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Abstract

DNA is the carrier of genetic information and the primary template from which all cellular 

information is ultimately derived. Changes in the DNA information content through mutation 

generate diversity for evolution through natural selection but are also a source of deleterious 

effects. It has since long been hypothesized that mutation accumulation in somatic cells of 

multicellular organisms could causally contribute to age-related cellular degeneration and death. 

Assays to detect different types of mutations, from base substitutions to large chromosomal 

aberrations, have been developed and show unequivocally that mutations accumulate in different 

tissues and cell types of ageing humans and animals. More recently, next-generation sequencing-

based methods have been developed to accurately determine the complete landscape of base 

substitution mutations in single cells. The first results show that the somatic mutation rate is much 

higher than the germline mutation rate and that base substitution loads in somatic cells are high 

enough to potentially affect cellular function.

Introduction

As the carrier of genetic information, DNA is a very stable molecule. Yet, under 

physiological conditions, when DNA is continuously damaged by both endogenous and 

environmental factors, most of this stability is provided by a highly conserved system of 

genome maintenance mechanisms [1]. In the history of life, genes encoding DNA repair 

were probably among the first genetic traits selected in early life forms shortly after DNA 

replaced short RNA as a readily replicable and expandable repertoire of genetic instructions. 

DNA damage repair was critical in that process providing a major survival advantage [2]. 

Interestingly, through the inevitable errors occurring during repair and replication of 

damaged templates random changes in the genome’s DNA sequence-based code ensued, 

providing the substrate for evolution. This situation has in essence not changed since then 

and, also in metazoa, it is difficult to overemphasize the critical role of DNA repair and other 

genome maintenance systems in eliminating the many thousands of lesions generated each 

day in a typical cell through physicochemical mechanisms. Through errors during repair or 

replication, DNA damage is occasionally converted in mutations [3], which will accumulate 

with age. Also, DNA lesions themselves can accumulate with age because some may not be 
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efficiently recognized by DNA repair systems or are irreparable (e.g. double-strand breaks of 

which the ends have diffused far apart). However, while there is indeed some evidence that 

DNA damage accumulates with age [4,5], spontaneous DNA damage levels are very low and 

extremely difficult to detect and characterize [6]. Most lesions are transient and efficiently 

repaired. By contrast, mutations cannot be repaired and their accumulation in various organs 

and tissues with age of humans or animals has now been amply confirmed. Here, we will 

discuss age-related mutations in the genome and the likelihood that these events are causally 

related to the age-related loss of function and increased susceptibility to disease that are the 

hallmarks of ageing (schematically depicted in Figure 1). While we will briefly discuss 

current evidence for the accumulation of various types of DNA mutations during ageing, the 

focus of this review will be on the recently emerged possibility to sequence the entire 

genome of single cells from ageing organisms. This will allow, for the first time, to 

quantitatively assess somatic mutations and their possible functional consequences.

Genome instability and the logic of life

Mutations represent alterations in the DNA sequence while maintaining the same set of 

nucleotides. Mutant DNA is, therefore, chemically indistinguishable from unaltered 

sequences and cannot be recognized by repair enzymes. When a cell harboring a mutation is 

not eliminated, the mutation is permanent and in mitotically active cells all daughter cells 

will carry the same mutation. While most mutations have adverse effects or no effects at all, 

some can be beneficial under certain conditions. As briefly discussed above, this principle 

was co-opted by life itself, which is the product of DNA mutation and natural selection. 

Natural selection will typically drive mutation rates to the minimum possible level but never 

to zero, possibly due to factors such as fitness costs associated with excessive investment in 

replication fidelity [7,8] and genetic drift [9]. A complete absence of mutations would of 

course also prevent adaptability—the capacity to respond to environmental change—and 

eventually lead to extinction. Whichever of these factors is more important, there can be no 

doubt that it is the imperfection of replication and repair in coping with DNA damage that 

gave rise to the large diversity of life forms on our planet. Hence, genome instability in the 

germline is inherent to life and strictly necessary for its continuation. The germline mutation 

rate has been extensively studied and has been found to vary greatly between species. 

