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Introduction
The mode of evolution of genes/genomic regions has been the 
subject of many studies since the molecular clock hypotheses 
was first proposed in the 1960s.1–6 The strict molecular clock 
assumption of homogeneity in substitution rates across line-
ages has been frequently demonstrated as a poor model to 
describe the observed evolutionary pattern for several portions 
of the genome7–11 (Figure 1A). Alternative models alleviated 
the assumption of rate constancy across distinct branches of a 
phylogenetic tree,3,4,12 accommodating variation of evolution-
ary rates that may be due to lineage effects. These effects are 
defined by any source of variation in evolutionary rates driven 
by life history traits, such as generation times.13,14 More 
recently, the availability of genomic data prompted the investi-
gation of rate variation across the genome, bringing up new 
theoretical challenges.15–21 Presumably, selective regimes that 
are not shared among loci generate distinct patterns of evolu-
tionary rate variation among genes. Moreover, differences in 
spontaneous mutation rates across the genome may also impact 
between-gene rate variation.22 As a consequence, evolutionary 
trees inferred from different genes (gene trees) may not be 
overlaid, which means that branch lengths are not proportional 
among gene trees. Therefore, evolutionary rates will vary 
between loci due to the so-called gene effects.14,22

Previous analyses have suggested that selection is not the 
main force driving the evolution of genes, since a universal 
pacemaker (UPM) exists during the evolution of most genes in 
the genome18,19,23 (Figure 1B). This finding highlighted the 
importance of lineage effects in shaping the evolution of 

substitution rates across the genome. Thus, the evolutionary 
rate may change across lineages, driven by fluctuations in effec-
tive population size, generations times, and other life history 
traits. These consist of top-down factors with homogeneous 
effects across the genome. Therefore, differences between gene 
trees, with branch lengths measured in substitutions per site, 
would be modulated by scaling factors that reflect the intensity 
of natural selection, determining how fast a genomic portion 
evolves compared with others. The UPM was suggested for 
diverse biological groups, such as bacteria, archaea, Drosophila, 
and yeast.18,19,23

In mammals, a variation of the UPM was proposed, the 
multiple pacemaker (MPM)14,20 (Figure 1C). In this case, sev-
eral pacemakers govern the evolution of genomic regions, as if 
distinct classes of pacemakers acted along the evolution of the 
genomes. The most extreme case of the MPM would be the 
degenerate multiple pacemaker (DPM), in which each genomic 
portion has its own evolutionary dynamics20 (Figure 1D). Here, 
genomic evolution is mostly dictated by residual effects, which 
represents the interaction between gene and lineage effects.20,22 
DPM has not yet been detected for any biological group, sug-
gesting that life history traits have an effect on rate evolution to 
some extent.

Although several works have investigated the variation of the 
mode of rate evolution along genomes, a comprehensive analy-
sis of pacemaker model for all great apes has never been imple-
mented. For instance, studies have reported the slowdown on 
the substitution rates in the human lineage, but never compared 
this hypothesis with pacemaker models.24–27 Moreover, the 
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heterogeneity of gene tree topologies should be taken into 
account when estimating pacemakers, instead of enforcing the 
species phylogeny, as previously done to infer mammalian pace-
makers.20 Enforcing the same tree topology for different regions 
across the genome will bias the estimation of evolutionary 
rates,28,29 resulting in spurious assignments of substitutions that 
stretch branch lengths in an attempt to accommodate topologi-
cal discordance. This was denominated by SPILS (Substitutions 
Produced by ILS).28 Thus, failure to account for gene trees/spe-
cies tree topological discordance potentially leads to a biased 
recognition of the number and models of pacemakers, as it relies 
upon an accurate estimate of branch lengths and, consequently, 
substitution rates.

Another factor that complicates the inference of evolution-
ary pacemakers is that coalescence times of gene trees may dif-
fer significantly from speciation times due to the stochasticity 
of the coalescent process along the species tree.30 Even under 
the strict molecular clock, gene trees will likely not exhibit pro-
portional branch lengths (Figure 2). This may ultimately yield 
spuriously inferred pacemakers if relative branch lengths, 
instead of evolutionary rates, are used to estimate the pace-
maker model.20 Therefore, population-level processes have a 
twofold influence on pacemaker evaluation: gene trees/species 
tree topological discordance should be accounted for; and, the 

decoupling between gene coalescence times and speciation 
times must be explicitly incorporated.

