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We show how a bird's-eye view of genomic structure can be
obtained at ~1-kb resolution from long (~2 Mb) DNA molecules
extracted from whole chromosomes in a nanofluidic laboratory-
on-a-chip. We use an improved single-molecule denaturation map-
ping approach to detect repetitive elements and known as well as
unique structural variation. Following its mapping, a molecule of
interest was rescued from the chip; amplified and localized to a chro-
mosome by FISH; and interrogated down to 1-bp resolution with
a commercial sequencer, thereby reconciling haplotype-phased
chromosome substructure with sequence.

D espite the sequencing of thousands of genomes (1), no human
genome—reference or individual—has been described to
completion (2): gaps remain in the genome reference sequence and
there is a discontinuity between the resolution of next-generation
sequencing and the resolution of cytogenetics. This gap leaves
structure in the kilobase-to-megabase range partly unmapped. The
nature and extent of highly repetitive regions—the centromeres,
rDNA on the short arms of acrocentric chromosomes, the long arm
of the Y chromosome—remain to be fully delineated, as do the
sequences embedded in these regions. Sequencing of individual
genomes (3) has also revealed that chromosome-scale amounts of
sequence do not align to the human reference genome (4, 5),
suggesting that substantial levels of sequence insertions are specific
to individuals or subpopulations. Structural variation (SV) com-
prising rearrangement, loss, or gain of genomic regions is in-
creasingly linked to phenotype and disease (6, 7). In cancer
genomes, SV can be extreme (8) and difficult to deconvolve.

All types and scales of SV pervade the human genome, but
a single approach cannot capture them all (9). For example, though
unbalanced SV can be readily ascertained by array technology,
balanced SV cannot; a comprehensive analysis by paired-end se-
quencing is challenging and cost-prohibitive. Single-molecule opti-
cal mapping (10-13) facilitates assembly of genomes and detects
SV, but haplotype phase is not preserved, because it requires con-
struction of a consensus map from many molecules. These mole-
cules cannot be recovered for further analysis, requiring larger
amounts of sample for analysis, which may not be available, e.g.,
single-cell sequencing and clinical samples. An attempt to combine
haplotyping and sequencing on Illumina flow cells was limited to
sequencing only at the ends of short fragments (<8 kb) (14).

Microfluidic laboratory-on-a-chip devices have been used to
separate individual chromosomes and extract genomic DNA (15,
16), enabling haplotype-phased genotype and sequence to be
obtained. Meanwhile, laboratory-on-a-chip systems incorporating
nanofluidics have been used to stretch and map DNA (17-19), but
their application to detecting SV has remained theoretical due to
technical limitations of the designs used. Existing platforms either
do not stretch and hold DNA well enough to consistently produce
accurate maps from a single molecule (20, 21), or they use in-
efficient labeling chemistry (22) and consequently cannot differ-
entiate between poor matches and actual structural variation
within a single molecule. These platforms also require purified
input DNA, which is typically sheared during handling steps,
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cannot produce maps longer than a few hundred kilobases, and
cannot readily recover the mapped DNA molecules to perform
conventional genomic analysis. Finally, although confinement in
nanochannels can provide high stretching under extreme buffer
conditions (23), it is desirable to achieve full stretching inde-
pendently of buffer composition.

Here we describe a laboratory-on-a-chip design that overcomes
these technical limitations and a procedure that offers an in-
tegrated view of human genome structure. By integrating a nano-
fluidic system with elongation flow into a laboratory-on-a-chip,
(i) haplotype-phased chromosome substructures can be visual-
ized on single megabase-scale molecules, (i) structural variation
ranging in size from a few kilobases to megabases can then be
detected, (iii) our experimental maps can be compared with the-
oretical maps based on different genome assemblies, and varia-
tions can be detected, and (iv) interrogation of the same molecule
can be zoomed out to the cytogenetic level and zoomed in to the
sequence level.

