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Abstract

:

Microsatellites are short, repetitive DNA sequences that can rapidly expand and contract due to slippage during DNA replication. Despite their impacts on transcription, genome structure, and disease, relatively little is known about the evolutionary dynamics of these short sequences across long evolutionary periods. To address this gap in our knowledge, we performed comparative analyses of 304 available insect genomes. We investigated the impact of sequence assembly methods and assembly quality on the inference of microsatellite content, and we explored the influence of chromosome type and number on the tempo and mode of microsatellite evolution across one of the most speciose clades on the planet. Diploid chromosome number had no impact on the rate of microsatellite evolution or the amount of microsatellite content in genomes. We found that centromere type (holocentric or monocentric) is not associated with a difference in the amount of microsatellite content; however, in those species with monocentric chromosomes, microsatellite content tends to evolve faster than in species with holocentric chromosomes.
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1. Introduction


Genomes contain a variety of sequence classes, many of which are repetitive in nature. The smallest of these are microsatellites—simple sequence repeats that have a 2–6-base-pair repeating motif. Microsatellites are highly polymorphic sequences that are most commonly found within non-coding portions of the genome; however, they can also be located in regulatory or intronic regions [1,2]. The location of microsatellites within the genome can have strong impacts on their stability. For instance, microsatellites occurring in regulatory or protein-coding regions tend to be highly conserved [3,4]. Similarly, conserved noncoding microsatellites which occur in the 5′ flanking regions of some protein coding genes in plants are, as their name suggests, conserved among species, possibly for their role in gene regulation [5,6]. In contrast, microsatellites found in regions without regulatory or coding functions (e.g., intergenic and some intronic regions) are likely to have little impact on organism fitness and, thus, their frequency and distribution should reflect the underlying mutation processes [7].



Microsatellites are useful to biologists as easily accessed genetic markers, and some microsatellites have fundamental impacts on organismal functioning. Because of their relative neutrality, microsatellites are useful in inferences of population demography, as well as genetic diversity [8,9]. The large quantity and variability in microsatellites even within a species make them useful for forensics [10], kinship analysis [11], and medical profiling [12]. Microsatellites also play an important role in chromatin organization [13], DNA structure [14], and centromere and telomere function [15]. However, the most studied effect of microsatellites is on the regulation of gene activity, where microsatellites can impact transcription [16], gene expression [17], protein binding [18], and translation [19], thus leading to diseases [20].



The primary mechanism for expansion and contraction of microsatellites is slippage that occurs during DNA replication [21,22]. However, differential abundance of repeats in exonic, intronic, and intergenic regions among taxa may suggest that strand slippage alone is insufficient to explain microsatellite distribution [23]. While strand slippage can account for the expansion and contraction of microsatellite content, it cannot account for large shifts in the relative abundance of types of microsatellites in closely related species (e.g., a shift from AC repeats to TA repeats being the most common).



While previous studies focused largely on specific classes of microsatellites in one or a handful of species, few studies examined the dynamics of all microsatellite content across large clades [24,25,26]. Adams et al. showed that ray-finned fish, squamate reptiles, and mammalian genomes had higher microsatellite content than crocodilian, turtle, and avian genomes. Additionally, some lineages had unusually high rates of change in microsatellite content, providing support for multiple major shifts in the microsatellite genomic landscape. The goal of our study was to determine whether microsatellites evolve differently in different clades of insects and to evaluate the impact of chromosome number, genome size, and centromere type (i.e., holocentric and monocentric) on both the content and the rate of microsatellite evolution. Our analyses revealed that chromosome number has no impact on either content or rate of microsatellite evolution, and that centromere type has no impact on total microsatellite content. However, our study showed that different insect orders have significantly different rates, and that the rate of microsatellite evolution is different among species with monocentric and holocentric chromosomes. Additionally, we found that genome size correlates with total content and rate of microsatellite evolution.




2. Materials and Methods


Sequence Data: We downloaded all available insect genome assemblies from NCBI, ENSMBL, and Baylor HGC (accession numbers and site addresses in Table S1 (Supplementary Materials), accessed August 2018). A total of 304 genomes were available spanning 18 of the 24 insect orders. Six orders were represented by single species, while Diptera and Hymenoptera were the most frequently sequenced orders with 116 and 71 species, respectively. In all cases, the most recent assembly with no masking was downloaded (accession numbers in Table S1 (Supplementary Materials)).