The evolutionary pacemaker of great apes was analyzed 
with genomic coding sequences accounting for populational 
phenomena that leads to gene tree/species tree discord-
ance. We used an approach that ruled out the uncertainty in 
fossil calibrations on the evolutionary rate estimation, avoiding 
the controversies related to the age and phylogenetic position 
of fossil hominids.31 Moreover, relative rates were inferred with 
no a priori assumptions about the model of rate evolution or 
the branching process in the phylogenetic tree, which are 
known to impact molecular dating32–37 (see “Tree building and 
inference of evolutionary rates” section under the “Material and 
methods” section). The inferred pacemaker model for great 
apes corroborates the hominoid slowdown hypothesis24,38 and 
suggest that life history traits have a central role on the evolu-
tionary rates across the genome. Finally, our findings reinforce 
that fully accounting for populational level phenomena is cru-
cial to a more robust study of genome evolution.

Material and Methods
To infer a pacemaker model for great apes, we have downloaded 
from the OrthoMaM v10 database39,40 (accessed on February 4, 
2019), a total of 11 595 alignments of 1-to-1 orthologous 

Figure 1. Scenarios of substitution rate variation among lineages and loci. The gray area represents the phylogeny of species A, B, and C, with 

speciation times defined by the horizontal lines. The genealogy of each gene (gene tree) is shown inside phylogenies with different colors. Nucleotide/

amino acid substitutions in each gene are depicted by colored circles. In (A) a strict molecular clock governs the evolution of genes; (B) a single 

pacemaker exists, in which evolutionary rates are not constant, but they are proportional between genes; (C) multiple pacemakers; (D) rates differ among 

genes and are not proportional between lineages, the degenerate pacemaker.
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coding genes containing sequences of human (Homo sapiens), 
chimpanzee (Pan troglodytes), gorilla (Gorilla gorilla), orangu-
tan (Pongo abeli), and gibbon (Nomascus leucogenys). The gibbon 
sequence was used as outgroup throughout the analyses. 
Alignments that contained non-unique sequences for any of the 
species were discarded, leading to a total of 11 491 gene align-
ments. OrthoMaM database entries for coding sequences used 
are available in the supplementary material.

Tree building and inference of evolutionary rates

Topological inference was carried out for each gene indepen-
dently under the maximum likelihood framework as imple-
mented in MEGA X41 under the substitution model chosen by 
the Akaike information criterion. Candidate substitution mod-
els were the default models tested by MEGA. Variation of evo-
lutionary rates across alignment sites and invariant sites were 
also tested during the model selection procedure. The topology 
search criterion used was NNI (nearest neighbor interchange), 
with an initial tree constructed under NJ (Neighbor Joining).42 
To estimate the pacemakers, we have analyzed only those gene 
trees that matched the species phylogeny, (((Homo, Pan), 
Gorilla), Pongo), comprising 6835 trees. This was done to avoid 
incorrect inference of pacemakers that may arise from SPILS.28 
We also used MEGA to implement a likelihood ratio test to 
evaluate the strict molecular clock hypothesis for each gene. 
The null hypothesis of the strict molecular was not rejected for 
81% of these gene trees. This analysis was therefore used as a 
confirmatory result for evaluating the performance of pace-
maker estimation. Since most genes failed to reject the strict 

clock, we expect that at least one of the inferred pacemakers 
will exhibit similar relative rates in each branch.

Because definition of pacemakers ultimately relies on branch 
lengths, for the sake of comparison, we also performed maxi-
mum likelihood phylogenetic analysis in IQ-TREE.43 This 
program implements sophisticated substitution models of 
sequence evolution that were chosen by the ModelFinder 
feature.44 All the DNA substitution models implemented in 
IQ-TREE were used as candidates for the model selection 
procedure, including the treatment for base frequencies and 
rate heterogeneity across sites.44 The topology search was per-
formed with default IQ-TREE search, with an initial tree con-
structed under 100 parsimony trees + BIONJ tree.43 In 
IQ-TREE, 6712 gene trees matched the species phylogeny.