Results

DNA Extraction in a Laboratory-on-a-Chip Device Enables Megabase
Lengths of Chromosomal DNA to Be Mapped. We combined DNA
extraction, stretching, mapping, and recovery in a laboratory-on-
a-chip design that was fabricated with conventional UV lithog-
raphy and reactive ion etching (Fig. 1). Stained metaphase chro-
mosomes isolated from human cell culture were used as carriers
to deliver intact, single DNA molecule payloads of unprecedented
lengths (>2 Mb) from pipette tip to the micro/nanofluidic device
(Fig. 14). DNA was extracted from chromosomes in the inlet port
of the device and partially denatured before being renaturated
again (Fig. 14). Flow conditions minimized shear stress on the
long DNA molecule during its transport from bulk solution at the
inlet port through the microchannel to the nanoslit where it was
stretched to a linear configuration and imaged.

Because the stained DNA had undergone denaturation-re-
naturation (DR), a DR map composed of light and dark regions
could be observed over contiguous megabase-lengths of each
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Fig. 1. Fluidic chip design, DR mapping, and detection of SV in a single DNA molecule. (A) The chip is loaded with cell extract enriched in metaphase
chromosomes. Stained DNA is partially denatured and renatured, creating a fluorescence pattern (DR map). (B) The inlet ports of the chip connect to 5- to
10-um-deep microchannels for DNA handling, which feed into an 85-nm shallow nanoslit. This nanoslit effectively confines DNA molecules to 2D and stretches
them by opposing fluid flows from a second, perpendicular nanoslit. A megabase pair-long DNA fragment is (B) flow-stretched and (C) imaged, and (D) its DR
map is compared locally to the reference genome’s (hg18); chromosomal origin and structural variations are detected as good vs. poor matches.

individual molecule. Light regions had been less denatured, and
hence lost less intercalating dye, due to higher CG content,
whereas the reverse was true for the AT-rich dark regions.

Hydrodynamic Flow and Nanoconfinement Elongates Chromosomal
DNA to Crystallographic Length. Hydrodynamic drag stretched
the molecule up to 98% of DNA'’s crystallographic length of
0.34 nm/bp (SI Appendix). This stretching totally suppressed lon-
gitudinal Brownian motion of the molecule, enabling DR map-
ping of a single molecule with maximal resolution across large
maps: because longitudinal motion blur was nonexistent, maps
from overlapping fields-of-view could be merged with perfect
matching in overlap regions, without any rescaling, correction for
drift, or morphing (9, 20, 21) (SI Appendix, Fig. S3).

DR Map from a Single Megabase-Long Chromosome Fragment Can Be
Localized to the Human Genome. The genome of an African male
(NA18507) that has been studied extensively by sequencing (24—
26) was used to assess the performance of our single-molecule
mapping technique. DR maps of NA18507 single molecules
were compared with an in silico theoretical DR map computed
from the sequence of the human reference genome version 18
(hg18) using Bubblyhelix (www.bubblyhelix.org) (27) (Materials
and Methods).

Single DNA molecules were localized to their origin in the
genome with the algorithm used in Reisner et al. (20) for con-
sensus denaturation maps from multiple molecules: briefly, a
subset of Ly, consecutive pixels of the experimental DR map
(a “barcode”) was compared with the theoretical map by calcu-
lating a match score—the figure-of-merit function, y?—for each
position along the theoretical DR map (SI Appendix, Localizing
a Single DNA-Molecule Within the Genome),

1 +N o o 2
. [ cxp(la])_Pth(lv.])] I [1]

with /ey, (i, j) denoting normalized intensities on the experimental
DR map, and Py, (i,j) denoting the corresponding probabilities on
the theoretical map. The position in the reference genome where
x? is minimal is the origin of the DR-mapped DNA molecule,
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when the P value for accidental alignment is vanishing small (S
Appendix, Fig. S44).

We picked 21 molecules at random among 50+ we had DR
mapped. We identified each molecule’s origin within the human
genome unambiguously (SI Appendix, Table S1). For comparison,
(i) Reisner et al. (20) averages over 40 denaturation maps of
identical molecules for noise reduction before localizing their
origin; (if) recent mapping of Saccharomyces cerevisise DNA
succeeded in localizing 82% of individual molecules with correctly
formed barcodes within a genome that is 100+ times smaller (21).
Our success rate, 21/21, involves some luck, however: If one of
those 21 molecules had come from an unmapped part of the
human genome, we would have failed to identify its chromo-
somal origin. Similarly, molecules from Jurkat cells could not be
identified using the barcode approach (see below), likely due to
extensive structural variation.

