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ABSTRACT
The dosage compensation machinery of Caenorhabditis elegans is targeted specifically to the X chromo-

somes of hermaphrodites (XX) to reduce gene expression by half. Many of the trans-acting factors that
direct the dosage compensation machinery to X have been identified, but none of the proposed cis-acting
X chromosome-recognition elements needed to recruit dosage compensation components have been
found. To study X chromosome recognition, we explored whether portions of an X chromosome attached
to an autosome are competent to bind the C. elegans dosage compensation complex (DCC). To do so, we
devised a three-dimensional in situ approach that allowed us to compare the volume, position, and number
of chromosomal and subchromosomal bodies bound by the dosage compensation machinery in wild-type
XX nuclei and XX nuclei carrying an X duplication. The dosage compensation complex was found to
associate with a duplication of the right 30% of X, but the complex did not spread onto adjacent autosomal
sequences. This result indicates that all the information required to specify X chromosome identity resides
on the duplication and that the dosage compensation machinery can localize to a site distinct from the
full-length hermaphrodite X chromosome. In contrast, smaller duplications of other regions of X appeared
to not support localization of the DCC. In a separate effort to identify cis-acting X recognition elements,
we used a computational approach to analyze genomic DNA sequences for the presence of short motifs
that were abundant and overrepresented on X relative to autosomes. Fourteen families of X-enriched
motifs were discovered and mapped onto the X chromosome.

DOSAGE compensation is an essential, chromo- Important advances in understanding the problem of
X chromosome recognition have come from analysis ofsome-wide regulatory process that equalizes ex-

pression of most X-linked genes between males (usually dosage compensation in mammals and Drosophila mela-
nogaster.XO or XY) and females (usually XX), despite their two-

fold difference in X chromosome dose. Flies, worms, Female placental mammals (XX) inactivate one of
their two X chromosomes to achieve levels of X chromo-and mammals utilize diverse mechanisms of dosage

compensation, but all involve global changes in X chro- some expression equal to those of the XY male (Lee
and Jaenisch 1997). The inactivated mammalian Xmosome structure that ultimately serve to adjust the
chromosome is hypoacetylated, hypermethylated, andlevel of X-linked transcripts in only one sex (Cline and
hypercondensed to form a structure called the BarrMeyer 1996; Meller 2000; Meyer 2000). These X chro-
body (Lyon 1961; Mohandas et al. 1981; Jeppesen andmosome changes are mediated by dosage compensation
Turner 1993). X inactivation is initiated at a small cis-machinery that must recognize and associate specifically
acting locus on the X chromosome, the X inactivationwith the X chromosome(s) of only the dosage-compen-
center (Xic ; Lee et al. 1996, 1999; Herzing et al. 1997),sating sex. Although the identity and properties of pro-
which has been localized to an 80-kb fragment that canteins and noncoding RNAs that execute dosage com-
confer inactivation properties onto autosomes (Lee etpensation are known in detail, much less is known about
al. 1999). Encoded within the Xic is a noncoding RNAthe cis-acting factors that must reside on the X chromo-
called Xist, which helps to choose the specific X chromo-some to recruit the dosage compensation machinery.
some(s) to be inactivated (Marahrens et al. 1998) and
then spreads in cis along the future inactive X (Clemson
et al. 1996; Penny et al. 1996). Although Xist is notCorresponding author: Barbara J. Meyer, HHMI and Department of
required for the maintenance of the inactive stateMolecular and Cell Biology, 401 Barker Hall #3204, University of

California, Berkeley, CA 94720-3204. (Csankovszki et al. 1999), it may function to recruit
E-mail: bjmeyer@uclink4.berkeley.edu specialized repressive chromatin components to X at

1 Present address: HHMI and Stanford University Medical Center,
the onset of inactivation (Brown and Willard 1994;Department of Biochemistry, B439 Beckman Center, Stanford, CA

94305-5428. Lee and Jaenisch 1997). Regulation of Xist and hence
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X inactivation is achieved in part by a noncoding 40-kb stage of embryogenesis (Figure 1; Chuang et al. 1994,
1996; Lieb et al. 1996, 1998). This biochemically andtranscript called Tsix that is antisense to and spans the

Xist gene. A female X chromosome that cannot tran- genetically defined dosage compensation complex
(DCC) includes proteins specific to dosage compensa-scribe Tsix is destined to be inactivated, suggesting that

Tsix is involved in X chromosome choice and negatively tion (DPY-27) and proteins that also function in chro-
mosome segregation during mitosis (MIX-1) or meiosisregulates Xist (Lee and Lu 1999). Together these studies

indicate that the Xist locus serves as the primary cis- (DPY-26 and DPY-28; Chuang et al. 1994, 1996; Lieb et
al. 1996, 1998). DPY-27 and MIX-1 are members of theacting element in X chromosome recognition and that

the dosage compensation machinery associates with X highly conserved SMC family of proteins, which includes
proteins that participate in diverse chromosome behav-by a nucleation and spreading mechanism. Further-

more, no broadly distributed X-specific sequences are iors including sister chromatid cohesion, mitotic chro-
mosome condensation, and mitotic recombination re-required for Xist binding or propagation.

In contrast to mammals, Drosophila males (XY) com- pair (Chuang et al. 1994; Koshland and Strunnikov
1996; Lieb et al. 1998). DPY-26 has two small motifs inpensate for their lower X chromosome dose by hyper-

transcribing their single X. Dosage compensation is im- common with two mitotic proteins: XCAP-H, a compo-
nent of the Xenopus laevis 13S condensin complex (Hir-plemented by the male-specific lethal genes msl1, msl2,

msl3, mle, and mof whose products form a complex that ano et al. 1997), and Barren, a Drosophila protein essen-
tial for mitotic chromosome segregation in vivo (Bhatassociates specifically with hundreds of sites along the

male X chromosome (Kuroda et al. 1991; Palmer et al. et al. 1996). Although DPY-26 is required for the faithful
segregation of chromosomes during meiosis (Hodgkin1993; Gorman et al. 1993, 1995; Bashaw and Baker

1995; Kelley et al. 1995; Zhou et al. 1995). In flies 1983), it has diverged significantly from both homologs
and does not appear to function in mitosis (Lieb et al.mutant for an msl gene, partial MSL complexes localize

to a subset (30–40) of sites along the X (Palmer et al. 1996). The X localization of DPY-26, DPY-27, and MIX-1,
and their similarity to proteins involved in chromosome1994; Gorman et al. 1995; Lyman et al. 1997; Gu et al.

1998). In a surprising parallel to mammalian dosage dynamics, led to the view that the dosage compensation
complex regulates gene expression by altering X chro-compensation, an RNA component was discovered in

the Drosophila dosage compensation machinery. Two mosome structure.
Individually, DPY-26, DPY-27, DPY-28, and MIX-1 can-untranslated RNAs, roX1 and roX2, colocalize to the

male X chromosome in an MSL complex-dependent not associate with X, nor can a complex containing all
four proteins (Hsu et al. 1995; Chuang et al. 1996; Liebmanner (Amrein and Axel 1997; Meller et al. 1997).

The roX1 and roX2 loci themselves correspond to two et al. 1996, 1998). Instead, the hermaphrodite-specific
proteins SDC-2 and SDC-3 are required for assemblingof the sites that retain MSL binding in msl mutants

(Kelley et al. 1999). Unlike individual X-derived genes the complex on X (Chuang et al. 1996; Davis and
Meyer 1997). SDC-2 activates the dosage compensationthat fail to retain MSL binding when moved to au-

tosomes (Bone and Kuroda 1996; Bhadra et al. 1999), process and confers hermaphrodite specificity: its prod-
uct is present exclusively in XX animals and its ectopicthe roX1 gene can recruit MSL proteins to autosomes,

and the proteins can then spread onto flanking autoso- expression in males causes inappropriate dosage com-
pensation and death, unlike any other dosage compen-mal genes (Kelley et al. 1999). These results suggest

that roX genes are X chromatin entry sites for the dosage sation protein (Nusbaum and Meyer 1989; Dawes et
al. 1999). SDC-2 may also direct X recognition, since itcompensation machinery (Kelley et al. 1999). Thus,

Drosophila appears to use a discrete set of entry sites can localize to the X in the absence of the other known
DCC components or dosage compensation genes. Sev-positioned along the X chromosome to recruit the dos-

age compensation machinery and permit spreading to eral lines of evidence indicate that SDC-2 collaborates
with SDC-3 to target the dosage compensation machin-adjacent genes. The properties of the entry sites that

confer the MSL recruitment activity are as yet not under- ery to X. SDC-3 also associates with X, it contains a pair
of TFIIIA-type zinc-finger motifs that are essential forstood.

