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Abstract
Background: The transcription start site of a metazoan gene remains poorly understood, mostly
because there is no clear signal present in all genes. Now that several sequenced metazoan
genomes have been annotated, we have been able to compare the base composition around the
transcription start site for all annotated genes across multiple genomes.

Results: The most prominent feature in the base compositions is a significant local variation in
G+C content over a large region around the transcription start site. The change is present in all
animal phyla but the extent of variation is different between distinct classes of vertebrates, and the
shape of the variation is completely different between vertebrates and arthropods. Furthermore,
the height of the variation correlates with CpG frequencies in vertebrates but not in invertebrates
and it also correlates with gene expression, especially in mammals. We also detect GC and AT
skews in all clades (where %G is not equal to %C or %A is not equal to %T respectively) but these
occur in a more confined region around the transcription start site and in the coding region.

Conclusions: The dramatic changes in nucleotide composition in humans are a consequence of
CpG nucleotide frequencies and of gene expression, the changes in Fugu could point to primordial
CpG islands, and the changes in the fly are of a totally different kind and unrelated to dinucleotide
frequencies.

Background
Genomic DNA sequences display compositional hetero-
geneity on several scales–for example, long-range varia-
tions in G+C content (large blocks of DNA of
homogeneous composition are often referred to as "iso-
chores" [1]), CpG suppression in vertebrate genomes [2],
or skews caused by mutation biases intrinsic to mutation
and repair mechanisms [3]. Both neutralist hypotheses

and selectionist hypotheses have been made to explain
the various compositional variations [4,5]). Until recently
it was difficult to investigate more local variations in base
composition (for example, at one position relative to
some genomic signal). Although there are currently many
efforts to understand metazoan gene regulation and tran-
scriptional control, we have only a limited knowledge of
the exact start of transcription. In this study we re-evaluate
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the average base composition around the transcription
start site (TSS) of animal genes. We could both confirm
several aspects regarding nucleotide composition and we
were able to discover new aspects, especially in inverte-
brates. It is most obvious from our results that the average
nucleotide composition around the transcription start site
across the genome is significantly different from the com-
position in the intergenic and coding regions and some
aspects of these composition variations are furthermore
different among the investigated species.

Results and discussion
Comparing Ensembl and DBTSS human gene start 
annotations
From the extraordinary shapes of the composition profiles
calculated using the gene start annotations of Ensembl
(Figure 1B and Figure 2) it can already be postulated that
a significant degree of correct start annotation must be
present in Ensembl to get such high resolution. To double
check this statement (for human only) we have down-
loaded all human promoter sequences from the Database
of Transcriptional Start Sites (DBTSS). DBTSS contains
exact information of the genomic positions of the tran-
scriptional start sites and the adjacent promoters for sev-
eral thousands of human genes [6]. It can be seen from
Figure 1 that the Ensembl data (using 5000 randomly
selected genes with at least 100 bp 5'UTR) is noisier but
that most of the composition characteristics (as discussed
below) are also present in the profiles generated from the
Ensembl data. The TATA box is less clear and GC rise is

lower for the Ensembl data than for the DBTSS data. We
have also checked the quality of the Drosophila start points
by comparing the nucleotide frequencies around Ensembl
(i.e., annotation from FlyBase) gene starts with a data set
of experimentally determined TSSs of [7], and they were
highly similar [see Additional file 1].

Variations in base composition in different phyla
Figure 2 shows the nucleotide frequencies around TSS for
human, fly, and Fugu. A characteristic that is shared
among all investigated species is that the A/T content (W)
is greater than the G/C content (S) in the intergenic
region, for example, at -2000 bp upstream of the TSS. This
is the result of the fact that in general the G:C→A:T base
pair transition frequency is significantly higher than that
of the reverse T:A→C:G transition. Thus accumulation of
neutral substitutions results in a generally GC-poor com-
position of mammalian genomes [8], and apparently also
of other vertebrate and also invertebrate genomes. We will
further denote this composition as the intergenic back-
ground composition (IBC), and we will denote a differ-
ence between the A+T content and the G+C content as
∆WS = [(A+T)-(G+C)]/(A+T+G+C).