Indeed, as first noted by Sturtevant [8,10], the genetic material is mutable at a rate subject to 

natural selection.

With the emergence of multicellular organisms the possibility arose, at least in principle, to 

drive mutations to zero in only the somatic cells. Somatic cells are subject to the same 

imperfection of replication and repair as germ cells, and the selective pressures acting on 

germline and somatic mutation rates are likely connected [11]. Indirect evidence suggests 

that somatic mutation frequency is much higher than that in germ cells [11], but this has 

been difficult to test. With the emergence of next-generation sequencing, germline mutation 

frequencies can now be determined directly by whole genome sequencing of parents and 

offspring [12]. The frequency of de novo mutations in the offspring is a measure of the 

germline mutation frequency. By contrast, de novo somatic mutations cannot be determined 

by sequencing total genomic DNA due to the very low abundance of such mutations, which 
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are unique to individual cells. This has been a major hindrance in attempts to test the 

somatic mutation theory of ageing, proposed as early as the 1950s [13,14].

Somatic mutations accumulate during ageing

For a long time, the only types of mutations readily detectable were chromosomal 

alterations, such as chromosomal aneuploidy [15]. More recently, cytogenetic methods 

gained accuracy and could be applied on a much larger scale due to the development of 

fluorescence in situ hybridization (FISH). Using these methods, it has been shown that 

lymphocytes with chromosomal aberrations increase with age in the blood of both humans 

and mice [16,17]. Interphase FISH can even be applied on non-dividing cells in tissues such 

as brain [18] for the detection of aneuploidy, i.e. gain or loss of entire chromosomes.

Chromosomal aneuploidy is a hallmark of pathological conditions and a causal factor of 

birth defects and cancer. Using advanced FISH technology, it has been shown that in the 

developing nervous system of humans and mice the frequency of aneuploid cells is as high 

as 33% for all chromosomes combined [19,20]. However, after completion of development, 

this extremely high level of aneuploidy was found to be significantly reduced suggesting 

selection against cells with high symptoms of genome instability. Indeed, this would be in 

keeping with the observed high levels of whole-chromosome aneuploidy and segmental 

deletions and duplications in individual blastomeres of cleavage-stage embryos after in vitro 
fertilization (IVF) [21]. Since IVF success rates are typically in the order of 25%, mutated 

blastomeres were most probably eliminated by extensive selection of non-mutated or less 

severely mutated blastomeres in the early embryo.

Still, even in adult organisms, aneuploidy levels of 4% per chromosome as observed in 

human brain for chromosome 21 [22] would mean that almost all cells in an organ such as 

brain or liver would be aneuploid for one chromosome. In mice, using a two-probe system 

with aneuploidies only called when indicated at both locations, we found that in the cerebral 

cortex the frequency of aneuploid cells can rise to a level as high as 5% per chromosome 

[23]. Overall, this would correspond to approximately half of all brain cells in old mice 

having at least one aneuploidy. Taking into consideration that aneuploidy is merely the tip of 

the iceberg, genome instability in cells during development and ageing may be very high. 

However, it should be noticed that single-cell sequencing results do not show high levels of 

aneuploidy in the human brain [24,25].

There is abundant evidence that in addition to chromosomal mutations, various other types 

of somatic mutations accumulate with age [26,27]. This became apparent once methods to 

detect such mutations, including base substitutions, deletions, and genome rearrangements, 

became available. First, methods using endogenous selectable marker genes, such as 

hypoxanthine-guanine phosphoribosyltransferase (HGPRT), were used to assess mutation 

frequencies in blood cells [28]. The results were similar to the aforementioned chromosomal 

studies in the sense that mutation frequency was found to increase with age, both in humans 

and rodents [29,30]. With the development of the first transgenic mice [31], and later flies 

[32], harboring reporter genes that can be recovered into Escherichia coli to study mutation 

frequency and spectrum in the animal host amply confirmed that mutations accumulate in 
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essentially all organs and tissues [33–36], albeit at greatly different rates (Figure 2), and in 

both organisms [37].