In the nematode Caenorhabditis elegans, hermaphro- assembly of the DCC on X, and it acts synergistically
with SDC-2 to kill males when overexpressed (DeLongdites (XX) reduce the level of transcripts from each of

their two X chromosomes by half to equal the expression et al. 1993; Klein and Meyer 1993; Davis and Meyer
1997; Dawes et al. 1999).from the single male X (Meyer and Casson 1986; Ple-

nefisch et al. 1989; Chuang et al. 1994). Failure to A reasonable hypothesis for X recognition is that cis-
acting DNA elements on the C. elegans X chromosomeactivate dosage compensation in hermaphrodites results

in overexpression of X-linked genes and lethality (Nus- allow trans-acting factors like the SDC proteins to associ-
ate with X and thereby recruit the dosage compensationbaum and Meyer 1989; Plenefisch et al. 1989; Meyer

1997). C. elegans dosage compensation is implemented machinery. Such elements have not yet been identified.
X recognition has been particularly difficult to approachby a protein complex that localizes specifically to both

X chromosomes of hermaphrodites at about the 40-cell in C. elegans because of a lack of candidate X recognition
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Figure 1.—A model for assem-
bly of the dosage compensation
complex on hermaphrodite X chro-
mosomes in C. elegans. (A) In XX
hermaphrodites, SDC-2 acts in con-
junction with SDC-3 to activate do-
sage compensation by localizing a
protein complex composed of DPY-
26, DPY-27, DPY-28, and MIX-1 to
both hermaphrodite X chromo-
somes. The end result is an ap-
proximately twofold reduction in
X-linked gene expression from
each X chromosome. (B) In XO
males, the DCC is prevented from
associating with X because the
male-specific xol-1 gene represses
sdc gene activity. X-linked genes
are fully expressed because the dos-
age compensation proteins are
prevented from localizing to the
single X.

the slide was placed directly on a block of dry ice for at leastelements, the inability to make directed chromosomal
10 min. The coverslip was then removed from the slide withinsertions or deletions, and the extremely small size of
a quick downward stroke of a single-edged razor. The slidesomatic chromosomes. In this study, two general strate- was immediately placed in 95% ethanol for 1 min and then

gies were pursued in an attempt to overcome these incubated in PBS for 5 min. Most of the PBS was wicked away,
obstacles and to identify and isolate cis-acting X recogni- and 50 ml of fixative [4% paraformaldehyde, 18% methanol,

3 mm EGTA, 64 mm KCl, 16 mm NaCl, 0.4 mm spermidine-tion elements. The first was to determine whether por-
HCl, 0.16 mm spermine, 0.4% b-mercaptoethanol, 12 mmtions of the X chromosome attached to an autosome
PIPES (pH 7.4)] was placed directly on the sample and coveredare competent to bind the dosage compensation com-
with a 30 3 30 mm piece of parafilm. The slides were then

plex, and if so whether this binding spreads into the placed on ice for 20–30 min. The fixative was removed from
autosomal region. This was accomplished with a novel the samples by placing the slide into a vessel containing PBS
three-dimensional in situ approach that allowed us to (15 min) and washed 15 min in PBSTB (1 3 PBS, 0.1% BSA,

0.5% Tween 20, 0.05% azide, 1 mm EDTA), and 15 min incompare the volume, position, and number of DCC foci
PBSTA (1 3 PBS, 1% BSA, 0.5% Tween 20, 0.05% sodiumbetween wild-type nuclei and nuclei homozygous for
azide, 1 mm EDTA). A 30-ml dilution of the primary antibodyautosome-attached duplications of different portions of in PBSTA (1:100) was then placed on the sample, which was

X. The second strategy utilized a computational ap- covered with a 30 3 30 mm piece of parafilm. The slide was
proach to identify X chromosome-enriched sequence placed in a humidified chamber for 4 hr at room temperature.

The slides were washed as before and the secondary antibodymotifs.
was applied in the same manner as the primary. After washing
as before, 200 mg/ml RNase was then placed on samples,
which were incubated at 378 for 1 hr. The samples were washedMATERIALS AND METHODS
and incubated with 2 mg/ml propidium iodide for 1 hr,

Strains: Animals were maintained on NG agar plates with washed, and mounted for confocal microscopy. An N-propyl
Escherichia coli OP50 as a food source (Brenner 1974). The gallate/glycerol mix (2% n-propyl galate, 30 mm Tris-HCl pH
following strains were used in this study: 9.5, 70% glycerol) was used as an antifade reagent in the

mount.
TY0125 wild type (N2) Detection of extrachromosomal arrays: Wild-type worms
SP0117 mnDp10(X;I); unc-3(e151) X were transformed with pRF4, a plasmid encoding rol-6(su1006)
TY2025 yDp14(X;I); unc-2(e55) X (a marker for transgenic worms), pSV2-dhFr8.32, a plasmidSP0076 mnDp27(X;II); unc-3(e151) X containing 32 copies of tandem lacO repeats (Straight et al.TY0689 stDp2(X;II); dpy-6(e14) X. 1996; Carmi et al. 1998; Dawes et al. 1999), and pPD49-78,

which expresses lactose repressor-green fluorescent proteinAntibody staining: For each experiment, wild-type and dupli-
(LACI-GFP) under control of the hsp-16 heat-shock promotercation-bearing embryos were prepared in parallel using identi-
(A. Gonzalez-Serricchio and P. Sternberg, personal com-cal reagents, and the samples were subjected to confocal mi-
munication). Worms were raised at 208, heat shocked for 30croscopy on the same day. Gravid adult worms (10–30) were
min at 378 to express LACI-GFP, and allowed to recover fortransferred to a positively charged glass slide (Permafrost Plus;
30 min at 208. The LACI-GFP binds to the lac operator se-Fisher Scientific, Pittsburgh, PA) in 6 ml of M9 buffer. An
quences in the array, allowing the extrachromosomal arraysincision was made at the vulva to release the embryos. An

18 3 18 mm coverslip was placed on top of the sample, and to be detected by antibodies to GFP. The worms were then
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Figure 2.—Three-dimensional
reconstruction of fluorescence in
wild-type embryonic nuclei. (A–C)
The 3-D reconstruction of anti-
DPY-27 staining in a single nu-
cleus. The black plane is a single
section of original confocal data,
and the blue objects are surface
renderings based on the position
of the edges of fluorescence in
stacks of optical sections. The al-
gorithms used to render and seg-
ment the DPY-27-labeled X chro-
mosomes produced a 3-D body
that was representative of the orig-
inal data. All transformations of
the raw confocal data (image fil-
ters, interpolation, and settings
used for rendering) were identical
for all samples analyzed in this arti-
cle. (D–F) Surface rendering of
the DNA stain propidium iodide.
daVinci, the software used to ren-
der the nuclei, allows one to adjust
the opacity of the rendered DNA
stain, permitting one to visualize
the position of staining bodies in-
side the nuclei. (D) 0% opacity,
(E) 25% opacity, (F) 100% opac-
ity. (G–I) Subchromosomal pieces
of DNA can be detected and re-
solved from the X chromosomes.
(G) A wild-type embryo harboring
an array composed of the lacO,
lacI-GFP, and rol-6 plasmids was
stained with anti-GFP (FITC,
green), anti-DPY-27 (CY5, red),
and DAPI (blue). A merged image
of a single optical section is shown.
(H and I) 3-D reconstructions of
extrachromosomal arrays (red),
DPY-27-stained X chromosomes
(dark blue), and DAPI staining
(light blue) from 2 individual nu-
clei are shown. This embryo had

179 nuclei and 220 arrays. Fourteen (7.8%) nuclei contained 0 arrays, 115 (64.2%) nuclei contained 1 array, 45 (25.1%) nuclei
contained 2 arrays, and 5 (2.8%) nuclei contained 3 arrays. ( J) The two X chromosomes often appear as one body of staining.
These three nuclei are examples in which the two X chromosomes are counted as one staining body. C. elegans embryonic nuclei
are generally 1–2 mm in diameter.

prepared for microscopy as described above except their DNA Individual sections were averaged four times in “frame” mode.
The step size in the z direction was 300 nm (Zeiss) or 283 nmwas stained with 50 mg/ml of diamidinophenolindole (DAPI)

included in 1,4-diazobicyclo(2,2,2)octane/glycerol mount at (Leica), creating voxels of X 5 102 nm, Y 5 102 nm, Z 5
300 or 283 nm. At an excitation wavelength of 488 nm (forneutral pH.