The most notable features of the composition profiles are
the dramatic changes in ∆WS in the region [-1000,+1000]
around the TSS. In human for example, ∆WS changes
from ~10% in the IBC to ~-20% at the TSS. A similar
polarity switch of ∆WS can be seen in the other verte-
brates: mouse, rat, Fugu, and zebrafish (see Figure 2C for

Nucleotide frequencies around the experimentally determined transcription start site (A) and around the annotated gene start in Ensembl of all genes in DBTSS (A) and 5000 randomly selected genes from Ensembl (B)Figure 1
Nucleotide frequencies around the experimentally determined transcription start site (A) and around the annotated gene start 
in Ensembl of all genes in DBTSS (A) and 5000 randomly selected genes from Ensembl (B).
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Fugu and see Additional file 1 for mouse, rat, and
zebrafish). The mouse patterns are similar to human. The
Fugu and zebrafish patterns also have the same shape with
a polarity switch but the composition starts to change
later than in mammals and is restored faster as well. The
cause of the fast drop in G+C content might be that the
5'UTRs in fish are much shorter than in human so the cod-
ing region (where codon usage largely determines base
composition) starts immediately after the TSS. A common
explanation for the G+C rise that is seen here in the mam-
malian profile in the proximity of the TSS is the presence
of CpG islands, which is related to DNA methylation, or
more precisely to a lack of DNA methylation (see below).
Drosophila (Fig. 2B) also shows a significant change in
∆WS, but without a polarity switch: it increases from
~12% in the IBC to ~26% at the TSS. The maximal differ-
ence between ∆WSIBC and ∆WSTSS is not reached at the TSS
itself as in vertebrates, but about 150 base pairs before the
TSS. The Drosophila patterns, showing almost an opposite
behavior to that of vertebrates, seems odd at first sight, but
because of the absence of DNA methylation in Drosophila,
a rise in G+C caused by an over-representation of CpG
dinucleotides would not be expected anyway (although
DNA methylation in insects has been the subject of some
debate [9]).

Interestingly, because Drosophila does have a change in
∆WS, namely an opposite change to that of vertebrates,
there are perhaps factors other than DNA methylation
that influence the base composition in this species. One
factor could be the general presence of more AT-rich bind-
ing sites for transcription factors or histone modification
factors [10]. An alternative hypothesis could be that
another type of DNA modification than CpG methylation
would be involved in a genome-wide marking of pro-
moter regions in Drosophila.

Nucleotide composition and CpG islands
Above we have made the remark that the G+C rise in
mammals and maybe generally in vertebrates is probably
caused by the higher number of CpG dinucleotides in the
promoter region. Normally CpGs are present at a fre-
quency of only ~1.5% instead of their expected frequency
of ~5% based on the individual frequencies of C and G
(0.225 × 0.225). Indeed, most CpGs in the genome are
methylated at the cytosine [11] and these methylated
cytosines frequently mutate to thymines [12].

To investigate the relationship between CpG frequency
and the observed composition profiles, we compared the
base compositions between genes with and without a
CpG island around the TSS. We did not use a CpG predic-
tion algorithm however to separate CpG-related genes
from non-CpG-related genes because CpG island predic-
tion is done using an arbitrary threshold on the number
of CpG doublets as compared to the genome frequency.
Instead we have taken another approach by simply count-
ing the CpG doublets in the [-400,+400] region around
TSS. The same technique was used by Ioshikes and Zhang
[13]. A histogram of CpG numbers for 5000 randomly
selected genes is bimodal for human (Fig. 3A), but not for
fly nor fish (see Figure 3). For human, the first peak repre-
sents the genes with CpG numbers that correspond more
or less to the genome frequency and the second peak rep-
resents genes with more than expected numbers of CpGs.

The histogram of CpG scores for fish (Fig. 3C) shows
almost no distinct second peak, but the distribution is
slightly broader than the first peak of the human distribu-
tion. This could mean that there is some DNA
methylation and some CpG over-representation around
TSS but not as much as in human. Auf der Maur et al. [14]
have suggested that CpG islands of fish may represent a

Nucleotide frequencies around the annotated gene start in Ensembl, calculated from 5000 randomly selected genes in human (A), Drosophila (B), and Fugu (C)Figure 2
Nucleotide frequencies around the annotated gene start in Ensembl, calculated from 5000 randomly selected genes in human 
(A), Drosophila (B), and Fugu (C).
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primordial stage of CpG island evolution. This could
indeed be a plausible explanation for the Fugu
distribution.