Assembly quality: Repetitive sequences are one of the central challenges in genome assembly and, because of this, it is possible that poorly assembled genomes or genomes assembled with shorter read technology will lead to inaccurate inference of microsatellite content. We took two approaches to assess and control for this possibility. Firstly, we reanalyzed data from a survey of microsatellites across 71 vertebrates [26]. In this analysis, we categorized each genome assembly by the sequencing platform (short, Sanger, and long) and tested whether genomes in these three classes had significantly different microsatellite content. If mixed data were available for a genome assembly (e.g., long-read sequencing with short-read polishing), this was classified as long read for our categories. Secondly, we also evaluated the correlation between scaffold and contig N50 and total microsatellite content. Based on results from this analysis (described below), we chose to include all insect genomes regardless of sequencing platform or N50 statistics.



Preliminary inspection of our insect genomes suggested that some were highly incomplete (e.g., assembly size 2% of expected genome size). Because of this, we performed a second quality assessment comparing BUSCO (Benchmarking Universal Single-Copy Orthologs) scores and total microsatellite content in all insect genomes [27]. We used default settings for BUSCO in conjunction with the insect gene set. Scores were calculated as the proportion of genes searched that were found as complete genes (in either single or duplicate copies). These scores were then compared to the total microsatellite content in each genome to determine if there was a cutoff below which microsatellites were poorly inferred. Based on this approach, we reduced the number of genomes examined to 231.



Phylogenetic data: For downstream comparative analyses, we downloaded sequences for the four most frequently sequenced mitochondrial genes (12S, COI, COII, and cytochrome b) and four nuclear genes (18S, 28S, elongation factor 1, and arginine kinase). This yielded a dataset of 221 operational taxonomic units (OTUs) representing members of 12 of the 24 insect orders. All sequences were downloaded from GenBank (accession numbers in Table S2 (Supplementary Materials)). The sequences were aligned in MAFFT v.7 using default settings [28]. We used Gblocks 0.91b to remove ambiguously aligned sites from 12S, 18S, and 28S alignments, using options for less stringent selection, including allowing smaller final blocks, gap positions within blocks, and less strict flanking requirements [29]. This resulted in alignments for 12S, 18S, and 28S of 346 bp, 1442 bp, and 253 bp in length, respectively. We used MEGA to manually adjust the alignments of protein coding genes (COI, COII, elongation factor 1, cytochrome b, and arginine kinase) to ensure that the reading frame was maintained [30]. These alignments were 1463 bp, 683 bp, 1064 bp, 409 bp, and 1019 bp in length, respectively. For tree inferences in RAxML, alignments were concatenated (total length 6686 bp), while each gene was kept separate for Bayesian tree inference.



Rogue taxa, or taxa which are placed inconsistently with equal probability during phylogenetic inference due to insufficient or erroneous data, will often lead to overestimation of rates of trail evolution, similar to what is seen in supertrees [31,32]. To avoid this problem, we inferred 100 rapid bootstrap trees using RAxML-HPC v.8 on XSEDE using the CIPRES Science Gateway [33,34]. Using these trees, we calculated taxon instability index with Mesquite v 3.6 [35]. A high index value indicates that a taxon has variable placement among trees. By visual inspection of this distribution, we found that 92% of taxa have indices less than 5000; however, above this, instability quickly increases (Figure S1 (Supplementary Materials)). To ensure that our estimate of rates was conservative, we removed the 18 taxa with scores higher than this cutoff. Filtering our dataset based on BUSCO scores (discussed below), gene sequence availability, and taxonomic instability index scores led to a final dataset of 201 taxa for our Bayesian analysis.



We used BEAST v2.5.2 for the inference of time-calibrated phylogenies [36]. For a starting tree, we selected the best maximum likelihood tree from RAxML, which we converted to an ultrametric tree using nonparametric rate smoothing implemented in the function chronos in the R package APE [37]. We assumed a relaxed log-normal clock, a GTR substitution model with among-site rate variation modeled with a γ distribution, and a birth–death branching model. We estimated nucleotide substitution model parameters independently across four partitions: protein codon positions 1, 2, and 3, and the ribosomal positions. To calibrate divergence time estimation, we placed eight priors on node ages in the tree. Normal distributions with means and standard deviations were chosen to represent previous estimates of the ages of the root of the tree and the origin of Lepidoptera, Diptera, Hymenoptera, Coleoptera, Blattodea/Phasmatodea, Hemiptera, and Ephemeroptera/Odonata (Table S3 (Supplementary Materials)) [38]. Two independent BEAST runs were completed.