The variation in ILS across chromosomes showed that the 
higher proportion of genes that match the species tree is located 
on the X chromosome, as well as this chromosome harbored 
the lower percentages of ILS (Supplementary material). This is 
in agreement with previous results,45–48 highlighting that 
genomic evolutionary patterns of ILS are consistent among 
Hominidae.

To estimate pacemakers, evolutionary rates for each branch 
must be calculated. Because pacemakers are defined by the 
relative ratio of rates among lineages (tree branches) across 
genes, the estimation of relative evolutionary rates is preferable 
than absolute rates. Using this approach, both systematic and 
sampling errors of absolute rate estimates, which are inherent 
of molecular dating with fossil calibrations, were avoided. 
Relative evolutionary rates for each branch were calculated 
using the RelTime method,49,50 as implemented in the MEGA 

Figure 2. Even under the strict molecular clock, the relative proportions of branch lengths vary because of the variance in coalescence times under the 

multispecies coalescent process. The relative length of the internal branch, ancestral to species A and B, is greater in gene tree 2 than in gene tree 1, 

although the evolutionary rate was constant among all branches (N = effective population size).
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X software.41 This algorithm was shown successful for analyz-
ing phylogenies with evolutionary rate heterogeneity.50,51 In 
RelTime, relative rates were computed from branch lengths for 
both IQ-TREE and MEGA inferred gene trees, using gibbon 
as the outgroup52 and considering that the evolutionary rate of 
the ancestral of great apes was one.

Pacemaker estimation
The number of pacemakers, as well as the assignment of genes 
to each pacemaker, was estimated by unsupervised statistical 
learning, using clustering algorithms available in the R pro-
gramming environment. Difference of the relative rates 
between genes was calculated using the Euclidian distances 
between each gene’s vector of relative branch rates. We 
employed K-means clustering to investigate the number of 
pacemakers that reduced the within-cluster sum of squared 
(WSS) Euclidian distances of rates between genes. The 
K-means algorithm was used to allocate genes into K clusters 
(pacemakers), varying from K = 1 to K = 20. Choice of the value 
of K that significantly reduced the total WSS was carried out 
with the gap statistic employing 1000 bootstrap replicates to 
estimate standard errors.53 The gap statistic was calculated 
with the clusGap function of the cluster R package using the 
scaledPCA for deriving the null distribution, and the firstSE-
max method for selecting the optimum number of clusters. 
This procedure was performed for the (1) gene trees estimated 
in MEGA that matched the species tree; (2) gene trees esti-
mated in MEGA that matched the species tree and failed the 
strict molecular clock test; and (3) gene trees estimated in 
IQ-TREE that matched the species tree. To test whether very 
high relative rate values were impacting our results, we per-
formed additional clustering analyses excluding genes that pre-
sented relative rates higher than 2, 5, 10, and 20 for at least one 
branch of the estimated phylogenetic tree.

To investigate whether our approach to estimate pacemakers 
would generate spurious results (false positives), we conducted a 
simulation in which gene trees were evolved under a species tree 
that mimicked the evolution of great apes, using parameters 
available in the literature. Speciation times were set according to 
the timetree.org database: Homo/Pan (6.7 Ma), Gorilla (9.1 Ma), 
Pongo (15.8 Ma), and Nomascus (20.2 Ma). Effective population 
sizes were kept constant along branches and assumed the values 
of 50 000, 75 000, and 100 000 Wright-Fisher individuals.54 The 
generation time was set to 15 years and the mutation rate used 
was substitutions/site/generation.55–57 For each population size, 
10 replicates containing 10 000 genes were simulated. 
Multispecies coalescent simulations were carried out in the 
MCcoal software.58 In all simulations, our approach correctly 
estimated a single rate category, ie, the correct scenario of a strict 
molecular clock model was not rejected.