The distribution of CpG frequencies in Drosophila is a nor-
mal distribution (Fig. 3B), which means that there is noth-
ing special about CpG doublets in Drosophila and agrees
with the absence of DNA methylation in Drosophila. To
test whether another dinucleotide than CpG is over-repre-
sented around TSS in fly, we have performed the same
analysis for the fifteen other possible dinucleotides and
looked for a distribution like the CpGs for human or fish,
but all dinucleotide frequencies were normally distrib-
uted and similar to the CpG distribution, although the
WpW dinucleotides (AA, AT, TA, TT) had a slightly
broader distribution and a higher mean [see Additional
file 1].

To see the effect of the CpG concentration on the overall
nucleotide composition we have plotted the base compo-
sition profiles separately for the 15% lowest scoring and
the 15% highest scoring genes (see Figure 4). In human
(Fig. 4A,4B), this shows that ∆WS can be completely
attributed to CpG over-representation. The results for
Fugu (Fig. 4C,4D) show that some genes could have CpG
islands (Fig. 4D) since for those the nucleotide composi-
tion is similar to the mammalian profiles. This again can
be in agreement with the hypothesis of primordial CpG
island evolution in other vertebrates than mammals,
although other tests are needed to check for a possible
functional consequence of the differences between the
extremes of the CpG frequency distribution. If we look at
the two ends of the distribution of AT dinucleotides in
Drosophila, we can see a similar breaking apart of the com-
position profiles into genes with a small ∆WS and genes
with a large ∆WS (Fig. 4E,4F). The question remains
whether these gene classes in Fugu and fly also have a

functional meaning like in human, or that these visualiza-
tions are artefacts due to plotting the extremes of the dis-
tributions. Below we will test the dependency of the
composition profiles on gene expression.

Nucleotide composition and gene expression
It is generally known that the presence of a CpG island
around the TSS is related to the expression pattern of the
gene. Unmethylated DNA can have an open chromatin
structure that facilitates the interaction of transcription
factors with the promoter region [15]. Housekeeping
genes (HK genes), which are transcribed in all somatic
cells and under all circumstances (and thus should be eas-
ily activated) frequently have a CpG island in their pro-
moter region [16,17]. Ponger et al. [17] showed that early
embryo genes (both housekeeping and tissue specific
genes) that are active at the totipotent cell stage or in the
blastocyst are associated with CpG islands [17]. We have
shown above that our composition profiles are caused by
CpG islands, so we can expect to see differences in base
composition between genes with different expression pat-
terns. We identified sets of widely and narrowly expressed
genes using microarray data using a similar analysis as
Eisenberg and colleagues in [18]. We used microarray
expression data from 101 different samples taken from 47
different human tissues and cell lines under normal phys-
iological state [19]. The experiments measuring replicates
of the same biological condition were averaged to reduce
the measurement noise, resulting in 47 data points per
probe. We have selected three probe sets with an average
reading above 200 standard Affymetrix difference units
[18] in the following conditions: (1) in all tissues, these
are widely expressed genes; (2) in 20 to 29 out of 47 tis-
sues (medium expression); and (3) in only 1 tissue
(narrow expression). Then we mapped the Affymetrix
probe identifiers to HUGO gene names using MatchMiner
[20] and used these lists to retrieve the corresponding