Microscopy: For experiments using duplications, micros- fluorescein isothiocyanate) the microscopes used in this study
have a maximum theoretical xy resolution of z225 nm, andcopy was carried out on a Zeiss 410 confocal microscope (ex-

periments 1 and 2) or a Leica TCS NT confocal (experiments a maximum theoretical z resolution of z280 nm (using an
z140 nm z-step size). In these experiments, a z-step size of3 and 4). For array experiments, microscopy was performed

on the Leica confocal microscope. All images were acquired 300 nm was used as a compromise between optimal resolution
in z, photo-bleaching effects, and image file size. A 300-nmwith a 633 oil-immersion objective (numerical aperture 5

1.32) at a zoom of 3 with a 512 3 512 image size; pinhole 5 step size translates into z60 raw data slices per embryo and
between three and four raw data slices per nucleus.1. Photomultiplier settings were determined automatically by

the computer (Zeiss) or determined manually using the “glow Image analysis: Following raw data collection using the soft-
ware provided by the confocal microscope manufacturer, dataover” look-up table (Leica). For the Leica, photomultiplier

tube settings were adjusted to maximize signal intensity but stacks were converted to ICS file format (Dean et al. 1990).
Custom SCIL-image modules were then used to filter the im-minimize saturated pixels. The gain/offset was not adjusted

from the default values (a black background was produced). age stacks, automatically segment the nuclei (Malpica et al.
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Figure 4.—Properties of wild-type nuclei and X chromo-
somes during embryonic development. (A) Average nuclear
volume decreases as embryos develop. In both wild-type em-Figure 3.—In many nuclei, one body of DPY staining repre-
bryos (solid diamonds, solid line, n 5 27) and mnDp10 embryossents both X chromosomes. (A) A histogram showing that
(open squares, dashed line, n 5 22), as cell number increases,the DPY-27-staining bodies in nuclei containing one body are
the average volume of the nuclei decreases. mnDp10 is a dupli-larger than the DPY-27-staining bodies in nuclei containing
cation of the right end of X attached to chromosome I (seetwo bodies. Overall, the average size of a “disjoined” X was
Figure 5). (B) The volume of the X chromosome decreases678 3 106 nm3, about half the volume of a “joined” X (avg.
with the decrease in nuclear size. All data are from wild-type1338 3 106 nm3). (B) A histogram showing that DPY-27 stain-
(N2) embryos (n 5 27). Each data point represents an averageing occupies a similar volume regardless of whether the X
value from a single embryo. Data from two different antibod-chromosomes are resolved into one or two bodies. On average,
ies, anti-DPY-26 (n 5 14, open squares, dashed line, acquiredthe X occupied 10.2% of nuclear volume (avg. 1338 3 106

with a Leica confocal microscope) and anti-DPY-27 (n 5 13,nm3) in nuclei with one body and 9.3% of nuclear volume
solid diamonds, solid line, acquired with a Zeiss confocal mi-(avg. 1368 3 106 nm3) in nuclei with multiple bodies. The
croscope) are shown. The DPY-26/Leica experiments consis-histograms in A and B are derived from wild-type embryos
tently produced higher X chromosome volume measure-analyzed in experiment 1 of Table 1 (1006 nuclei).
ments. Whether this observation is biologically relevant, a
property of the particular antibody used, or a property of the
microscope that was used has not been determined. Despite1997; Ortiz de Solorzano et al. 1999), and automatically
the difference in absolute volume observed between DPY-26segment the DUMPY (DPY) staining into discrete 3D bodies
and DPY-27 antibodies, the relative decrease in X volume with(Ortiz de Solorzano et al. 1998). A full description of the
decreasing nuclear size is similar in the two data sets. (C)filters and settings that were used to process the images is
As nuclear volume decreases, the X chromosomes appear toavailable at http://www.genetics.org/supplemental/156/4/
occupy a larger percentage of nuclear volume.1603/DC1. Detailed information about using and obtaining

SCIL-image is available at http://www.tpd.tno.nl/TPD/
smartsite64.html.

After initial segmentation was complete, images were ren- ters of nuclei were sent back to SCIL-image and automatically
segmented into individual nuclei using a routine based ondered with daVinci (data visualization and computer interac-

tion; Ortiz de Solorzano et al. 1999). Rendered objects morphological transformation (distance transform) and the
watershed algorithm (Ortiz de Solorzano et al. 1999). Ob-were then scored manually as clusters of multiple nuclei, an

individual nucleus, or debris. Rare nuclei that had been inap- jects scored as debris were not considered for further analysis.
For all data sets, objects with a rendered volume of ,35 3propriately segmented were rejoined. Objects scored as clus-
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106 nm3 were deleted and were not counted in any aspect of JDL133 AGGCAGTAACGGTTAGGCAGTAACGGTTAGGCAG
TAACGGTTthe analysis. This cutoff was determined by empirical compari-

JDL134 AACCGTTACTGCCTAACCGTTACTGCCTAACCGTsons of noise in the original confocal data with rendered data
TACTGCCTand by considering the optical limit of resolution (an object

Unclustered #2 (tandem units)300 nm 3 300 nm 3 300 nm 5 27 3 106 nm3). The settings
JDL129 AGGTCACGAGAGGTCACGAGAGGTCACGAGfor the filters used to render the nuclei and chromosomes
JDL130 CTCGTGACCTCTCGTGACCTCTCGTGACCTwere chosen conservatively so that only relatively bright signals
Unclustered #3 (tandem units)with sharp edges would be rendered and counted as objects.
JDL127 AGTCGGTAGTAGTCGGTAGTAGTCGGTAGTFor a complete description of how the embryos were analyzed,
JDL128 ACTACCGACTACTACCGACTACTACCGACTplease refer to the supplemental web site at http://www.
Unclustered #4 (tandem units)genetics.org/supplemental/156/4/1603/DC1.
JDL131 MGGTCAGTGCGMGGTCAGTGCGMGGTCAGTGCGSequence analysis: All programs used for sequence analysis
JDL132 CGCACTGACCKCGCACTGACCKCGCACTGACCKand instructions for their use are available at http://www.
Unclustered #5 (tandem units)genetics.org/supplemental/156/4/1603/DC1.
JDL137 ACTACGTAAACTACGTAAACTACGTAAInjections of X-enriched oligo pairs: Extragenic DNA in-
JDL138 TTACGTAGTTTACGTAGTTTACGTAGTjected into C. elegans forms a heritable, mitotically stable, extra-
Unclustered #6 (tandem units)chromosomal mass referred to as an extrachromosomal array.
JDL139 CCAGTCGTGCCAGTCGTGCCAGTCGTGThe following oligonucleotide pairs were annealed to form
JDL140 CACGACTGGCACGACTGGCACGACTGGdouble-stranded DNA and coinjected into worms along with
Unclustered #7 (tandem units)the DNA components of the lacI/lacO system. The resulting
JDL135 TTGCGACCTTTGCGACCTTTGCGACCTextrachromosomal arrays were then assayed for DCC binding
JDL136 AGGTCGCAAAGGTCGCAAAGGTCGCAAactivity by staining with antibodies to DCC proteins. The infor-

mation in parentheses refers to how many repeating units are Raw data: All data that was used in this manuscript canrepresented by the oligo: be found and downloaded in tabular form at http://www.Clustered repeats: genetics.org/supplemental/156/4/1603/DC1.
1. Left end

Rpt1 (single unit)
JDL117 GTTTTGGTCGCTGCTAATTTTTGGTCATTGCTAAT RESULTS

TTTTAGTCAGTGCTAA
Three-dimensional reconstructions accurately deter-JDL118 TTAGCACTGACTAAAAATTAGCAATGACCAAAAAT

TAGCAGCGACCAAAAC mine the size and position of nuclei, X chromosomes,
Rpt2 (single unit) and subchromosome-sized objects: The comparisons
JDL119 GGTCAGTGCAACTTAAATTGGTCAGTGCAACTGCA made in this study are based on the three-dimensionalACT

(3-D) reconstruction of X chromosomes or other bodiesJDL120 AGTTGCAGTTGCACTGACCAATTTAAGTTGCACT
within the nuclei of individual cells that had been identi-GACC

Rpt3 (single unit) fied by staining with antibodies to the dosage compensa-
JDL121 GGTCCGTGCACATGTTTTTTGGTCAGTGCACGTGG tion proteins DPY-26 or DPY-27 (referred to as DPY

TTTCTTTTTCTTT staining). Following confocal microscopy of embryos
JDL122 AAAGAAAAAGAAACCACGTGCACTGACCAAAAAAC

stained with a DPY antibody and the DNA dye propid-ATGTGCACGGACC
ium iodide (PI), stacks of images were used to createRpt4 (tandem units)

JDL123 CAGTGCCTATGAAAGATTGGTCAGTGCCTATGAAA 3-D reconstructions of the whole embryos, which were
GATTGGT then computationally segmented into individual nuclei

JDL124 ACCAATCTTTCATAGGCACTGACCAATCTTTCATA (materials and methods). This staining and recon-
GGCACTG

struction procedure allowed us to determine the size2. CeRep27 (not tested)
and shape of each nucleus and of all the DPY-staining3. C07D8 (single unit)
bodies within each nucleus. In wild-type XX embryos,JDL111 CCGGCGCCCATTTAAGGGTAAGGAATCGCTCTAAG

CGAAA the two X chromosomes can be readily visualized follow-
JDL112 TTTCGCTTAGAGCGATTCCTTACCCTTAAATGGGC ing the 3-D reconstruction of the DPY-staining channel

GCCGG (Figure 2, A–F). By using quantitative data to compare4. Right center (single unit)
wild-type strains with strains bearing an X chromosomeJDL115 AAAACCGCTCCAAAACCGTTCCAATACCGCTCC
duplication, we sought to detect DCC binding to X chro-JDL116 GGAGCGGTATTGGAACGGTTTTGGAGCGGTTTT

5. Short clusters (tandem units) mosome DNA that was attached to an autosome.
JDL125 CGACCTAGGTCGCTAGGTCGCAGGTCGCAAAGCGA Before assaying DCC binding to autosome-attached

CCTAGGTCGCTAGGTCGCAGGTCGCAAAG X duplications, it was necessary to establish that ourJDL126 CTTTGCGACCTGCGACCTAGCGACCTAGGTCGCTT
method was able to detect subchromosome-sized fluo-TGCGACCTGCGACCTAGCGACCTAGGTCG
rescent signals that were located apart from X and that6. Right end (single unit)