Microsatellite and other trait data: We used micRocounter v.1.1.0 to characterize the microsatellite content within the insect genome assemblies [39]. We recorded the number of dinucleotide (2mer), trinucleotide (3mer), tetranucleotide (4mer), pentanucleotide (5mer), and hexanucleotide (6mer) repetitive sequences. Default micRocounter settings for all parameters were used (2mers required six repeats, 3mers required four repeats, and 4–6mers required three repeats). We used a publicly available dataset to gather centromere type (holocentric or monocentric) and chromosome number for as many species as possible in our study [40,41]. We additionally gathered available genome size estimates from the Animal Genome Size Database [42].



Estimating rates of microsatellite evolution: We fit Brownian motion models to estimate rates of microsatellite evolution at several levels. All rate estimates described were generated using the restricted maximum likelihood approach using the ace function in the R package APE [37]. This function takes observed microsatellite content and the phylogeny, and it returns an ancestral state estimate for every node in the tree and the maximum likelihood estimate for the rate of evolution. For comparison, we fit the same model using the fitContinuous function in the R package Geiger v2.0.6.4 [43]. Rate estimates between these two approaches were qualitatively identical.



Firstly, we fit a model where we assumed a single rate of microsatellite evolution across the entire phylogeny. Next, we estimated rates individually for each order that had at least 10 species in our dataset (for both of these analyses, we fit our model based on microsatellite bp per Mbp). Finally, we calculated tip rates. Using the ancestral state estimates from our combined analysis of all data, tip rates were estimated by taking the difference in microsatellite content of a species and the ancestral state estimate for the node from which it descends. This value represents the change since the last speciation event sampled on our phylogeny (this was calculated based on the total bp of microsatellites estimated for each tip in the tree). This value was then divided by the branch length since that speciation event, providing an estimate for the recent rate of evolution in a species lineage.



The impact of centromere type on microsatellite content and evolution: We firstly tested whether species with holocentric and monocentric chromosomes have significantly different microsatellite content. We analyzed the quantity of each microsatellite size class (2–6mer), total microsatellite content, and microsatellite content per Mbp using a phylogenetic ANOVA implemented in Geiger [43]. The phylogenetic ANOVA was repeated for each tree from the posterior distribution. To calculate p-values, the observed F-statistic was compared to a null distribution generated from 100 simulations.



In addition to differences in microsatellite content, type of centromere may also affect the rate at which microsatellite content evolves. We tested for a difference in the rate of microsatellite evolution in species with holocentric and monocentric chromosomes using a censored rate test implemented in the brownieREML function in phytools v0.6-99 [44]. This allowed us to compare models where the continuous trait (microsatellite content) evolves at a single rate on all branches to a model where each state has independent rates of evolution (O’Meara et al. 2006). We used the function make.simmap in phytools to generate the stochastic maps (holocentric vs. monocentric states) that are used in brownieREML [44]. In construction of the stochastic map, we used a Markov model and allowed rates of transition between holocentric and monocentric to differ. To account for uncertainty in ancestral states, we repeated our analysis across 100 stochastic maps.



Comparing rates and content to chromosome number and genome size: We hypothesized that, if microsatellites are common in structural elements of chromosomes, then those species with more chromosomes would be expected to have greater microsatellite content. We analyzed the data using a phylogenetic linear model where microsatellite content in bp of microsatellite content/Mbp of genome was the response variable and chromosome number was the predictor variable. We also fit a phylogenetic linear model where the tip rate as described above was the response variable and chromosome number was the predictor variable. Both of these models were fit using the function phylolm in the R package phylolm v2.6 and used all 100 posterior distribution trees with 100 bootstraps for each tree [45].



We also assessed genome size as a predictor of microsatellite evolution. For this analysis, we used genome size in Mbp. We analyzed the data using a phylogenetic linear model where microsatellite content in Mbp was the response variable and genome size was the predictor variable. This analysis used the 100 posterior distribution trees with 100 bootstraps for each tree. We also fit a phylogenetic linear model where the tip rate as described above was the response variable and genome size was the predictor variable. Again, this analysis used the 100 posterior distribution trees with 100 bootstraps for each tree. Both of these models were fit using the function phylolm in the R package phylolm. [45]. All analyses were completed in R version 3.6.3 [46]. All tests were considered significant at α = 0.05. All data and code necessary for our analyses are available on Dryad (available upon acceptance).