Frequency distributions of the CpG dinucleotide in the [-400,400] region around the TSS in human (A), fly (B), and Fugu (C)Figure 3
Frequency distributions of the CpG dinucleotide in the [-400,400] region around the TSS in human (A), fly (B), and Fugu (C).
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Nucleotide frequencies of several gene classes, separated according to the concentration of a dinucleotide in the [-400,400] region around the TSSFigure 4
Nucleotide frequencies of several gene classes, separated according to the concentration of a dinucleotide in the [-400,400] 
region around the TSS. A. Human genes with few CpG doublets. B. Human genes with many CpG doublets. C. Fugu genes with 
few CpGs. D. Fugu genes with many CpGs. E. Fly genes with many ApTs. F. Fly genes with few ApTs.
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sequences using EnsMart. The size of the sets are respec-
tively 647, 886, and 783 genes. Figure 5 shows the average
base composition graphs for the three sets. It can be seen
that the more widely the genes are expressed, the more
pronounced are the variations in ∆WS. A more direct com-
parison of the ∆WS values for these three gene sets is
shown in Figure 6A where ∆WS is plotted along the
sequence. From this plot two observations can be made:
(1) ∆WS differs between the groups in the background
(e.g., 0.1 versus 0.05 for 1 tissue respectively all tissues);
and (2) these differences increase around the TSS (-0.17
for 1 tissue versus -0.29 for all tissues, an increase by factor
two). The first observation can be linked with literature
evidence on GC isochores. Namely, the location of widely
expressed genes tends to be correlated with GC-rich iso-

chores [21], and the GC content of exons, introns, and of
GC3 positions in GC-rich isochores is higher than in GC-
poor isochores.

To assess whether the second observation, which is the
focus of this work, is statistically significant, we have cal-
culated the Average Log-Likelihood Ratio (ALLR) between
the nucleotide distributions of different expression groups
(the formula is given in the Methods section). ALLR was
proposed by Wang and Stormo [22] to distinguish proba-
bility distributions from each other, as well as from the
background. As background profile we use 5000
randomly selected genes. The ALLR has positive values in
the regions where the two compared distributions are sim-
ilar. An illustration of how an ALLR profile behaves for

Nucleotide frequencies of three human gene groups: genes with a narrow expression pattern (A), a medium pattern (B), and a wide pattern(C)Figure 5
Nucleotide frequencies of three human gene groups: genes with a narrow expression pattern (A), a medium pattern (B), and a 
wide pattern(C).

∆WS profilesFigure 6
∆WS profiles. ∆WS = [(A+T)-(G+C)]/(A+T+G+C) is plotted on the y axis, at each position x. (A) Differences between the 
∆WS profiles for human gene groups with narrow, medium, and wide expression can be observed. The significance thereof is 
assessed (see text and Figure 7). (B) For the orthologous genes in Fugu, there are no observable differences. (C) For narrow 
and wide expression groups in Drosophila, only small differences are present.
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similar distributions is shown in Figure 7 (red, upper
curve) where the base composition of the gene group with
narrow expression is used for both distributions. What
would the ALLR profile look like if the differences in ∆WS
between gene groups can be attributed completely to dif-
ferent representations of GC isochore families? To test
this, we calculated the ALLR between the gene group with
narrow expression and the same data with artificially
increased G+C content (middle, blue curve in Figure 7).
This curve lies below zero, so the distributions differ.
However, the ALLR between the narrow and wide expres-

sion groups (lower, black curve) deviates from this curve
around the TSS. Here, severe differences between the
groups cause the ALLR to decrease further. The CpG dou-
blet counts start to play a more dominant role. Note that
this does not rule out the possibility that both phenom-
ena (GC isochores and CpG islands) are outings of the
same selection pressure.

These results prove that the composition changes and the
effect of methylation on gene expression are functionally
conserved (and largely independent of isochore location),