JDL113 GAAGTGCTTTCTGTCGTACTCGAAGCAGTGCTGGT these signals could be resolved spatially from the X chro-
GGATGGAGTC mosomes. We tested our assay by determining if a small,

JDL114 GACTCCATCCACCAGCACTGCTTCGAGTACGACG GFP-labeled extrachromosomal array could be detected
AAAGCACTTC

and resolved from the X chromosomes in wild-type em-
bryos (materials and methods). ExtrachromosomalUnclustered repeats: Unclustered #1 (tandem units)
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Figure 5.—The strategy and
tools for examining X chromo-
some duplications. (A) A map of
selected X chromosome duplica-
tions. The name of the duplica-
tion is in italics, followed by its
chromosomal attachment point
(f 5 free), the number of genetic
map units (mu) covered, and the
approximate percentage of the X
chromosome covered. Percentages
may be overestimates, since cover-
age is defined genetically and some
duplications contain uncharacter-
ized internal deletions. mnDp10 is
known to have large deletions left
of unc-9 (map position 11.6): unc-
58 (1.50) and unc-115 (1.7) are
covered by mnDp10, but dpy-22
(1.99), vab-3 (2.01), and lin-14
(3.48) are not. Although the pre-
cise extent of the deletions is not
known, we estimate that mnDp10
covers z30% of X on the basis
of the available map data. Dupli-
cations in black were tested for
DCC binding activity in this study.
(B) A schematic representation of
a wild-type karyotype and an
mnDp10 karyotype.

arrays and the X chromosomes are expected to occupy ally. In many of these nuclei, two DPY-staining bodies
were discernible, but were counted as only one by themutually exclusive positions in the nucleus. XX embryos

carrying arrays with lacO operator repeats and gfp-tagged computer software because the two bodies were sepa-
rated by a distance less than our limit of resolution orlac repressor genes were fixed and stained with anti-

GFP antibody to label arrays, anti-DPY-27 antibody to were connected by a “bridge” of fluorescence (Figure
2J). To confirm that X chromosome proximity inter-label the X chromosomes, and DAPI to label all DNA.

After confocal microscopy (Figure 2G) and reconstruc- fered with the quantitation, comparison was made be-
tween total X chromosome volume in nuclei recordedtion (Figure 2, H and I), the arrays were easily detected.

On average, each array occupied 1.79% of the nuclear as containing one DPY-staining body (referred to as a
“joined” X) and the volume of each of the DPY-stainingvolume and had an average volume of 337 3 106 nm3,

about half the volume of a single X chromosome (see bodies in nuclei recorded as having two X’s (referred
to as an “disjoined” X). If the joined X chromosomesbelow). Our ability to resolve the X chromosomes and

the arrays in three-dimensional space inside of C. elegans truly represent two X’s, then the volume of joined bodies
should be approximately twice that of each of the indi-nuclei is important because it suggests that DPY staining

located apart from X could be resolved spatially from vidual disjoined bodies. If the joined class of staining
bodies represents only one X, then the volumes of thethe X chromosomes. Therefore, if the DCC were bound

to a partial X-chromosome duplication attached to an two classes should be roughly equal. We found that the
average volume of a DPY-staining body in nuclei withautosome, the binding could be detected by our staining

and reconstruction procedure. one object is 1338 3 106 nm3 (618 3 106, standard
error) and in nuclei with two objects is 678 3 106 nm3Properties of wild-type nuclei and X chromosomes

during embryonic development: We determined the (617 3 106, standard error, Figure 3A). These results
indicate that nuclei recorded as having one object actu-general morphological properties of X chromosomes in

wild-type embryos to establish a firm baseline for com- ally contain two X chromosomes, as expected. This con-
clusion is confirmed by the observation that DPY stain-parison to X-duplication-bearing embryos. Although all

cells of the embryos used in this analysis contained two ing occupies a similar total volume in nuclei that contain
one staining body as in nuclei that contain two stainingX chromosomes, two separate DPY-staining bodies were

observed in only 31.6% of nuclei, while one staining bodies (Figure 3B). The failure to resolve the two X
chromosomes in nearly two-thirds of wild-type nuclei isbody was observed in 63.6% of nuclei (Table 1). To

examine the reason for the disparity between the known important to consider when interpreting results from
duplication strains.and observed number of X chromosomes, nuclei with

only one recorded staining body were reviewed manu- Another expectation is that more than two bodies of
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Figure 6.—mnDp10 embryos have more individual DPY-staining bodies per nucleus than wild-type embryos, and total DPY
staining occupies a greater percentage of the nuclear volume. (A–C) Number of DPY-staining bodies per nucleus compared in
wild-type (black) and mnDp10 (red) nuclei. (D and E) Volume of DPY-staining bodies compared in mnDp10 and wild-type nuclei.
These histograms show the percentage of nuclear volume occupied by DPY staining on the x-axis, with the percentage nuclei
containing that volume of staining on the y-axis. The distribution of mnDp10 nuclei shows a pronounced shift to the right,
indicating an increase in total DPY-27 staining. In D, this difference occurs despite a higher average age for wild-type embryos
(135 cells) compared to mnDp10 embryos (114 cells). For E, average ages were 161 cells for wild-type embryos and 171 cells for
mnDp10 embryos.

DPY staining should never be visible in the nuclei of develop (Figure 4A, age range 26–368 cells). One might
also expect the volume of X chromosomes to shrinkwild-type embryos. However, in wild-type nuclei, three

bodies of staining were observed 4.2% of the time, and proportionally with the decrease in nuclear volume. We
found that the volume of the X chromosomes does varyfour bodies in 0.5% of nuclei. These rare nuclei may

contain an X chromosome with a weakly staining region with nuclear size (Figure 4B), but as nuclear volume
decreases, the volume of the X chromosomes appearsthat causes it to be counted as two separate bodies or

a spurious antibody signal that creates an artifactual to decrease at a slower rate (Figure 4C). Therefore,
although the X chromosomes get smaller as nuclei getobject. Possibly, a small fraction of nuclei were captured

in early anaphase of mitosis and therefore do contain smaller, they appear to occupy a larger proportion of
the nucleus as nuclear volume decreases. Although themore than two discernible X chromosomes.

Finally, it was essential to ensure that our analysis was reason for this phenomenon is not known, its effects
are averted in all analyses in two ways. First, embryosnot skewed by differences in nuclear or chromosomal

architecture that may occur throughout embryonic de- are compared only if they are approximately age
matched, and second, the percentage of nuclear volumevelopment. Therefore, we determined how nuclear vol-

ume and X chromosome volume varied with each other occupied by DPY staining is expressed as a function of
nuclear volume where appropriate. The effect could beand how they varied with embryonic age. We expected

that nuclear volume, as determined by PI staining, caused by the fact that volume measurements become
less accurate, and are more likely to be overestimated,would decrease as the embryos aged because the size

of the chitinous egg shell remains constant throughout as the size of an object decreases. Thus, smaller objects
are subjected to a proportionally larger error in mea-embryonic development, while the embryo’s cell num-

ber increases from 1 to 558. As expected, we observed surement than bigger objects. In addition, the different
staining methods may affect the relative accuracy ofthat the average nuclear volume decreases as embryos



1612 J. D. Lieb et al.

comes: (1) Is there an increase in the number of DPY-
staining bodies per nucleus in duplication-bearing
strains? (2) Does total DPY staining occupy a larger
portion of the nuclear volume in duplication-bearing
strains? The first outcome demands an affirmative an-
swer to both questions and would indicate that the au-
tosome-attached duplication can be recognized as X
chromosome DNA. The second outcome predicts a neg-
ative answer to question one, but an affirmative answer
to question two. Finally, a negative answer to both ques-
tions would indicate either that the duplication cannot
be recognized as X chromosome DNA or that its size
or brightness is below the physical limits of detection.