There are other ways to gain information about mutation accumulation during ageing. 

Interestingly, tumors, as clonal expansions of single cells, can provide information about the 

somatic mutations present in these cells prior to tumorigenesis. Using data from The Cancer 

Genome Atlas (TCGA) to systematically study the frequency and spectrum of somatic 

mutations in thousands of cancer patients and different tumor types as a function of the age 

of the patient, we found that the number of identified somatic mutations increases 

exponentially with age [38]. Others have demonstrated ageing-specific signature mutations 

in human tumors [39].

Other types of mutations that have been studied include somatic L1 retrotranspositions, 

which are suppressed at young age but has been shown to strongly increase with age in 

several mouse tissues [40]. Also mutation frequency at microsatellite loci, which is already 

much higher than elsewhere in the genome increases with age in human blood [41]. Another 

type of repeat element, i.e. telomeres, regions of repetitive DNA protecting chromosome 

ends from deterioration, significantly shorten with age in mammalian cells and tissues [42]. 

Finally, an age-related accumulation of clonally expanded, copy number variants has been 

found [43,44].

Hence, the main question is no longer whether various types of mutations accumulate with 

age in different cell types but if these mutations have any functional impact. To predict 

functional impact, it is necessary to first fully characterize the landscape of somatic 

mutations in ageing humans or animals by sequence analysis.

Functional impact of somatic mutations

While it seems unlikely that genome instability is the only or even major cause of ageing, it 

is important to test if mutations at least causally contribute to cellular degeneration and death 

in addition to causing cancer, a process in which mutant cells can be selected. In other 

words, the question is if somatic mutations ever reach levels that are functionally detrimental 

to cells. To address this question, it is necessary to comprehensively characterize the total 

complement of mutations in individual cells across the genome during the lifetime. This can 

best be done by next-generation sequencing, which should allow the detection of a wide 

range of somatic mutations. However, since somatic mutations in normal tissues are unique 

for each individual cell (except for cells derived from the same ancestor cell), whole genome 

sequencing will simply provide the germline genotype rather than de novo somatic 

mutations. To analyze normal somatic tissues, it is necessary to analyze single cells or clones 

derived from single cells (Figure 3). As described above, to some extent tumors can serve as 

surrogates for single cells, but since mutations can also arise after neoplastic transformation, 

during tumor progression, it is difficult to draw definite conclusions other than that mutation 

frequency increases with age.

More recently, whole genome sequencing of clonal organoid cultures derived from mouse or 

human primary multipotent cells revealed hundreds of base substitution mutations per 
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genome increasing with age (Table 1) [45,46]. However, clonal amplification through 

organoid technology requires extensive cell culture and essentially limits analysis to stem or 

progenitor cells. Single cell technology allows direct analysis of all types of cells, including 

postmitotic cells, such as neurons and muscle fibers. However, analyzing mutations in single 

cells requires WGA, which suffers from artifacts. We recently developed a new protocol, i.e. 

single-cell multiple displacement amplification (SCMDA), with a single-cell variant caller 

(SCcaller), to accurately identify somatic mutations across the genome from a single cell 

after WGA [47]. The procedure was validated by directly comparing mutation frequency and 

spectrum between amplified single cells and unamplified clones derived from cells in the 

same population of early passage, human primary fibroblasts. We also sequenced SCMDA-

amplified single cells and non-amplified clones derived from the same clone, reasoning that 

there should be significant overlap between the single cells and their kindred clone. The 

entire procedure is schematically depicted in Figure 4.