ALLR (Average Log Likelihood Ratio) at each position along the aligned DNA sequences, comparing different distributionsFigure 7
ALLR (Average Log Likelihood Ratio) at each position along the aligned DNA sequences, comparing different distributions. For 
the red (upper) curve the two compared distributions are the same. The curve lies above zero. Around TSS, the ALLR 
increases due to a higher similarity with the background profile (5000 random genes). The blue (middle) curve again represents 
the ALLR values comparing the "1 tissue" expression group with itself, but now the G+C content of one distribution was arti-
ficially increased to test the effect caused by GC isochores. The black curve (bottom) compares the "1 tissue" with the "all tis-
sues" expression groups. It represents two effects: one of the GC isochores (where it coincides with the blue curve), and one 
of the CpG island effect (where it deviates from the blue curve around TSS).
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and that the nucleotide compositions are not the result of
some kind of mutational bias. The fact that widely
expressed genes, regardless of the level of expression,
would need a promoter that is easily accessible (e.g., by an
open chromatin structure) would make sense in an evolu-
tionary perspective. For these genes one could expect that
their regulation depends less on specific cis-regulatory
modules than on the accessibility of the proximal
promoter. To test whether the nucleotide composition
also depends on gene expression in Fugu, we have worked
under the assumption that Fugu genes that are ortholo-
gous to human genes that are widely (or narrowly)
expressed, are also widely (or narrowly) expressed. For
each of the three human gene sets above, the Fugu orthol-
ogous genes were retrieved from the Ensembl data base,
the nucleotide frequencies were calculated, and ∆WS was
plotted (see Figure 6B). As opposed to human, almost no
variation between the groups is observed, maybe because
the control of methylation (i.e., keeping promoters
unmethylated; for human this is reflected in the second
peak of the bimodal CpG distribution) is not or only
slightly present in Fugu. It cannot be ruled out however
that the absence of a clear trend could be due to the fact
that the expression patterns among orthologous genes are
not well preserved or again that the gene start annotations
are of too low quality.

Drosophila shows a completely different behavior in com-
position changes so we were interested to see whether
these changes also vary with the level of gene expression.
Unfortunately we could not find a similar microarray
experiment in Drosophila that compares different tissues
under normal circumstances, and the mapping of human
genes to Drosophila orthologs results in too few genes. As
an alternative we have selected gene sets with different EST
expression patterns from the Unigene database, namely
(1) Unigene clusters with only one expression site (and
leaving out the clusters with whole body expression) (nar-
row expression) and (2) the 2000 clusters with the most
expression sites (wide expression). ∆WS for these two sets
is displayed in Figure 6C. The difference between the pro-
files of wide and narrow expression is minimal. The A+T
maximum and the G+C minimum (as in Figure 2B) are
more or less the same, only the rise in A+T is a little bit
steeper in the widely expressed genes (not shown, but
reflected in the ∆WS plot of Figure 7C). This finding how-
ever might be caused by the quality of the data set and
since there is a small observable difference we would not
rule out the possibility that differences could be seen in
the future when more appropriate data sets are available.

GC and AT skews around the TSS
Chargaff's second parity rule states that the number of As
equals the number of Ts, and the number of Cs equals the
number of Gs in a single strand over windows of sufficient

size, often in the order of 1000 bp [23]. In our composi-
tion profiles, at least in the intergenic regions, the number
of As also equals the number of Ts (and %G=%C), but this
is measured at one position across 5000 genes. An
'ergodic' version of Chargaff's second parity rule seems to
hold. This variant rule is broken in the [-60,+60] region
around the TSS, and also further downstream of the TSS in
most species. In vertebrates %A > %T and %G > %C and
in invertebrates %T > %A and %C > %G. Such differences
are called AT and GC skews and they are measured as (A-
T)/(A+T) and (G-C)/(G+C) respectively. The same obser-
vation was also made by [24]. The transcription process is
asymmetric and might bias mutation patterns between
the transcribed and nontranscribed strands by exposing
the nontranscribed strand to DNA damage [25]. Both
transcription-coupled repair and deamination have been
shown experimentally to produce an excess of C→T muta-
tions on the nontranscribed strand in E. coli [26,27].
Green and colleagues have shown that A→G transitions
can occur significantly more than T→C transitions in tran-
scribed than in non-transcribed regions (in mammals),
which can explain the GC skew (G > C) that is present in
the whole region after the TSS in vertebrates [3] (we have
used the nontranscribed or synonymous strand in all the
analyses). In general, they show that transcripts have a sig-
nificant G+T compositional excess, and we also see that T
> A after TSS. Majewski performed a genome-wide study
in human and reported the same mutational asymmetry
and he further established a correlation between this sym-
metry and gene expression [8]. All of this however seems
only to make sense for the vertebrate skews. Since A > T
after the TSS in Drosophila (while the opposite is true in
human), either the transcriptional machinery that causes
the mutational bias differs between these organisms, or
else the skews are functionally conserved with a different
function in the two phyla. A last observation regarding
skews is the sudden AT skew (where the A and T profiles
separate in the plots) that occurs right before the TSS in
vertebrates and right after the TSS in arthropods. A similar
although less pronounced sudden GC skew can be seen
right after the TSS in vertebrates, but not in arthropods.
For these observations we have no explanation.