Haplotype-Phased SV Is Detected on a Single DNA Molecule. After
a molecule has been localized within the genome, structural var-
iations are detected by piecewise comparison of the molecule’s
experimental DR map (each piece is a barcode) and the in silico
maps computed from the reference genome. We call this sliding-
window analysis. Here a window containing a barcode slides
across the full reference DR map, and each barcode is mapped
to its location in the genome. The match score y2,,; is plotted
against the position in the reference genome (SI Appendix, Fig.
S6). The )(me‘i signal is highly reproducible, as demonstrated in ST
Appendix, Fig. S13; we use this to detect SVs and identify typical
patterns in ;(fnin’i for various types of SVs (Fig. 2).

Detecting Large SV >0.1 Mb: Insertions, Deletions, Inversions, and
Translocations. A structural variation that covers more base pairs
than the individual barcodes that revealed it can be read directly
off the figure-of-merit plot. Thus, we identified the characteristic
patterns of an inversion (Fig. 2D) and a translocation (Fig. 2E) in
the figure-of-merit plots of two molecules from the NA18507 ge-
nome for which initial barcode matching had suggested a chro-
mosome 16 origin (Fig. 34) and a chromosome 19 origin (Fig. 3B),
respectively. Both matches were extremely unlikely to have oc-
curred by chance (P =5 - 1072 and P = 4 - 107, respectively).
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Fig. 2. How to detect multiple types of SV with sliding-window analysis. SV is detected by a characteristic peak in the score plots (A-E, Upper), which show the
best match score (y2,, ;) as a window of a given length (Ly) is slid along the DR map. The size and type of SV is further determined from position plots (A-E, Lower),
which compare the location of the sliding window to the location in the reference genome that gives the best match; these produce a continuous 45° line when no
SV is present. Characteristic signals for both plots are shown for (A) insertions, whose length (A;,,) can be determined from position plot, illustrated by (B) ex-
perimental data showing a 7-kb insertion (S/ Appendix, Fig. S11). (C) Deletions are similarly detected. (D) Large-scale inversions are detected by comparing the
match scores of the DR map to the direct (blue) and inverted (red) reference genome, which intersect at the inversion breakpoint. (E) Large-scale translocations/
insertions (A;,s > Ly can be identified as in A (blue) and identified (E) by comparison with the reference genome at the origin of the translocated segment (red).

In the molecule that matched to chromosome 16 (Fig. 34), we
saw a large genomic inversion (>0.5 Mb) with a ~140-kb over-
lapping region. This inversion was previously detected by paired
fosmid end sequencing of the NA18507 genome (28) and is
a variant that has been frequently observed in individual genomes
[e.g., the Venter genome (4) is homozygous for this inversion]. The
molecule, whose map matched best to a subtelomeric region of
chromosome 19, contained a central portion that belonged to
chromosome 9 (Fig. 3B), according to the reference genome. This
observation can be explained as a copy number polymorphism/
segmental duplication or a translocation. The chromosome 9 in-
sertion is between two genic regions on chromosome 19; there are
no segmental duplications or SVs reported in the UCSC Genome
Browser (http://genome.ucsc.edu/) for this region, but duplications
are known to be ~10-fold enriched within subtelomeric regions
(29). We also observed several other well-delimited cases of poor
matching (manifested as peaks in 2, ; see below) between ex-
perimental DR maps and in silico maps based on the hgl8 refer-
ence; they suggest the presence of smaller SVs.