If the DCC binds the duplication and can be resolved
from the X chromosomes, a third question would be
asked to address whether the duplication acts as a nucle-
ation center for DCC binding, which then spreads onto
autosomal sequences: Is there a new class of DPY-stain-
ing bodies in duplication-bearing strains, and how large
are these new bodies compared to a normal X? If the
new DPY-staining bodies are large (chromosome-sized)
then the duplication may act as a nucleation center for
DCC binding, with subsequent spreading into autoso-
mal sequences. If the extra staining bodies are small
(duplication-sized), then it is likely that only the duplica-

Figure 7.—In mnDp10 embryos, DPY-staining occupies a tion is recognized as X and that the binding does not
greater percentage of the nuclear volume, regardless of nu-

spread a significant distance onto autosomal DNA.clear size. (A) The average percentage of nuclear volume
The number of DPY-staining bodies is increased peroccupied by DPY-26 staining is plotted against average nuclear

volume for mnDp10 embryos (n 5 10) and wild-type embryos nucleus in mnDp10-bearing strains: The three histo-
(n 5 14). Each data point represents the average values for a grams shown in Figure 6, A–C, each representing an
single embryo. (B) Same as for A, but with anti-DPY-27-stained independent experiment, reveal a consistent increase
mnDp10 embryos (n 5 13) and wild-type embryos (n 5 13).

in the number of DPY-staining bodies per nucleus in
mnDp10 strains. In each of the three experiments, a
lower proportion of the mnDp10 nuclei contain onemeasurements to different degrees, depending on the

object size. staining body (53, 51, and 49%) compared to wild-type
nuclei (66, 62, and 63%, respectively). This differenceThe DCC recognizes and associates with the X duplica-

tion mnDp10 but apparently does not spread onto adja- exists because a higher proportion of mnDp10 nuclei
contain two (34, 41, and 38%) or three (12, 8, and 10%)cent autosomal regions: To determine if the dosage

compensation complex recognizes and associates with DPY-staining bodies compared to wild-type nuclei (two
bodies: 30, 33, and 33%; three bodies: 0.3, 0.3, andsubregions of the X chromosome, we compared the

distribution of DPY staining in wild-type XX embryos 0.4%). These results suggest that DPY-27 and DPY-26
localize to mnDp10 and that this localization is mani-and XX embryos that also contain two copies of an

autosome-attached X duplication. We first assayed em- fested by the appearance of extra staining bodies. One
might expect to see four DPY-staining bodies in nucleibryos carrying mnDp10, a duplication of the right z30%

of the X chromosome attached to the right end of chro- that harbor an X duplication (the two X’s and the two
duplications). However, the appearance of any extramosome I (Herman et al. 1979; Figure 5).

We envisioned three possible outcomes in comparing bodies would be obscured by the same factors that cause
65% of wild-type XX nuclei to be counted as having onemnDp10-bearing and wild-type embryos (Figure 5B).

The first outcome is that the DCC can bind the duplica- body of DPY staining. Furthermore, any additional DPY
staining in the nuclei of mnDp10 strains would furthertion and that the DPY-staining associated with the dupli-

cation can be resolved spatially from the X chromo- crowd the nucleus with fluorescence signal, making it
even more difficult to resolve the additional mnDp10somes. The second outcome is that the DCC can bind

the duplication, but for technical or biological reasons bodies. Considering these confounding factors, we in-
terpret the consistently observed changes in the propor-cannot be resolved spatially from the X. The final out-

come is that the DCC is unable to bind the duplication, tion of nuclei harboring multiple staining bodies to be
significant. Therefore, an increase in the number ofor we are unable to detect the binding. Two indepen-

dent questions were asked to distinguish these out- DPY-staining bodies per nucleus is observed in mnDp10-
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would expect an increase in the total amount of DPY
staining in each nucleus. Assuming that mnDp10 is 30%
of X, one would ideally expect DPY staining to occupy
an additional z3% of nuclear volume. In mnDp10
strains, DPY-27 staining (experiments 1 and 2, Table 1)
occupied an additional 0.90% of the nuclear volume
(wild type, 10.06 6 0.08% standard error; mnDp10,
10.96 6 0.10%), representing an 8.9% increase (P 5
1.45 3 10212, two-tailed Student’s t -test) compared to
the expected 30%. In agreement with this increase, total
DPY-26 staining (experiments 3 and 4, Table 1) occupies
an additional 1.05% of nuclear volume in mnDp10
strains (wild type, 14.11 6 0.09%; mnDp10, 15.15 6
0.13%), an increase of 7.4% (P 5 2.05 3 10211, t -test).
This increase in total staining is reflected in the histo-
grams shown in Figure 6, D and E. These charts show
the percentage of nuclear volume occupied by DPY
staining (x-axis) plotted against the percentage of nuclei
containing that volume of staining (y-axis). The distribu-
tion for mnDp10 nuclei is shifted to the right, indicating
an increase in total DPY-27 staining. For example, in
Figure 6D every bin to the right of 12% contains more
mnDp10 nuclei, while every bin to the left of 12% con-
tains more wild-type nuclei. The deviation from the ideal
increase (z30%) in staining probably reflects the chal-
lenge of resolving mnDp10 from the X chromosome in
crowded nuclei (see also below).

The observed increase in the percentage of volume
occupied is not a consequence of age differences be-
tween mnDp10 embryos (average age, 139 cells) and
wild-type embryos (average age, 154 cells), since for
both DPY-26 and DPY-27 antibodies, mnDp10 strains ex-
hibit an increase in DPY-staining volume regardless of
nuclear volume. This result is shown in Figure 7, where
the percentage of nuclear volume occupied by DPY
staining was plotted as a function of nuclear volume.
The demonstrated increase in DPY staining in mnDp10
nuclei indicates that the additional DPY-staining bodies
found in mnDp10 embryos arise from new target se-
quences, rather than from a physical reorganization of
existing targets. Furthermore, the magnitude of the in-
crease (z8%) suggests that mnDp10 is represented by
an additional small body of staining.

Figure 8.—A new class of small DPY-staining bodies is pres- A new class of small DPY-staining bodies exists inent in mnDp10 embryos. In each of the three histograms, the
mnDp10-bearing strains: To test the hypothesis thatpercentage of nuclear volume occupied by individual DPY-
mnDp10 is represented by an additional small body ofstaining bodies is plotted on the x-axis for both wild-type

(black) and mnDp10 (red) nuclei. The y-axis shows the per- DPY staining, we recorded the volume occupied by indi-
centage of all nuclei that contain a body of the size indicated vidual DPY-staining bodies in wild-type and mnDp10 nu-
on the x-axis. In mnDp10 strains, there is a marked increase clei. We then calculated the percentage of nuclear vol-in the number of staining bodies that occupy , z2.5% of

ume occupied by individual DPY-staining bodies.nuclear volume.
Histograms of the data (Figure 8) show a dramatic in-
crease in the occurrence of small DPY-staining bodies
in the mnDp10 strain. We interpret the new class ofbearing embryos compared to wild-type embryos, consis-

tent with a new, physically distinct target for the DCC. DPY-staining bodies to be mnDp10. Such a body can be
visualized in the 3-D reconstruction shown in Figure 9.Total DPY staining occupies a larger portion of the

nuclear volume in mnDp10-bearing strains: If mnDp10 is We used the data from Experiment 1 (Figure 8) to
determine the properties of the new class of DPY-stain-recognized by the dosage compensation complex, one
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Figure 9.—Visualization of
mnDp10. (A–C) Surface rendering
of a nucleus containing mnDp10
stained with propidium iodide
(light blue) and anti-DPY-27 anti-
body (dark blue). The X points to
the X chromosomes, and the D
points to the small piece of DPY-
27 staining that we interpret to be
mnDp10. Overall, it is estimated
that both X chromosomes and an

mnDp10 staining body can be identified in 27% of all mnDp10 nuclei (see text for explanation). The black plane shows an
individual section of the original confocal data from the anti-DPY-27 channel.

ing bodies. If mnDp10 is defined conservatively as bodies chinery binding to X sequences but not spreading far
onto adjacent autosomal sequences, if at all. This resultoccupying 0.2–2.2% of nuclear volume, an mnDp10-

sized body was found in an average of 34.1% of mnDp10 demonstrates that the duplication contains all the infor-
mation necessary to specify X identity and that the dos-nuclei, compared to 13.0% of N2 nuclei, a 2.6-fold in-

crease. On the basis of the appearance of the new class age compensation machinery can localize to a site dis-
tinct from the normal X chromosomes. However, thisof DPY-staining bodies, mnDp10 may also be defined in

absolute terms as DPY-staining bodies ranging in volume result does not rule out a spreading mechanism. Should
spreading from a nucleation center be the means byfrom 35–400 3 106 nm3. To ascertain how reliably we

could score the presence of mnDp10, we asked how often which complexes extend along X, an X duplication must
attach to an autosomal location that would block thewe could detect a joined X [defined as .(1337 3 106

nm3 2 1 SD)] plus mnDp10 (defined as a body of size spreading; otherwise, the X duplication would cause
reduced autosomal gene expression and probably35–400 3 106 nm3) or two X chromosomes (both 678 3

106 nm3 6 1 SD) plus mnDp10. These conditions were death. Nonetheless, the absence of extensive spreading
does support the hypothesis that a more evenly distrib-satisfied in 27.1% of mnDp10 nuclei and only 12.1% of

N2 nuclei. Therefore, using these empirical definitions, uted X recognition signal is required for the propaga-
tion of DCC binding.we are able to detect the two X chromosomes and

mnDp10 in 27% of all mnDp10 embryonic nuclei, with yDp14, stDp2, and mnDp27 embryos are indistinguish-
able from wild-type embryos: To examine other areas ofa false positive rate of 12%.

