notice a greater complexity in terms of
variability in the content of AT-rich sequences during the evolu-
tion in the subgenus Sophophora and a simplification in the sub-
genus Drosophila starting from the common ancestor.

Since our maps show the relative abundance of base pairs
based on the fluorescence intensity in the bands and do not show
which genetic elements are contained in those bands, it is diffi-
cult to explain the significance of the different patterns by an
evolutionary point of view. However, heterochromatin contains
high levels of repetitive elements such as satellite DNA and
transposable elements (TEs) belonging to different families. TEs
are supposed to be an evolutionary force, since they are activated
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Fig. 12. Mitotic chromosomes of larval neuroblasts stained with DAPI
from D. virilis. a) Mitotic chromosomes of larval neuroblasts stained with
DAPI as an example; b) Localization of 18S probe to NO. The signals are
localized in the X and Y heterochromatin; c) Diagrammatic
representation of D. virilis heterochromatin map. The diagrams
represent prometaphase neuroblast chromosomes stained with DAPIL
Filled areas indicate bright fluorescence, cross-hatched areas moderate
fluorescence, hatched areas dull fluorescence, and open areas no
fluorescence. Scale bar indicates Sum.

following various stressful conditions. The activation of transpo-
sons could increase genetical variability with strong evolutionary
implications (see Piacentini et al. 2014 for a discussion). Among
the species analyzed in the present study, D. melanogaster has the
highest heterochromatin content and complexity and D. mojaven-
sis the lowest. The first is the most widespread in the world and
the second the least (Makino and Kawata 2012). Drosophila sechel-
lia appears to be an exception, but this may be due to its recent
divergence from D. melanogaster. This apparent correlation be-
tween TE abundance and geographical spread could explain the
different heterochromatic complexity in the Sophophora and
Drosophila subgenus.

With regards to the subgenus Drosophila, it will therefore be
important to have a cytological map of D. grimshawi as well as
other members of the group. Recently, additional species belong-
ing to the melanogaster group of the subgenus Sophophora have
been sequenced but it is also important to sequence genomes
from additional species of the subgenus Drosophila to perform a
more complete comparative analysis of all the mitotic hetero-
chromatin maps thereby giving a broader understanding of kar-
yotypic evolutionary mechanisms.
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Fig. 13. Summary diagrammatic representation of the mitotic maps of heterochromatin with the karyotypic and syntenic relationships of the Muller elements for the indicated sequenced species of the

genus Drosophila.

A possible path for the future

As noted, the polytene chromosomes are not usable for cytologi-
cal mapping of constitutive heterochromatic regions since that
genomic compartment is located inside the chromocenter and
underreplicated. Rather, constitutive heterochromatin has been
cytologically defined and well characterized in mitotic chromo-
somes from larval neuroblasts in D. melanogaster. It has been sub-
divided into specific subregions by virtue of blocks with different
staining properties (Pimpinelli et al. 1975). Furthermore, a cytolog-
ical map of “contigs,” sets of genomic sequences with contiguous
regions of DNA, has been elaborated within constitutive hetero-
chromatin from both mitotic and polytene chromosomes using
the Su(var)3-9, SuUR double mutants in D. melanogaster
(Andreyeva et al. 2007). These genes code for structural hetero-
chromatic proteins. Thus, animals carrying the double mutant
alleles, due to suppression of underreplication, reveal novel
banded regions in polytene chromosome preparations that are
adjacent to the chromocenter and derived from the normally
underreplicated heterochromatic blocks.

The in situ fluorescent hybridization technology by using of
specific DNA probes performed on both double mutants poly-
tenes and wild-type mitotic chromosomes has permitted a cyto-
genetic high-resolution map of heterochromatin (Andreyeva et al.
2007; Hoskins et al. 2007; Accardo and Dimitri 2010) and this type
of analysis could and should be expanded to include additional
species in the genus Drosophila.

Data availability

The authors affirm that all data necessary for confirming the
conclusions of the article are present within the article, figures,
and tables.

Supplemental material is available at GENETICS online.
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