Besides measuring the rate of false positives (type I error), 
we measured the power of the test to correctly reject the UPM 
model when trees evolved under 2 and 5 pacemakers. To do so, 

branch lengths of each gene tree used to calculate the type I 
error rate were multiplied by a vector of proportionality con-
stants that were sampled from a log-normal distribution as in 
Duchêne and Ho.20 In the 2-pacemakers model, two vectors 
were used, whereas five vectors were used in the 5-pacemakers 
model. Using the pacemaker inference approach described 
above, we were able to correctly reject the null hypothesis in all 
pacemaker scenarios (power = 100%). The accuracy of our 
approach was impacted by the effective population size (Ne). In 
general, larger Nes resulted in lower accuracy (Table 1).

Results
The gap statistic using K-means clustering assigned the genes 
to 5 and 3 clusters depending on the phylogenetic algorithm 
used to infer the trees, IQ-TREE or MEGA (Table 2). 
Therefore, great apes coding genes were allocated to 5 and 3 
pacemakers according to IQ-TREE and MEGA results, 
respectively. Importantly, regardless of the algorithm used, a 
large cluster (pacemaker) containing more than 99% of the 
genes was recovered (Table 2). Besides this, we found that high 
relative rates, which could be considered as outliers, did not 
impact these results. When ignoring genes that produced high 
relative rate values, all genes fell within a single pacemaker 
(regardless we used 2, 5, 10, and 20 as cutoffs for relative rate 
values). Therefore, we opted for showing results including all 
genes, regardless the evolutionary rate value. Because of this, 
mean (Table 2) and median (Figure 3B and C) values of the 
distribution of relative rates for each branch may be very differ-
ent. Therefore, most of the results and discussion will be con-
ducted based on median values, which may be a better 
representation for skewed distributions.

In both IQ-TREE and MEGA analyses, the large cluster of 
genes was denominated as pacemaker 1 and presented very 
similar rate profiles (Figure 3B and C). In this pacemaker, the 
branch leading to orangutan presented median relative rates 
that were very similar to the ancestral of great apes. The distri-
bution of relative rate values for the Pongo lineage presented a 
symmetrical shape and was centered around one (Figure 3). 
The internal branch ancestral of Gorilla and Homo + Pan, 
denominated as I2, presented a slight rate slowdown tendency 
when compared with the ancestor of great apes and the oran-
gutan. This lineage exhibited the lowest dispersion of rate 

Table 1. Number of pacemakers estimated using the relative rate 
framework when data was simulated under models with 2 and 5 
pacemakers (PM).

Ne MEAN NUMBER OF PACEMAkERS (SD)

2-PM MODEl 5-PM MODEl

50 000 2.4 (0.8) 4.3 (1.6)

75 000 3.0 (1.3) 4.2 (1.7)

100 000 3.0 (0.9) 4.1 (2.6)



Mello and Schrago 5

values across genes. In the branch leading to gorillas, relative 
rates had a median value very close to one, although the disper-
sion around this value was greater than that calculated for the 
orangutan lineage. The ancestral of humans and chimpanzees, 
denominated as I1, showed a rate slowdown, evidenced by the 
smallest median value among all the branches analyzed. A 
minor rate slowdown was also recovered for Homo and Pan lin-
eages, although it was more noticeable in humans than chim-
panzees. The chimpanzee branch was the lineage with the 
greater amount of dispersion of relative rate values around the 
median (Table 2 and Figure 3), indicating higher levels of devi-
ation from the ancestral rate of the great apes and, conse-
quently, a largest deviation from the molecular clock.

Besides the large pacemaker, clustering analyses based on 
IQ-TREE phylogenetic reconstruction recovered four addi-
tional pacemakers (Table 2). All of them were composed by 
few genes each (from 9 to 20) and together they accounted for 
0.82% of all genes analyzed. Rate patterns revealed by these 
clusters included a sharp acceleration of rates in chimpanzees 
(pacemaker 2); a rate increase in chimpanzees and slowdown in 
gorillas (pacemaker 3); a sharp acceleration of rates in the 
gorilla lineage plus a sharp slowdown in orangutans (pacemaker 
4); and an independently speed up of the evolutionary rates in 
Homo and Pan lineages plus a slowdown on the Pongo lineage 
(pacemaker 5).