This low level of detection may be due to the crowding the X chromosome for DCC-binding activity, we analyzed
strains carrying either yDp14, a duplication of the left endof fluorescence in the nucleus. In fact, this problem

would be compounded by any additional DPY staining of X that is also attached to chromosome I; stDp2, a
duplication of the center of X integrated into chromo-caused by mnDp10, making it likely that many mnDp10

bodies are not resolved from each other or from the some II; or mnDp27, a duplication of the right end of
X attached to the end of chromosome II (Figure 5).normal X chromosome staining. A biological explana-

tion may also exist: perhaps mnDp10 is only recognized To analyze yDp14, a total of 1759 nuclei from 10
embryos were examined (Table 1 and web supplement)by the DCC a certain percentage of the time or is recog-

nized only in particular tissues. These factors, along with using the same experimental tests and filtering condi-
tions that were applied to the mnDp10 embryos. Unlikephysical limits on the resolution of light microscopy

and the small size of C. elegans nuclei (materials and mnDp10 embryos, yDp14 embryos showed no significant
increase in the number of DPY-27 staining bodies permethods), conspire to make the detection of an extra

staining body difficult, especially without an indepen- nucleus (Figure 10A, Table 1). Overall, the same pro-
portion of yDp14 nuclei contained one (66%), twodent marker for the position of the duplication in the

nucleus. (31%), and three (3%) bodies of staining as wild-type
nuclei (64, 32, and 4%, respectively). In addition, noIn nuclei interpreted to contain mnDp10, the DPY

staining that defines the duplication occupies an aver- consistent increase in total DPY-staining volume was ob-
served (Figure 10, B and D). Finally, no new class ofage of 1.06% of total nuclear volume, or 182 3 106 nm3.

For comparison, the average volume of a single X is DPY-staining objects appeared in yDp14 strains (Figure
10C). When the same analysis was applied to 3134 stDp2678 3 106 nm3, indicating that mnDp10 occupies on

average 26.76% of the volume of a single X (data from nuclei and 1374 mnDp27 nuclei (Table 1 and web sup-
plement), no significant deviation was seen from wild-experiment 1, Table 1). Therefore, new DPY-staining

bodies observed in the mnDp10 strains occupy a small type nuclei for any of the three aspects of staining that
were measured. These results indicate that either thevolume compared to the volume of the X chromosome,

a result consistent with the dosage compensation ma- DCC cannot recognize yDp14, stDp2, and mnDp27 as X



1615X Chromosome Recognition in C. elegans

Figure 10.—DPY stain-
ing in yDp14 nuclei is not
significantly different from
DPY staining in wild-type
nuclei. (A) No increase is
found in the number of
DPY-staining bodies in yDp
14 embryos. On average,
yDp14 nuclei contained 1.37
bodies per nucleus, com-
pared to 1.42 bodies per nu-
cleus for wild-type and 1.63
for mnDp10 embryos. (B)
DPY staining occupies a sim-
ilar volume in wild-type and
yDp14 embryos. (C) No new
class of DPY-staining bodies
exists in yDp14 embryos. (D)
No increase is observed in the
proportion of the nuclear
volume occupied in yDp14
strains, regardless of nuclear
volume. The average percent-
age of nuclear volume occu-
pied by DPY staining is plot-
ted against average nuclear
volume for yDp14 embryos
(open squares, dashed line)
and wild-type embryos (solid
diamonds, solid line). Each
data point represents the av-
erage values for a single em-
bryo. Unlike mnDp10 em-
bryos (Figure 7), the trend
line calculated for these du-
plication-bearing embryos
is very close to the trend line
for wild-type embryos. All
data shown in this figure are
from experiment 3. These
data are representative of the
negative results observed for
stDp2 and mnDp27 (for data,
see http://www.genetics.org/
supplemental/156/4/1603/
DC1).

chromosome DNA or that the size and intensity of the using a computational approach. Our goal was to iden-
tify repeated X-enriched sequence strings that may actsignal produced by the binding of the duplication falls

below the limit of detection for this method. as X recognition elements. We wrote a program called
“count” that can determine the frequency of every stringX chromosome DNA has 14 families of X-enriched

sequence elements: In mnDp10 embryos, the failure of of length N that occurs on a chromosome, where N is
any number supplied by the user. To find X-enrichedthe DCC to spread from X sequences to autosomal se-

quences suggests that C. elegans X recognition elements sequences, we used this program to look for nonamers
that occur .75 times on X and occur at least 10 timesmay be widely distributed across the X. Therefore,

spreading might not have to occur over large distances. more frequently on X than on the autosomes (Table
2; see materials and methods for details). The 58To identify potential X recognition elements, we ana-

lyzed the C. elegans genome sequence (99% complete) nonamers that meet these criteria are listed in Table 2.
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TABLE 2

Nonamers that occur .75 times on X and are at least 10-fold X enriched

Rank String X frequency A frequency Fold X-enriched Family

1 ccggcgccc 275 4 265.2 C07D8
2 cggcgccca 288 9 120.1 C07D8
3 accggcgcc 281 9 119.6 C07D8
4 ctaagcgaa 134 4 111.3 C07D8
5 gtacgacag 108 4 90.1 Right end
6 cgacctagg 111 5 67.2 Short clusters
7 agggtaagg 266 15 66.4 C07D8
8 gcgcccatt 313 18 63.6 C07D8
9 accgctcca 187 13 51.7 Right center
10 ttaagggta 305 23 49.8 C07D8
11 aatgggcgc 313 24 47.7 C07D8
12 gggtaagga 266 21 47.2 C07D8
13 tcgcttaga 134 10 47.0 C07D8
14 atgggcgcc 288 24 45.4 C07D8
15 cgcactgac 134 9 44.5 Unclustered #4
16 ttcgcttag 118 10 44.5 C07D8
17 gagtacgac 124 14 33.5 Right end
18 ccctacctt 152 20 29.8 CeRep27
19 tacgcacta 134 16 28.6 CeRep27
20 ggtcagtgc 623 93 27.1 Left end
21 gtaactacg 160 23 25.9 CeRep27
22 gtagggctg 147 21 25.4 CeRep27
23 tgcgaccta 140 21 23.5 Short clusters
24 tagagcgat 134 20 23.3 C07D8
25 ttaccctta 301 52 22.2 C07D8
26 atcgctcta 134 21 22.2 C07D8
27 aggtagggc 128 20 22.1 CeRep27
28 aaccgctcc 161 26 20.9 Right center
29 gacctaggt 129 22 20.6 Short clusters
30 agtacgaca 154 28 19.4 Right end
31 ctaggtcgc 166 34 19.3 Short clusters
32 ttgcgacct 117 20 17.0 Unclustered #7
33 aggcagtaa 121 25 16.7 Unclustered #1
34 gtaacggtt 114 19 16.6 Unclustered #1
35 tagggctga 132 31 15.9 CeRep27
36 actacgtaa 113 22 15.6 Unclustered #5
37 acctgcgac 100 20 15.4 Unclustered #8
38 gcgattcct 258 65 15.1 C07D8
39 ctcgtgacc 110 22 15.1 Unclustered #2
40 ctaccgact 142 37 15.0 Unclustered #3
41 ctaccgttc 146 34 14.8 C07D8
42 aggtcacga 132 31 14.8 Unclustered #2
43 cactgaccg 108 21 14.7 Unclustered #4
44 cggtttcgc 211 53 14.5 C07D8
45 gtgctacat 127 32 13.7 Right center
46 aggaatcgc 258 72 13.7 C07D8
47 ccatcggtg 116 31 13.3 Right center
48 aagggtaag 284 82 13.1 C07D8
49 gaacggtag 146 39 12.9 C07D8
50 gtcggtagt 133 38 12.6 Unclustered #3
51 ccagtcgtg 101 25 12.3 Unclustered #6
52 gcaccgatg 112 28 12.3 Right center
53 accgttcta 141 40 12.2 C07D8
54 gtcagtgca 572 191 12.1 Left end
55 cactgacct 101 28 10.8 Unclustered #4
56 atagcacca 127 40 10.4 Right center
57 ccatttaag 337 118 10.3 C07D8
58 aatagcacc 140 47 10.1 Right center

The reverse complement of each string has been removed. Shown underlined are the actual sequences
whose X chromosome distributions are shown in Figures 11 and 12.
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TABLE 3

Repeat families derived from X-enriched 9mers

No. of Approximate
nonamer members true repeat

No. Name in Table 2 length Approximate true repeat unit

Clustered repeats

1 Left end 2 51, 39, 49, 21 Four related repeat families, see belowa

2 CeRep27 6 226 See belowb

3 C07D8 23 40 ccggcgcccatttaagggtaaggaatcgctctaagcgaaa
4 Right centerc 7 33 aaaaccgctccaaaaccgttccaataccgctcc
5 Short clusters 4 32 cgacctaggtcgctaggtcgcaggtcgcaaag
6 Right end 3 45 gaagtgctttctgtcgtactcgaagcagtgctggtggatggagtc

Unclustered repeats
1 Unclustered #1 2 14 aggcagtaacggtt
2 Unclustered #2 2 10 aggtcacgag
3 Unclustered #3 2 10 actaccgact
4 Unclustered #4 3 11 cgcactgacck
5 Unclustered #5 1 9 actacgtaa
6 Unclustered #6 1 9 ccagtcgtg
7 Unclustered #7 1 9 ttgcgacct
8 Unclustered #8 1 9 acctgcgac

“Approximate true repeat unit” and “approximate true repeat length” were determined by manual examina-
tion of the X chromosome sequence near the positions reported by the 9mer map. Therefore, variations of
the stated consensus may be present in any particular repeat unit. CeRep27 is reported to be excluded from
introns (C. elegans Sequencing Consortium 1998).

a Left-end repeats:
Rpt 1 gttttggtcgctgctaatttttggtcattgctaatttttagtcagtgctaa
Rpt 2 ggtcagtgcaacttaaattggtcagtgcaactgcaact
Rpt 3 ggtccgtgcacatgttttttggtcagtgcacgtggtttctttttcttt
Rpt 4 cagtgcctatgaaagattggt.
b C. elegans repeat family #27 consensus:
aaatgtctttcagaaactttgtagtaaattttaagctctttctgaatatattaaaaatattccagtaggtacaagaagcttcacgtagttacagaaatagtacattttc
agccctaccttttagtgcgtattttattattaaatgaaaactaccatttataagcaaaaatagatggattttcgtaattgtgaaaattcataaatctcttcaaagtaac
tttttttg.
c There are additional repeat units that are not X enriched found just downstream of this family:
1 agagagtaaaaaatatggtgaatcc
2 agcggttatgg.