Detecting Small SV <0.1 Mb: Insertions and Deletions. Even for SV
significantly smaller than the barcode, insertions and/or deletions
yield characteristic features of the figure-of-merit plot (Fig. 2. A-
C). As the barcode is “slid” across the breakpoint of a structural
variant, the match score 2 . increases significantly due to local
mismatching of the barcode to the reference DR map, and then
decreases again as the barcode passes the SV. The slope of the
increase and decrease is a function of the barcode length and
therefore produces a characteristic signal (ST Appendix, Detecting
Structural Variations). When plotting the position b; on the theo-
retical DR map vs. the origin i of each barcode on the experi-
mental DR map, the corresponding pairs of values, (i, b;), will
deviate from the (almost) straight line: they will follow it before
the SV is encountered, and they will follow another, but parallel,
straight line after passing the SV. An insertion (Fig. 2.4 and B) in
the experimental map relative to the theoretical map will shift the
(@, b;) line downward, whereas a deletion will shift the line upwards
(Fig. 2C). The size of this shift reveals the size of the variation. We
therefore can identify the location of the SV from the peak in
x2..; and the size of the SV from the shift of the (i, b;) line.

We successfully used this method to detect small SVs. For
example, in a molecule that mapped to chromosome 7 from 41.6
to 42.8 Mb, the y2,;, plot indicated that SV was present at 42,491

Marie et al.

kb, as observed in Fig. 2B (see Fig. 5B). The shifts observed in
the (i, b;) line indicated the SVs as an insertion of 7 kb. Previous
studies of NA18507 (25) and of NA19129 (28) observed deletions
in this region. The structural variation we observe, however, is not
a simple, isolated insertion: the width of the peak indicated by the
red lines in Fig. 2B marks a 15-kb region, which clearly matches
better than the 7-kb region marked by the dashed gray lines; this
difference suggests a collection of several different variations
adding up to a ~7-kb insertion over a 15-kb interval.

Mapped DNA Molecules Can Be Recovered to Provide Complementary
Genomic Analysis. The DR map of a single molecule bridges the gap
between the bird’s-eye view of cytogenetics and the worm’s-eye
view of current-generation DNA sequencing. We expanded our
analysis to a genome with known instability to explore how on-
chip DR mapping could be coupled with conventional genomic
analysis, such as DNA sequencing, genotyping, and FISH, and
thereby reconcile genetic variation of all length scales. Metaphase
chromosomes from an acute T-cell leukemia cell line (Jurkat)
exhibit substantial mosaicism and genome instability at the cy-
togenetic level, as observed by multicolor FISH (mFISH) of
cultured Jurkat cells at a typical ~2-Mb resolution (S Appendix,
Fig. S15).

Jurkat chromosomes were loaded onto the laboratory-on-a-
chip device, and DR maps were generated. The visual images of
the mapped DNA are striking: long-range structure is readily
apparent, with two blocks of repetitive elements clearly visible as
repeating patterns along the DNA molecule, as shown in Fig. 44.
Analysis of the DR maps allowed us to determine the repeat unit
lengths, 40.4 + 0.5 kb and 6.3 + 0.1 kb, from the periodicity. The
genomic instability that we observed extended to scales below
the DR mapping as well: Barcodes from the Jurkat DR maps did
not map to the reference genome, suggesting that Jurkat DNA
repeatedly differs from the reference assembly at sub—2-Mb level
in the realm between the scales that can be captured by se-
quencing and FISH.

To analyze the DNA at the sequence level, we used our lab-
oratory-on-a-chip device to recover a DR-mapped DNA mole-
cule, amplified it, and then carried out next-generation DNA
sequencing and FISH analysis. Comparing the sequencing reads
to the reference genome (Fig. 4E; SI Appendix, Fig. S14) sug-
gested the molecule originated from a 3-Mb region of chromo-
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Fig. 3. Detection of SV in single fragments of the NA18507 genome. (A) The
DNA molecule is found to originate from chr16 (blue). Comparing the DR
map again to the reverse-orientation chr16 reference sequence (red) reveals
an inversion larger than 0.5 Mb at position 21.4 Mb in the DNA sample. The
~140-kb fragment at the junction can be read both ways. (B) Similarly, an-
other molecule largely matches chr19 (blue, 61.4-62.7 Mb), but includes
a ~130-kb translocation from chr9 (red, ~22.1-22.3 Mb).

some 9, centered on ~110 Mb. This position is colocal with the
9g31.2 chromosome band identified by FISH (Fig. 4F).