The results shown in Figure 5 indicate approximately 1,000 somatic mutations in single 

human primary fibroblasts, in the same range as the numbers found in unamplified clones 

from the same population of cells (Table 1). Interestingly, these somatic mutation 

frequencies are much higher than the germline mutation frequency. In humans, the germline 

mutation frequency has been determined by whole genome sequencing of parents and 

children and calling de novo mutations in the offspring. This resulted in a germline mutation 

frequency of 1.2 × 10−8 [12], confirming earlier indirect estimates [48,49] as well as those 

derived from sequencing of single sperm cells [50]. When directly comparing the somatic 

mutation frequencies observed by us in primary human and mouse fibroblasts with the 

germline mutation frequencies obtained as described above, by sequencing parents and 

children in both mice and humans, we observed an almost two orders of magnitude higher 

somatic mutation frequency (Table 1) [51]. After correcting for the differences between 

these two species in the number of cell divisions per generation (errors during DNA 

replication are a major source of base substitutions), this difference remained (Figure 6). Of 

note, mouse cells now show a significantly higher somatic and germline mutation frequency 

than humans (Figure 6).

When somatic mutation theories of ageing were first postulated in the 1950s by Failla [13] 

and Szilard [14], mutation rates were thought to be very low based on estimates of germline 

mutation rate in different species, which was well before next-generation sequencing 

allowed this to be assessed directly [49]. Hence, somatic mutation theories of ageing were 

almost immediately criticized for this reason, i.e. somatic mutation frequency was 

considered as too low to ever reach levels that could have functional consequences in ageing 

[52]. However, the results described above, coming from sequencing both single cells and 

clones derived from single cells indicate that the numbers of somatic mutations in cells can 

be as high as approximately 1,000 per genome (Table 1), and these are only base 

substitutions. Adding up small insertions and deletions (indels), copy number variations 

(CNVs), genome structural variations, and aneuploidies would yield levels of genome 

instability that could have functional consequences taking into account the significant age-

related increases in somatic mutation frequencies that have been observed (see above). 

Application of methods such as SCMDA will soon reveal the entire landscape of somatic 

mutations in ageing tissues and organs of humans and experimental animals [53]. But how 
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could a stochastic process of somatic mutation accumulation cause the functional changes 

that lead to ageing?

The simplest explanation as to how somatic mutations can lead to ageing phenotypes other 

than cancer is through loss of function of protein-coding genes. Indeed, in diploid yeast 

strains deletion of one gene is often enough to cause a growth disadvantage or a reduced 

replicative life span [54,55]. A major cause of ageing in yeast is the accumulation of circular 

forms of rDNA, which preferentially segregate to the mother during division and seem to 

exert their effect by interfering with cell growth [56]. Also, aged yeast cells display high 

rates of loss of heterozygosity, possibly due to impaired DNA double-strand break repair 

[57]. Base substitutions, however, are extremely rare in ageing yeast [58]. Mammals have 

much higher base substitution rates than yeast [11], and even the human germline, in spite of 

its much lower mutation rate than the soma, contains an average of 21 rare and several 

hundred common loss-of-function mutations (LOFs), i.e. genetic variants predicted to 

seriously disrupt the function of protein-coding genes [59]. This information was obtained 

by sequencing exomes of over 50,000 unrelated individuals. The rare LOFs are likely to 

have adverse phenotypic consequences and, indeed, as many as 3.5% of individuals 

harbored one or more variants deemed pathogenic [59]. Purifying selection ensures that such 

variants occur at very low frequency.

The above described LOFs were inherited and not a result of de novo mutations in the 

germline (although some could). However, of the approximately 60 de novo germline 

mutations in each newborn [12] as many as 10% are considered deleterious [49], probably 

mostly weakly deleterious. In contrast with germline mutations, de novo mutations in most 

somatic cells are much more difficult if not impossible to eliminate through selection. As we 

have seen above, a typical, mitotically active somatic cell from a young human individual 

can contain as many as 1,000 base substitutions. Of these base substitutions less than 10 are 

non-synonymous mutations in protein-coding sequences (Xiao Dong, unpublished). As 

mentioned above, mutation frequencies increase with age, possibly at least by a factor of two 

[34] essentially doubling the number of non-synonymous base substitutions. However, most 

of these mutations will either be not deleterious or only weakly deleterious. Hence, unless 

the number of small indels (which are most likely to cause loss of function) is surprisingly 

high, it seems unlikely that small deleterious effects on cell fitness due to non-synonymous 

mutations in the protein-coding part of the somatic genome can be a major cause of ageing.