A string length of nine was found to produce the most families are diverse, ranging from the majority of occur-
rences on a single cosmid to a roughly even spacinginformative results. Shorter strings occur too often by

chance (they are “noisy”), and we found that 9-bp que- along the X chromosome. By manual inspection, the
true repeating unit of each of the families was foundries were able to detect much longer repeat units, since

units .9 bp will also contain a repeating unit of 9 bp. to range from 32 to 226 bp (Table 3). The mnDp10
results suggest that X-enriched sequence families thatTo determine which of the nonamers were members

of a common family of X-enriched elements, we wrote occur in a very confined region of X are less likely to be
X recognition elements. The remaining “unclustered”a program that maps the position of strings onto any

sequence file (materials and methods). We reasoned candidate X recognition sequences provide a solid start-
ing point for further dissection of the cis-acting elementsthat strings representing the same repeating unit could

be sorted into families by determining which of them that determine the binding specificity of the dosage
compensation complex.have similar distribution patterns. By comparing the

distribution patterns of the 58 selected strings, 14 fami- To test the biological significance of the X-enriched
repeats, complementary oligonucleotides specific forlies of X-enriched sequences were identified (Table 3).

We found that these 14 families could be further divided the repeating unit of each family were synthesized, the
oligos were annealed to form duplex DNA, and theinto one group of six, whose repeat elements were con-

centrated in tight clusters on the X chromosome (Figure resulting double-stranded DNAs were assayed for DCC
binding activity in the lacI/lacO array-based system (ma-11), and one group of eight, whose repeated elements

were more evenly dispersed across the X (Figure 12). terials and methods; Dawes et al. 1999). Of the 15
oligonucleotide pairs tested for activity, all gave a nega-The distribution patterns of the X-enriched sequence
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Figure 11.—The X chromosome distribution of clustered X-enriched motifs. The positions of a representative member of
each family of clustered X-enriched sequences are shown as a histogram. Numbers on the x-axis represent the location in base
pairs (3105). Bars represent number of occurrences in each 10,000-bp bin. The actual sequence mapped for each sequence
family are underlined in Table 2.

tive result. Future experiments will examine each of the text through its linkage to an autosome. Therefore, a
discrete portion of X can retain its identity as X and itsrepeat sequences in the context of larger segments of

X DNA to determine whether they are necessary, but ability to recruit the dosage compensation machinery.
In our experiments, the dosage compensation machin-just not sufficient, to recruit the dosage compensation

machinery. ery appears not to have spread far, if at all, onto adjacent
autosomal sequences. The lack of significant spreading
suggests that X chromosome recognition and DCC bind-

DISCUSSION ing in C. elegans may not proceed via the mechanism
used by mammals to inactivate their X chromosome:Our work leads to important conclusions regarding
nucleation and spreading from a single site. It is morethe mechanism used by the dosage compensation ma-
likely that either no spreading occurs in C. elegans orchinery of C. elegans to recognize X chromosomes. We
that limited spreading occurs from several chromatinhave shown that the dosage compensation machinery
entry sites, as proposed for Drosophila. However, in viewcan assemble on a site distinct from the full-length X
of the caveats discussed below, it remains possible thatchromosome, namely, on a partial duplication of X that

has been removed from its normal chromosomal con- the X chromosome contains a single site for binding
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Figure 12.—The X chromosome distribution of unclustered X-enriched motifs. The positions of a representative member of
each family of unclustered X-enriched sequences are shown as a histogram. Numbers on the x-axis represent the location in
base pairs (3105). Bars represent number of occurrences in each 10,000-bp bin. The actual sequences mapped for each sequence
family are underlined in Table 2.

the DCC complex, and the transcriptional repression was not possible then to distinguish between two com-
peting hypotheses. The first hypothesis was that thespreads from there.

The initial suggestion that X chromosome duplica- duplications titrated a repressor of gene expression away
from X, while the second contended that the duplica-tions might compete with the normal X chromosome

for dosage compensation proteins came over 12 years tions contained wild-type copies of one or more general
enhancers of X-linked gene expression or, less likely,ago with a study showing that X chromosome duplica-

tions affect the expression of X-linked genes that were enhancers of the specific loci tested. Increased gene
expression might also have arisen from other physiologi-not duplicated (Meneely and Nordstrom 1988). In

that study, the phenotype caused by an X-linked hypo- cal perturbations caused by the duplication. Experi-
ments have since shown that the DCC binds to X (Chu-morphic lin-15 mutation was partially suppressed by

mnDp25 and stDp2, suggesting that expression of lin- ang et al. 1994, 1996; Lieb et al. 1996, 1998), but whether
the DCC is capable of binding to X chromosome dupli-15 could be increased without increasing its gene copy

number. This conclusion was corroborated by an assay cations has not been determined. Therefore, the results
presented here permit us to interpret the previous dupli-that demonstrated an increase in the enzymatic activity of

the X-linked acetylcholinesterase gene ace-1, also not cation experiments in a new light and to conclude that
the repressive dosage compensation machinery can beduplicated by mnDp25 or stDp2. mnDp10 was not exam-

ined because it covers both loci. However, in a separate titrated away from X by a duplication. The combination
of results also implies that at least one DCC componentstudy using Northern blots as a direct measure of gene

activity, mnDp10 was shown to increase the mRNA levels is limiting for full dosage compensation function.
Do X chromosome duplications make good modelsof uvt-4 and uxt-1, two X-linked loci not duplicated by

mnDp10 (B. J. Meyer, unpublished data). for the behavior of X chromosomes during dosage com-
pensation? Valid concerns temper the conclusions thatBoth sets of experiments were conducted before the

discovery of the dosage compensation complex, and it can be made on the basis of the DCC-binding properties
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of mnDp10. Any duplication that could act as a nucle- the dosage compensation machinery from binding. Al-
though our experiments do not discriminate amongation site for the spreading of the DCC onto an au-

tosome would be expected to cause hermaphrodite le- these possibilities, they do indicate that the DCC can
assemble on X DNA sequences removed from the con-thality. Presumably, such duplications would be selected

against during the isolation procedure, and therefore text of the entire X chromosome, implying that further
investigations using the GFP-tagged artificial-chromo-only duplications that fail to act as centers for nucleation

and spreading would have arisen. This concern is some assay to delineate candidate X recognition se-
quences may prove fruitful.heightened by the unusual number of duplications

attached to the right end of chromosome I, suggesting Important leads in the search for X recognition
elements may also emerge from the 14 families ofthat some selection for that attachment point occurred.

One possibility is that the presence of the 28S rDNA X-enriched sequence elements that were discovered and
mapped onto the X chromosome. The similarity be-repeat cluster at the right end of chromosome I might

preclude spreading and therefore select for the attach- tween C. elegans dosage compensation proteins and gen-
eral mitotic factors in worms and other organisms sug-ment of X duplications adjacent to it.

These caveats are difficult to address directly. Unfor- gests that understanding further how X is distinguished
from the autosomes in C. elegans will reveal fundamentaltunately, for the analysis presented here, it was essential

that the partial X duplications be physically attached to properties of chromatin recognition by more general
factors.an autosome, because unattached duplications are not

mitotically stable, and their loss during embryonic devel- We thank Aaron Straight for providing the lacO repeat plasmid
opment is difficult to monitor. In addition, only strains pSV2-dhFr8.32 used in the array studies and Aidyl Gonzalez-Serricchio

for providing plasmid pPD49-78, which expresses lacI-gfp under thethat are viable as duplication homozygotes are amenable
control of the hsp-16 heat-shock promoter. We are grateful to Donnato analysis because no practical way exists in our assay
Albertson for advice concerning microscopy and to Stuart Schererto distinguish among embryos with zero, one, or two
for advice concerning the analysis of X-enriched repeats.

copies of the duplication. These restrictions sharply re-
duce the number of duplications available for study.
Furthermore, chromosomal duplications are created es-
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females in flies vs. worms. Annu. Rev. Genet. 30: 637–702.repelling factors might exist on autosomes to prevent



1621X Chromosome Recognition in C. elegans

Csankovszki, G., B. Panning, B. Bates, J. R. Pehrson and R. Jae- Lieb, J. D., E. E. Capowski, P. Meneely and B. J. Meyer, 1996 DPY-
26, a link between dosage compensation and meiotic chromo-nisch, 1999 Conditional deletion of Xist disrupts histone mac-
some segregation in the nematode. Science 274: 1732–1736.roH2A localization but not maintenance of X inactivation. Nat.