The sequence information also allowed us to assess whether
our data derived from a single haplotype and to confirm that we
had isolated a single DNA molecule. We compared the rates of
heterozygosity in the genotype of the Jurkat genome (47/70
SNPs) to our sequencing data from the rescued molecule (0/70

SNPs), which confirmed that we had indeed isolated a single
molecule and hence a single haplotype.

This rescue-and-sequence option is unique to our method of
single-molecule mapping. With this option we have demonstrated
how single-molecule mapping, sequencing, and cytogenetics can
be combined to produce a comprehensive interrogation of a large
genomic region by looking at just a single molecule.

Discussion

The comprehensive detection of SV remains challenging, partic-
ularly because the sets of SVs determined with different experi-
mental methods overlap only partially (2). We consequently tested
our technique on the NA18507 genome of a male from Yoruba in
Ibaden, Nigeria, for which three previous studies had reported
SVs. Kidd et al. (28) sequenced both insert ends of fosmid clones
by the Sanger method. McKernan et al. (25) used mate-pair li-
braries and next-generation two-base color-coded SOLID se-
quencing. Both approaches discovered SV by detecting reads that,
in comparison with reference, differed from the expected insert
size or orientation. In contrast, Li et al. (24) used de novo assembly
of short reads from an Illumina Genome Analyzer to generate
contigs, which were compared with the reference; instances of
discordance were reported as SV. This approach could not access
heterozygous SV or SV in repetitive regions, and did not analyze
SVs larger than 50 kb.

We used DR maps from NA18507 to compare the genome as-
sembly from Li et al. (24) and the reference human genome
(hg18). In cases where Li et al. (24) suggested SVs larger than ~1
kb, the experimental DR maps almost always fit better to the un-
modified hgl8 reference—i.e., with a lower x> value—than the
assembly based on Li et al.’s (24) data, which fits with a larger x*
value (Fig. 54). Comparisons to SVs determined by mate-pair
sequencing had better concordance with the SV determined by
experimental DR maps, but the deletions observed by McKernan
etal. (25) on NA18507 and by Kidd et al. (28) on NA19129 cannot
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Li et al. (24) assembly incorrectly identified large SV (>1 kb), whereas regions where the assembly was a better fit (y7, —;(ﬁgm <0) were found in locations

where the authors identified a collection of smaller structural variants.

account for the large isolated insertion (7 kb) we found at 42,491 +
4 kb (Fig. 5B). We conclude that this is a previously uncharacterized
variant detected in a variant-prone area of the genome. In the same
region, however, an assembly of many small variants from the set by
Li et al. (24) made the DR map fit this assembly better than it fits
the hg18 reference, which indicates that de novo assembly is better
suited to discovering small variants and that at longer lengths the
verity of de novo assembly breaks down. Indeed, recent compar-
isons have shown that different de novo assembly algorithms pro-
duce large differences in assembly (30).

A wide range of SVs can be detected with our method, from a
few kilobases up to the size of the fragments isolated (a few meg-
abases). This size range lies between the detection limits of SV
detection with DNA sequencing and cytogenetics. There might be
variants that do not lead to a visible change in local base composi-
tion at a given temperature; these might be captured by integrating
data from maps taken at multiple denaturation temperatures.
Nevertheless, it was demonstrated that experimental DR maps of
single molecules can be used to compare and evaluate de novo as-
semblies by comparing y” values of the DR maps to different as-
semblies (Fig. 5). Thus, DR maps, like other optical maps (31, 32),
have the potential to guide de novo assemblies of entire genomes.

Our approach has some distinct advantages: (i) There is little
chance of DNA loss, particularly if effective chip passivation is
used, because DNA is extracted and interrogated on the same
chip; (ii) the overall workflow (Fig. 4C) is simple; (iii) fabrication
of chips used here requires no nanolithography, so low-cost in-
jection-molded plastic chips might be used (33); and (iv) the pro-
cess is amenable to automation, because analysis is done directly
on unamplified genomic DNA, and the only reagent required is
intercalating dye. Compared with the laboratory-on-a-chip tech-
nologies based on nanochannels, the present device gives a higher
stretching independently of the buffer composition (~98% vs. 50—
90%) (20, 22, 23).