Conclusions
In human there is a continuum in gene expression (low-
medium-high or narrow-medium-broad) that goes hand
in hand with a continuum of CpG doublet concentration
around TSS and both are reflected in a continuum of
nucleotide frequencies (small-medium-large ∆WS). In
other words, genes can differ in their CpG content (and
thus in their nucleotide composition) and this difference
has a functional meaning (large ∆WS is needed for an
'easy' expression, early in the embryo or in many tissues)
and is therefore evolutionary conserved. For CpGs in Fugu
these relations are not so clear, perhaps because CpG
Page 8 of 10
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islands in fish seem primordial. The changes in fly are of
a totally different kind. A possible explanation for the A/T
rise in the base composition in Drosophila could then be
that fly genes differ in their AT-content because of differ-
ences in the concentration of AT-rich transcription factor
binding sites around the TSS.

Methods
For each sequenced organism that is available in the
Ensembl database Release 14 (Homo sapiens, Mus muscu-
lus, Rattus norvegicus, Fugu rubripes, Danio rerio, Drosophila
melanogaster [28], Anopheles gambiae, Caenorhabditis ele-
gans [29], and Caenorhabditis briggsae [29]), we have ran-
domly selected 5000 stable gene identifiers [30]. These
lists were used to retrieve 2000 base pairs (bp) of single
stranded DNA from the synonymous strand upstream of
the annotated starting point (s) of each gene and 1000 bp
downstream. This was done using the EnsMart data
mining tool [31]. The analysis and plotting of the average
base pair composition of these sequences is done as fol-
lows. For each position in the 3000 bp long sequences the
percentage of A, T, C, and G over the 5000 genes is calcu-
lated and this value is represented on the y axis in Figure
1. The x axis shows the position along the sequence and x
= 0 corresponds to position +1, the start of the annotated
gene or the putative transcription start site. This way of
representing the nucleotide composition at an aligned
genomic position across many genes – as opposed to a
classical average base composition calculated over a win-
dow along the DNA strands as in [32] – has been used
before for purposes like the study of GC skews in Arabidop-
sis [33], the base composition of complete genes (introns,
exons, etc.) [34,24], and promoter prediction [35,36].
Many genes have multiple alternative transcripts with a
different TSS. Using DNA regions around each possible
TSS of a gene or only around the furthest 5' reaching TSS
did not influence the composition profiles (see Addi-
tional file 1; this analysis uses the latter). For the sake of
brevity we only discuss human, fly, and Fugu profiles.
Mouse and rat were very similar to human, profiles of
mosquito were very noisy and difficult to interpret, and C.
elegans and C. briggsae are omitted because the interpreta-
tion would be too difficult due to trans-splicing at the 5'
end of the genes [37,38]. The figures for the undiscussed
composition profiles can be found in Additional file 1.

To compare different nucleotide composition profiles, we
used the Average Log-Likelihood Ratio (ALLR) [22],
which is calculated at each position with the following
formula:

where nb1 is the number of nucleotides b in profile 1, at a
certain position, fb1 is the frequency of nucleotide b at this
position in profile 1, and pb is the frequency of b at this
position in the background profile.
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This file contains additional figures with nucleotide compositional profiles 
around the transcription start site for mouse, rat, mosquito, and nematode 
worms, similar to the profiles shown in Figure 2. Also, it contains a figure 
that compares the nucleotide composition around transcription start site, 
either using all transcripts for every gene in random gene set, or using only 
the 5' furthest reaching transcript. Another figure in this file compares the 
composition around gene starts in Drosophila selected in Ensembl with 
the composition around experimentally determined gene starts. A last sec-
tion contains all 16 dinucleotide distributions around the transcription 
start site for human, Fugu, and Drosophila.
Click here for file
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