Lieb, J. D., M. R. Albrecht, P. T. Chuang and B. J. Meyer, 1998Genet. 22: 323–324.
MIX-1: an essential component of the C. elegans mitotic machineryDavis, T. L., and B. J. Meyer, 1997 SDC-3 coordinates the assembly
executes X chromosome dosage compensation. Cell 92: 265–277.of a dosage compensation complex on the nematode X chromo-

Lyman, L. M., K. Copps, L. Rastelli, R. L. Kelley and M. I. Kuroda,some. Development 124: 1019–1031.
1997 Drosophila male-specific lethal-2 protein: structure/functionDawes, H. E., D. S. Berlin, D. M. Lapidus, C. Nusbaum, T. L.
analysis and dependence on MSL-1 for chromosome association.Davis et al., 1999 Dosage compensation proteins targeted to
Genetics 147: 1743–1753.X chromosomes by a determinant of hermaphrodite fate [see

Lyon, M. F., 1961 Gene action in the X chromosome of the mousecomments]. Science 284: 1800–1804.
(Mus musculus L.). Nature 190: 372–373.Dean, P., L. Mascio, D. Ow, D. Sudar and J. Mullikin, 1990 Pro-

Malpica, N., C. O. de Solorzano, J. J. Vaquero, A. Santos, I.posed standard for image cytometry data files. Cytometry 11:
Vallcorba et al., 1997 Applying watershed algorithms to the561–569.
segmentation of clustered nuclei. Cytometry 28: 289–297.DeLong, L. D., J. D. Plenefisch, R. D. Klein and B. J. Meyer, 1993

Marahrens, Y., J. Loring and R. Jaenisch, 1998 Role of the XistFeedback control of sex determination by dosage compensation
gene in X chromosome choosing. Cell 92: 657–664.revealed through Caenorhabditis elegans sdc-3 mutations. Genetics

Meller, V. H., 2000 Dosage compensation: making 1X equal 2X.133: 875–896.
Trends Cell Biol. 10: 54–59.Gorman, M., M. I. Kuroda and B. S. Baker, 1993 Regulation of

Meller, V. H., K. H. Wu, G. R. Roman, M. I. Kuroda and R. L.the sex-specific binding of the maleless dosage compensation pro-
Davis, 1997 roX1 RNA paints the X chromosome of male Dro-tein to the male X chromosome in Drosophila. Cell 72: 39–49.
sophila and is regulated by the dosage compensation system. CellGorman, M., A. Franke and B. S. Baker, 1995 Molecular character-
88: 445–457.ization of the male-specific lethal-3 gene and investigation of the

Meneely, P. M., and K. D. Nordstrom, 1988 X chromosome dupli-regulation of dosage compensation in Drosophila. Development
cations affect a region of the chromosome they do not duplicate121: 463–475.
in Caenorhabditis elegans. Genetics 119: 365–375.Gu, W., P. Szauter and J. C. Lucchesi, 1998 Targeting of MOF,

Meyer, B. J., 1997 Sex determination and X chromosome dosagea putative histone acetyl transferase, to the X chromosome of
compensation, pp. 209–240 in C. elegans II, edited by T. B. D. L.Drosophila melanogaster. Dev. Genet. 22: 56–64.
Riddle, B. J. Meyer and J. R. Priess. Cold Spring Harbor Labora-Herman, R. K., J. E. Madl and C. K. Kari, 1979 Duplications in
tory Press, Cold Spring Harbor, NY.Caenorhabditis elegans. Genetics 92: 419–435.

Meyer, B., 2000 Sex in the worm: counting and compensatingHerzing, L. B. K., J. T. Romer, J. M. Horne and A. Ashworth,
X-chromosome dose. Trends Genet. 16: 247–253.1997 Xist has properties of the X-chromosome inactivation centre.

Meyer, B. J., and L. P. Casson, 1986 Caenorhabditis elegans compen-Nature 386: 272–275.
sates for the difference in X chromosome dosage between theHirano, T., 1999 SMC-mediated chromosome mechanics: a con-
sexes by regulating transcript levels. Cell 47: 871–881.served scheme from bacteria to vertebrates? Genes Dev. 13: 11–19.

Mohandas, T., R. S. Sparkes and L. J. Shapiro, 1981 ReactivationHodgkin, J., 1983 X chromosome dosage and gene expression in
of an inactive human X chromosome: evidence for X inactivationCaenorhabditis elegans: two unusual dumpy genes. Mol. Gen. Genet.
by DNA methylation. Science 211: 393–396.192: 452–458.

Nusbaum, C., and B. J. Meyer, 1989 The Caenorhabditis elegans geneHsu, D. R., P.-T. Chuang and B. J. Meyer, 1995 DPY-30, a nuclear
sdc-2 controls sex determination and dosage compensation in XXprotein essential early in embryogenesis for Caenorhabditis elegans
animals. Genetics 122: 579–593.dosage compensation. Development 121: 3323–3334.

Ortiz de Solorzano, C., A. Santos, I. Vallcorba, J. M. Garcia-Jeppesen, P., and B. M. Turner, 1993 The inactive X chromosome
Sagredo and F. del Pozo, 1998 Automated FISH spot countingin female mammals is distinguished by a lack of histone H4
in interphase nuclei: statistical validation and data correction.acetylation, a cytogenetic marker for gene expression. Cell 74:
Cytometry 31: 93–99.281–289.

Ortiz de Solorzano, C., E. Garcia Rodriguez, A. Jones, D. Pinkel,Kelley, R. L., I. Solovyeva, L. M. Lyman, R. Richman, V. Solovyev
J. W. Gray et al., 1999 Segmentation of confocal microscopeet al., 1995 Expression of MSL-2 causes assembly of dosage com- images of cell nuclei in thick tissue sections. J. Microsc. 193:pensation regulators on the X chromosomes and female lethality 212–226.in Drosophila. Cell 81: 867–877. Palmer, M. J., V. A. Mergner, R. Richman, J. E. Manning, M. I.

Kelley, R. L., V. H. Meller, P. R. Gordadze, G. Roman, R. Davis Kuroda et al., 1993 The male-specific lethal-one (msl-1) gene of
et al., 1999 Epigenetic spreading of the Drosophila dosage com- Drosophila melanogaster encodes a novel protein that associates
pensation complex from roX RNA genes into flanking chromatin. with the X chromosome in males. Genetics 134: 545–557.
Cell 98: 513–522. Palmer, M. J., R. Richman, L. Richter and M. I. Kuroda, 1994

Klein, R. D., and B. J. Meyer, 1993 Independent domains of the Sex-specific regulation of the male-specific lethal-1 dosage compen-
sdc-3 protein control sex determination and dosage compensation sation gene in Drosophila. Genes Dev. 8: 698–706.
in C. elegans. Cell 72: 349–364. Penny, G. D., G. F. Kay, S. A. Sheardown, S. Rastan and N. Brock-

Koshland, D., and A. Strunnikov, 1996 Mitotic chromosome seg- dorff, 1996 Requirement for Xist in X-chromosome inactiva-
regation. Annu. Rev. Cell Dev. Biol. 12: 305–333. tion. Nature 379: 131–137.

Kuroda, M. I., M. J. Kernan, R. Kreber, B. Ganetzky and B. S. Baker, Plenefisch, J. D., L. DeLong and B. J. Meyer, 1989 Genes that
1991 The maleless protein associates with the X chromosome to implement the hermaphrodite mode of dosage compensation in
regulate dosage compensation in Drosophila. Cell 66: 935–947. Caenorhabditis elegans. Genetics 121: 57–76.

Lee, J. T., and R. Jaenisch, 1997 The (epi)genetic control of mam- Straight, A., A. Belmont, C. Robinett and A. Murray, 1996 GFP
malian X-chromosome inactivation. Curr. Opin. Genet. Dev. 7: tagging of budding yeast chromosomes reveals that protein-pro-
274–280. tein interactions can mediate sister chromatid cohesion. Curr.

Lee, J. T., and N. Lu, 1999 Targeted mutagenesis of Tsix leads to Biol. 6: 1599–1608.
nonrandom X inactivation. Cell 99: 47–57. Zhou, S., Y. Yang, M. J. Scott, A. Pannuti, K. C. Fehr et al., 1995

Lee, J. T., W. M. Strauss, J. A. Dausman and R. Jaenisch, 1996 A 450 Male-specific lethal 2, a dosage compensation gene of Drosophila
kb transgene displays properties of the mammalian X-inactivation undergoes sex-specific regulation and encodes a protein with a
center. Cell 86: 83–94. RING finger and a metallothionein-like cysteine cluster. EMBO

Lee, J. T., N. Lu and Y. Han, 1999 Genetic analysis of the mouse X J. 14: 2884–2895.
inactivation center defines an 80-kb multifunction domain. Proc.
Natl. Acad. Sci. USA 96: 3836–3841. Communicating editor: R. K. Herman