Clustering analysis based on MEGA produced two addi-
tional pacemakers. The recovered relative rate pattern for both 
pacemakers included speed ups of rates in the chimpanzee lin-
eage, although the rate increase was more pronounced in pace-
maker 3 than in pacemaker 2. The molecular clock test 
performed in MEGA failed to reject the strict clock hypothesis 
for 81% of the gene trees that matched the species tree. When 
considering only these 1294 non-clock genes, gap statistics 
analysis assigned genes to 3 clusters (Table 3). The vast major-
ity of the non-clock genes were placed within one large group. 
On this cluster, Pan lineage exhibited much faster evolutionary 
rates than the remaining branches. The average rate values rep-
licated this pattern, which were better visualized by the distri-
bution of the logarithm of rates (Figure 4). In addition, most 
non-clock genes presented a slowdown in the human lineage, 
as well as on the internal branches, mainly on the ancestral of 
Homo and Pan. The other pacemakers recovered from non-
clock genes retrieved an acceleration of evolutionary rates in 
the chimpanzee lineage. Such rate increase was high on pace-
maker 2, but even more pronounced on pacemaker 3.

Discussion
Our results implied that most genomic coding regions of great 
apes were statistically assigned to a single pacemaker, using 
both IQ-TREE and MEGA phylogenetic algorithms. Among 
the gene trees that matched the species tree, more than 99% fell 
into this pacemaker, which corroborates the UPM model along 
hominid evolution. The remaining genes were placed into 
other pacemaker categories that together accounted for less Ta
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than 1% of all coding sequences analyzed. We consider such 
percentage to be exceedingly low, indicating that only a few 
genomic regions exhibited modes of evolution better explained 
by gene effects. Therefore, we have not found evidences to sup-
port the MPM model and hypothesize that lineage effects 
played a major role during the evolutionary process of great 
apes. Our results also indicate that employing less sophisticated 
substitution models did not impact branch length estimation 
substantially, with distinct phylogenetic algorithms producing 
consistent results.

In addition, it was not possible to reject the strict molecu-
lar clock hypothesis for most coding regions from hominid 
genomes. In fact, the observation that great apes’ evolutionary 
rates generally support a strict molecular clock was reported 
before.25,26 This massive indication of evolutionary rate con-
stancy corroborates our results, since most genomic coding 
regions were statistically assigned to a pacemaker model of 
rate evolution that is closely related to the strict molecular 
clock model. However, slight deviations from a constant rates 
scenario were detected when analyzing the distribution of 
rates (Figure 3), such as the rate slowdown on the internal 
branches (I1 and I2) and on the Homo lineage. This corrobo-
rates the hypothesis of a decrease in the evolutionary rates of 
the human lineage, as previously sustained by several studies, 
and indicates that such rate slowdown also occurred in the 
ancestral branches leading to Homo.25,26,59–62 Our results were 
also in agreement with previous works that reported slower 
substitution rates in humans when compared with chimpan-
zees, which are, in turn, slower than the substitution rates in 
gorillas.25,59 Therefore, our inference of a pacemaker model 
supports the idea that life history traits drove rate variation in 
hominids, suggesting that these traits were major drivers of 
evolutionary rate evolution across the genome.63 Specifically, 
the increase in generation times has been suggested as the 
main cause for such slowdown in hominoids.27,64,65 Importantly, 
other studies already have shown that such decrease is not 
recovered when CpG transitions are analyzed, since such 
mutations correlates with calendar years instead of replication 
cycles.25,60

Table 3. Number of pacemakers, mean and median (inside parentheses) relative rates for each branch inferred for the non-clock genes.

PACEMAkERS NUMBER OF 
GENES (%)

HoMo PaN I1 Gorilla I2 PoNGo

1 1235 (95.44%) 9.9 (0.7) 48.4 (1.3) 1.6 (0.6) 58.5 (1.0) 0.7 (0.7) 1.6 (1.0)

2 56 (4.33%) 468.8 (0.6) 6456.3 (5373.8) 3.6 (0.6) 112.5 (0.5) 0.6 (0.5) 1.0 (1.0)

3 3 (0.23%) 0.7 (0.7) 694 418.4 (666 604.4) 0.7 (0.7) 0.7 (0.7) 0.7 (0.7) 0.7 (0.7)

Figure 4. The distribution of relative rates for each lineage in the largest 

pacemaker recovered for non-clock genes. Outlier values were omitted.