3. Results


3.1. Data Quality and Collection


3.1.1. Assembly Quality


Firstly, repetitive sequences were reanalyzed from a prior study with 71 vertebrates to determine the effect of sequencing platform (short, Sanger, and long) on microsatellite inference. We hypothesized that shorter sequencing may not be able to fully span repetitive regions, generating a pattern of estimates of lower microsatellite content in genomes assembled from short-read sequencing platforms. However, we found no significant difference in microsatellite content among genomes assembled with these three classes of platforms (Figure S2 (Supplementary Materials)). We also investigated the impact of N50 for both contigs and scaffolds on estimated microsatellite content. Using a linear model, we found no significant effect of either of these measures on microsatellite content (p-value for N50 contig = 0.70 and p-value for N50 scaffold = 0.18). Finally, we fit a linear model where microsatellite content was the response variable and genome size was the predictor variable and found no significance between them (p-value = 0.24; Figure S3 (Supplementary Materials)). These results suggest no strong biases in estimates of microsatellite content among these vertebrate genomes. While this suggests that it may be acceptable to use existing genome assemblies for comparative analyses, we feared that some of the 304 insect genomes we downloaded may be more poorly assembled than the vertebrate genomes we examined. For this reason, we investigated the relationship between BUSCO scores and estimated microsatellites content. We found an unexpected pattern where some genomes with very low BUSCO scores (e.g., less than 0.05) had the highest microsatellite content (Figure S4 (Supplementary Materials)). These low-scoring genome assemblies also exhibited both some of the smallest and some of the largest genome assemblies in our collection of genomes. Genomes with BUSCO scores greater than 0.1 did not appear to have any consistent bias in microsatellite content; however, we chose to conservatively retain only those genomes with BUSCO scores of at least 0.90, reasoning that these genomes were most likely the most well assembled in our dataset. Using this threshold, we discarded 83 genomes, and all downstream analyses were performed on the remaining 221 genomes. As mentioned above, this was further reduced to 201 for all analyses involving our phylogeny due to elevated taxonomic instability scores during tree inference.




3.1.2. Phylogenetic Reconstruction


Both MCMC chains converged on a parameter space with equal likelihood by 100 million generations. The chains were then allowed to run for an additional 100 million generations to ensure that neither chain discovered an area of higher likelihood. Convergence was evaluated using Tracer v1.7.1 [47]. The first 75% of each MCMC was discarded as burn-in, and 50 trees were randomly sampled from the post-burn-in portion of each MCMC. These 100 trees represent our posterior distribution of trees and were used in all downstream analyses. The phylogenies inferred were consistent with a comprehensive order-level phylogeny [38].




3.1.3. Microsatellite Content and Rates


Microsatellite content for each type of microsatellite (2mer, 3mer, 4mer, 5mer, 6mer) was measured for each of the species in our dataset (Figure 1). The highest total microsatellite content was found in Blatella germanica with a total of 19.03 Mbp of microsatellite content. The lowest microsatellite content was found in Belgica antarctica with a total of 0.17 Mbp of microsatellite content. Across all insects, we found that 2mers are the most abundant type of microsatellite, accounting for an average of 1.06 Mbp of the average insect genome assembly.



Our estimates of order rates revealed striking variation in rates of evolution (Figure 2A). Coleoptera exhibited the lowest rates of microsatellite evolution (σ2 = 0.006 × 105), while Diptera and Hemiptera exhibited the highest rates of microsatellite evolution (σ2 = 1.278 × 105 and 1.157 × 105, respectively). Next, we estimated tip rates of microsatellite evolution. Tip rates (in units of bp change per million years) for most species were normally distributed around zero. However, two hemipterans, Pseudococcus longispinus and Paracoccus marginatus, both exhibited strikingly negative tip rate values (−3.3 × 10−6 and −3.7 × 10−6 respectively). While, alone, these values may not seem striking, these numbers are 45 and 51 times larger, respectively, than the relative mean tip rate observed in our dataset. These two species also exhibited a considerably smaller genome size than is typical for hemipterans (average = 490 Mbp) with a genome size of 285 Mbp for P. longispinus and 191 Mbp for P. marginatus.





3.2. Comparative Analyses


3.2.1. Order


We firstly tested whether different orders of insects had different microsatellite content using both a standard and a phylogenetically corrected ANOVA. The response variables were the raw count of bp of each microsatellite type (2–6mer), the total sum of all microsatellites, and the proportion of the genome that is composed of microsatellite content. This proportion was calculated by taking the total raw microsatellite content divided by the assembly size. While we found that standard ANOVAs returned significant results for six of the seven response variables, none of these were significant after correction for phylogenetic history (Table S4 (Supplementary Materials)). This result was not unexpected upon examining the distribution of microsatellite proportions (Figure 2B).