In addition to mutations directly affecting proteins, the far majority of base substitutions 

affect parts of the genome that are not coding for proteins. While most of those mutations 

will have no effect at all, a fair number of the mare bound to affect the part of the genome 

that is involved in gene regulation. Indeed, instead of protein-coding gene sequences, the 

most likely targets for somatic mutations are DNA sequences involved in regulating gene 

activity. The human genome contains millions of gene regulatory sequences, most of which 

are distal, non-promoter sequences. The importance of these sequences is illustrated by the 

observation that the far majority of disease associations involve regulatory DNA, mostly 

enhancer sequences marked by DNase I hypersensitivity [60]. Enhancers drive the specific 

expression patterns of the several hundred cell types in a human body. They do that by 

serving as the specific DNA motifs that bind transcription factors, which recruit co-
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regulators to ultimately activate transcription. In each cell type or tissue, as many as 300 

different transcription factors can be expressed [61]. However, the number of active 

enhancers in a given cell type has been predicted to be well over 10,000 [62], reflecting the 

promiscuous character of transcription factors in enhancer utilization. Other transcription 

factor binding sites are in promoters, silencers, insulators, and locus control regions. Hence, 

at a mutation load of approximately 1,000 base substitutions in a typical cell enhancer 

regions are more likely to be hit than protein-coding regions, which make up approximately 

1–2% of the genome. This could affect normal patterns of gene expression and, for example, 

explain the observed age-related increase in transcriptional noise in mouse heart [63] and 

CD4+ T cells [64].

Conclusions and future directions

Driven by advances in genome technology, we have now reached a stage where for the first 

time it has become possible to directly test one of the oldest theories of ageing: the somatic 

mutation theory as first postulated by Failla [13] and Szilard [14]. Based on the first 

information on the actual numbers of base substitutions in a typical somatic cell and the 

observed age-related increase of various types of mutations, it is no longer reasonable to 

consider any age-related adverse effects of somatic mutagenesis limited to only cancer [65]. 

With the disposable nature of the ageing genome underscored by the dramatically higher 

frequency of mutations in the soma as compared with the germline (Table 1) [51,66,67,68], 

the observed base substitution loads in a typical single cell, in combination with as yet not 

quantified other types of mutations, such as CNV and genome structural variation, suggest 

that somatic mutations can adversely affect normal gene expression.

Importantly, the high level of integration of the many sequence features that encode specific 

cellular functions will amplify effects of multiple random mutations. Ironically, this same 

highly distributed functional organization of the genome provides it with robustness and a 

very high level of redundancy. This means that most changes caused by mutations will be 

mild and only gradually become more severe. Hence, in this respect somatic mutation 

accumulation could explain ageing very well. Indeed, ageing is not an all or nothing process 

but a gradual erosion of bodily functions. Meanwhile, it goes without saying that ageing is 

highly unlikely to have a single cause. Indeed, other effects of DNA damage, such as 

transcription interference and adverse cellular responses to DNA damage, such as apoptosis 

and cellular senescence, as well as changes at the protein level, are likely to also play major 

roles as cell autonomous mechanisms of ageing.

How to test a causal role of DNA mutations in ageing? A seemingly straightforward way is 

to experimentally increase mutagenesis either through treatment with mutagenic agents or 

by engineering defects that lead to increased mutation loads. Treatments with mutagenic 

agents, such as ionizing radiation, have since long been associated with premature ageing 

[69]. However, mutagenic agents do not exclusively cause mutations and lead to many other 

types of damage. Also DNA repair defective humans and mice have been studied for 

premature ageing and increased levels of mutations were observed sometimes but not always 

[27]. A problem with these studies is that DNA repair defects can accelerate DNA damage-
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induced cell death much more dramatically than mutation accumulation and never 

completely mimic the normal ageing process.