Figure 3. The distribution of relative rates across branches for genes in pacemaker 1. (A) Phylogeny of great apes with the denomination adopted for 

internal branches; (B) Relative rates recovered based on IQ-TREE phylogenetic analyses for genes in pacemaker 1; (C) Relative rates recovered based 

on MEGA phylogenetic analyses for genes in pacemaker 1. Outlier values were omitted. The horizontal black line inside the boxplots represents the 

median values.
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Few genes felt within pacemakers other than pacemaker 1. 
In all cases, both IQ-TREE and MEGA phylogenetic algo-
rithms resulted in alternative pacemakers that presented 
extremely large rate accelerations (Tables 2 and 3). As already 
mentioned, this could be mainly due to gene effects. But, we 
should not rule out other explanations for that. Mis-
identification of orthologous regions is one possible reason for 
the presence of unrealistic branch lengths and, consequently, 
extremely high relative rate estimates. However, OrthoMaM is 
a high-quality 1-to-1 database of coding regions, decreasing 
the probability of such error. Another explanation would be the 
use of incorrect substitution models, which would also bias 
branch length estimation. In fact, this was one of the main rea-
sons we adopted two different phylogenetic algorithms to per-
form model selection and phylogeny reconstruction. Therefore, 
there is a considerable probability that the evolution of genes 
excluded from pacemaker 1 have been governed by gene effects, 
which makes such loci ideal to test the effects of selective 
constraints.

The estimation of a pacemaker model was previously car-
ried out for mammals by Duchêne and Ho,20 who suggested 
that mammalian genes could be assigned to 14 distinct pace-
makers. This was in contrast to previous studies that found a 
UPM model for bacteria, archaea, Drosophila, and yeast.18,19,23 
Duchêne and Ho’s20 analysis, however, did not account for 
gene tree/species tree discordance, which probably impacted 
their results due to the presence of SPILS.28 Importantly, the 
number of species analyzed was large29 and, as the number of 
terminals increase, the number of gene tree topologies also 
increases exponentially. This may further aggravate the bias 
caused by spurious substitutions. In our pacemaker estimation 
analysis, gene trees that did not match the species tree were 
discarded; mainly because enforcing their topology to the spe-
cies tree would have misled our result.

Moreover, the approach employed in Duchêne and Ho20 
did not estimate evolutionary rates for each branch to infer 
the pacemaker models. Instead, they implemented a proce-
dure that scaled the total length of each gene tree to 1, mak-
ing branch lengths fractions of this total length. Evolutionary 
rates and times were thus not entirely decoupled, making the 
comparison of branch lengths misleading. This is particularly 
true for internal branches, where time elapsed for each branch 
is completely unknown. In contrast, we have specifically esti-
mated relative evolutionary rates for all branches of the gene 
tree using the rate at the hominid’s ancestor as the unit. This 
strategy was advantageous because we did not assume any 
model of rate evolution among branches, or the branch-
ing process between lineages. Both factors are known to 
impact molecular dating and, consequently, evolutionary rate 
estimation.32,36,66 Hence, we consider the evolutionary rate 
estimation used in this study to be less sensitive to uncertain-
ties imposed by model assumptions from most molecular dat-
ing analyses.

In summary, our estimation of a pacemaker model for great 
apes corroborated the hominoid slowdown hypothesis by 
employing entirely different approaches from those performed 
up to date. The results suggested that the vast majority of genes 
follow a pace of evolution that is compatible with the strict 
molecular clock, although rate slowdowns were recovered. The 
estimation of relative rates relied on a calibration-free approach 
that took gene tree discordance into account, which had never 
been carried out for pacemaker estimation. We have investi-
gated only orthologous coding sequences that resulted in gene 
trees matching the species phylogeny. However, given the large 
number of loci analyzed (>6000), the inferred pacemaker 
model may consist of a reasonable representation of great apes’ 
genomes. We stress that ignoring populational level phenom-
ena on ancestral lineages by enforcing the species tree topology 
to gene trees may impact evolutionary rate estimation and, 
consequently, pacemaker inference. Finally, the UPM model is 
supported by our analyses, indicating that lineage effects had a 
fundamental role in shaping the evolution of substitution rates 
across the genome.
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