The fact that we obtain a robust map from just one molecule
opens new avenues: single-molecule genomic maps from single
cells could be determined, enabling, for example, characterization
of cellular heterogeneity within solid tumors and examination of
rare cells from blood or metagenomic samples. More specifically,
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the ultra-long-range, high-resolution DR maps of the genome
that are obtained, will enable investigation of inversions and re-
petitive elements known to be sources of phenotypic variation but
not easy to detect (34). Our integrated approach will enable long-
range haplotype phase to be added to genome sequence and
structure without resort to cloning (35), pedigree analysis, or
population inference (36), with implications for many fields, in-
cluding cancer genomics, plant genetic breeding, clinical genetics,
and tissue-matching for transplantation.

Materials and Methods

On-Chip DNA Extraction from Chromosomes. The nanofluidic device comprises
inlet ports and microchannels at a depth of 5 pm connecting a cross-shaped
nanoslit having a depth of 85 nm. The device was mounted onto a chuck
that enables solution to be pipetted in and out of the inlet/outlets and to
connect air hoses for creating flows into the device. BSA at 1 mg/mL was
flushed through the device for 5 min using a 100-millibar pressure drop.
Then 30 pL of 0.1 mg/mL Proteinase K in buffer [0.1 mg/mL BSA, 3% (vol/vol)
2-Mercaptoethanol, 0.5% Triton-X, and 0.5x degassed Tris-borate EDTA]
was loaded into the inlet port; immediately after, 5 pL of stained cell extract
containing 50-100 chromosomes was added. Protease digestion of the
chromosomes was performed by heating the temperature of the solution
inside the wells to 37-40 °C with a heating cartridge at the center of the
chuck in contact with the backside of the device (16).

DR Mapping Acquisition. After sealing the openings, the chuck with the
mounted device was moved to a convection oven at 90 °C (alternatively,
a water bath at 76 °C), and the heating cartridge was set to 76 °C. The
temperature of the solution inside the wells of the chuck increased and
stabilized at 76 °C within 30 min (shorter for the water bath). This ramp was
less than 0.5 °C/min. The temperature was kept at 76 °C for a few minutes
before the chuck was set on ice, which cooled the solution inside the wells to
room temperature within 3 min. The same maximum annealing temperature
was used in all experiments and was chosen to maximize the contrast by
adjusting it to the global melting temperature of the DNA at the salt con-
centration used. The melting temperature is defined as the temperature
where 50% of the base pairs are open/closed. The local melting temperature
may vary considerably from the global one, and these local differences
produce the light and dark regions that make up the DR map. The digested
contents of the inlet cavity were flowed into the microchannel at a pressure
drop below 20 millibars. When close to the slit entrance, the DNA was forced
in by pressure applied to both inlet ports of the microchannel (S/ Appendix,
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Fig. S1A). When free DNA ends occupied opposite microchannels (S/ Ap-
pendix, Fig. S1B), the pressure drop across the slit was reduced. The DNA was
manipulated in a left/right motion by manipulating the flow between
microchannels. The DNA was flow-stretched (S/ Appendix, Fig. S1C) by ap-
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ing 50-ms exposure and maximum gain. Images covering the whole slit were
created by overlapping neighboring fields of view.

Recovery of Mapped DNA Molecule for Conventional Analysis. After imaging
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nanoslit into one of the outlet ports free of DNA before receiving the imaged
molecule. Using a 200-millibar pressure drop, the contents of the microchannel
were flushed to one of the wells and collected by micropipetting (typically 10
pL) using a silanized pipette tip. The sample was amplified by multiple dis-
placement amplification (Qiagen), and its analysis is described in S/ Appendix.
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implementation of the Poland-Scheraga model for the thermodynamics of
the helix—coil transition of DNA. The program takes as input measured val-
ues for the enthalpies and entropies of the 10 independent base-pair
duplexes, which depend on the salt concentration. Entropic contributions
from internal loops are also included (37, 38).
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