One way of testing for the possible functional effects of accumulating DNA mutations is 

through computational modeling. Once the complete tissue-specific landscape of somatic 

mutagenesis is known for a representative number of cells of a given type, it should be 

possible to map the mutation load of these cells onto a functional gene regulatory network 

specific for that particular cell type. This may allow accurate predictions of deleterious 

effects on cell function and the probability of functional loss for the tissue overall.
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Abbreviations

CNV copy number variation

FISH fluorescence in situ hybridization

HGPRT hypoxanthine-guanine phosphoribosyltransferase

IVF in vitro fertilization

LOF loss-of-function mutation

MDA multiple displacement amplification

SCMDA single-cell multiple displacement amplification

SNP single nucleotide polymorphism

TCGA The Cancer Genome Atlas

WGA whole genome amplification
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Summary

• DNA mutations are the substrate of evolution by natural selection and, 

therefore, an essential component of life.

• In multicellular organisms, there is a decline in the force of natural selection 

to promote genome maintenance for long periods after the time of first 

reproduction.

• Mutations, unlike DNA damage, cannot be repaired and their accumulation 

during ageing is both inevitable and irreversible.

• Various types of mutations, from base substitutions to chromosomal 

aberrations have been found to accumulate with age.

• Next-generation sequencing-based methods have become available to 

accurately determine the landscape of somatic mutations in different organs 

and tissues of humans and animals during ageing.

• The somatic mutation rate is much higher than the germline mutation rate.

• The first data on the load of base substitutions in a typical somatic cell 

suggest that mutation accumulation during ageing could affect both the 

protein-coding and the gene regulatory part of the genome.
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Figure 1. DNA damage, mutations and ageing
Schematic depiction of DNA damage and mutations in somatic tissues of ageing organisms 

and their possible consequences.
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Figure 2. Somatic mutations accumulate with age in four different tissues
Using a transgenic mouse model harboring chromosomally integrated plasmids containing 

the lacZ reporter gene that can be excised and transferred into E. coli to select for mutants 

that inactivate the lacZ-encoded β-galactosidase, mutation frequency (y-axis) was 

determined as a function of the age of the animals. Each determination point is the average 

of at least five individual animals. Data were redrawn from [33] and [34].
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Figure 3. Single-cell analysis is required for detecting low-abundant, random mutations
The T > G mutation (red dot ) can only be distinguished from sequencing errors after single-

cell, whole genome amplification (WGA) when it shows up in ~50% of the reads (yellow; 

one mutated allele). Polymorphic variants (SNPs; blue) are also observed in the unamplified 

control DNA extracted from the bulk cell population. SNPs are variants between the genome 

of our cells and the reference genome. They are electronically discarded (after [65]).
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Figure 4. 
Schematic representation of whole genome sequence analysis of mutations in single human, 

primary fibroblasts after amplification and in unamplified clones from single fibroblasts 

taken from the same population.

Vijg et al. Page 16

Essays Biochem. Author manuscript; available in PMC 2018 June 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. Frequency of somatic mutations in unamplified clones and amplified single cells
Clones and MDA amplicons derived from single human dermal fibroblasts were sequenced 

and the variants found compared with those in the bulk population to determine the somatic 

mutation frequency. There was no significant difference (P=0.76, Wilcoxon test) in the 

frequency of mutations observed, indicating that the single cell amplification protocol 

provides an accurate estimate of the somatic mutation frequency. The right-hand axis 

indicates the number of mutations per cell after adjustment for coverage. Error bars indicate 

88% confidence intervals. From Milholland et al. [51].
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Figure 6. Germline and somatic mutations in humans and mice
In humans and mice, germline mutation frequencies were measured by sequencing trios of 

parents and offspring, while somatic mutation frequencies were determined by sequencing 

single cells. Mutation rates were determined by dividing mutation frequencies observed by 

the estimated number of mitoses per generation. The heights of the bars reflect the median 

mutation rate (n=12, 8, 10, and 5) on a logarithmic scale. Error bars indicate +/−1 standard 

deviation. The somatic mutation rate was nearly two orders of magnitude higher than the 

germline mutation rate in both species; in mice, both the germline and somatic mutation 

rates were several times higher than their human equivalents. All differences were 

statistically significant (P<0.01, Wilcoxon test; after [51]).
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