3.2.2. Centromere Type


We reasoned that, due to the repetitive nature of centromeric sequences, species with different centromere types may have distinct tempos and modes of evolution. Using stochastic maps of centromere type evolution, we performed a censored rate test to determine if rates of microsatellite evolution were significantly different in lineages with these two types of centromeres. Out of the 100 posterior distribution trees, 99 favored a two-rate model. The rate estimates for microsatellite evolution were higher in lineages with monocentric chromosomes for all trees, including the one tree that did not support a two-rate model as significantly better (Figure 3A). We also compared the mean microsatellite content (2–6mer and total content) of lineages with monocentric and holocentric chromosomes using a standard and phylogenetically corrected ANOVA (Figure 3B). In no cases were monocentric and holocentric lineages significantly different (Table S5 (Supplementary Materials)).




3.2.3. Chromosome Number and Genome Size


To test for a contingency between these traits, we fit linear models where chromosome number or genome size were predictor variables and tip rates of microsatellite evolution or microsatellite content were response variables; in all cases, linear models were fit while correcting for phylogeny. We found no significant relationship between chromosome number and rates of microsatellite evolution (Figure 3C) or microsatellite content (Figure 3D). In contrast, when we tested genome size as the predictor variable for microsatellite content, 96 of 100 phylogenies produced a significant result (Figure 4A). For 99 of the models, the slope of this relationship was positive, indicating that increased genome size is associated with increased microsatellite content. Likewise, when the response variable was rate of microsatellite evolution, 53 out of 100 trees produced a significant result (Figure 4B). However, in this case, the increased genome size was associated with a very small decrease in the rate of microsatellite evolution in 84 of the 100 trees.






4. Discussion


While most other studies focused on microsatellite content and rates of evolution across specific taxa, we investigated several possible predictors that may account for different microsatellite dynamics among orders of insects. We investigated the impact of chromosome number, centromere type, and genome size on microsatellite content and rates of evolution. We found significant differences in the microsatellite content among taxa, even those closely related. We also found that, across all sequenced genomes, microsatellite content scales with genome size. Finally, we showed that species with monocentric chromosomes have significantly higher rates of microsatellite evolution.



The impacts of genome assembly quality: One of our initial questions in using genome assemblies to understand microsatellite evolution was the potential impact of assembly quality on downstream analyses. We addressed this question using two datasets. Firstly, we analyzed data from a previous microsatellite study using vertebrate genomes [26]. Then, we evaluated the inference of microsatellites across all sequenced insect genomes. Our results demonstrated that, for the vertebrate data, microsatellite content inference is not biased by any quality metric we analyzed. In contrast, for insect genomes, we found that assemblies with very low BUSCO scores exhibited an exceedingly wide range of microsatellites. This pattern could be a result of some genomes with exceptionally large amounts of repetitive elements being both difficult to assemble and greatly enriched for microsatellites. However, the fact that genomes with these low BUSCO scores exhibit both higher and lower microsatellite content than is typical of well-assembled genomes suggests that this may be an artefact of a poor assembly. Furthermore, these species do not all have larger genomes than is typical for their clades, which would be expected if the pattern was driven by a massive expansion of repetitive elements. Based on this logic, we excluded genomes with low BUSCO scores and suggest that future studies with any genome used for investigations of microsatellite content should have a BUSCO score in excess of 90 to ensure that the results reflect biological reality rather than the poor quality of the assembly.



4.1. Traits


Centromere type: Theoretical work showed that microsatellites should expand in regions such as the centromere where there is suppression of recombination and weak selective pressure on the array length [48]. Two primary types of centromeres are present across the tree of life and within insects [40,49]: holocentric chromosomes where centromere function is diffuse across the entire length of the chromosome and monocentric chromosomes where a single region of the chromosome functions as the centromere. These two types of centromeres lead to fundamentally different behavior with regard to resolution of chiasma that form during recombination. While monocentric chromosomes can segregate with multiple chiasma even in a single arm, holocentric chromosomes with more than one or two chiasma per chromosome fail to segregate properly [50]. Furthermore, centromeric regions in both types of chromosomes exhibit reduced recombination [51]. This difference could lead to more regions of low recombination in holocentric species and greater opportunity for expansion of microsatellites relative to monocentric species. This might suggest that holocentric species would have larger genomes due to the proliferation of microsatellites and other repetitive sequences. However, analyses across a range of taxa do not support a difference in genome size between holo- and monocentric species [52]. Another potential cause of differences in monocentric and holocentric species could be differences in DNA replication mechanics. Some evidence suggests that the distribution of translation initiation sites may vary based on centromere type [53].



In some plants and nematodes, studies suggested a higher satellite content in species with holocentric chromosomes [53,54]. However, the most taxonomically broad analysis of satellite content comparing holocentric and monocentric species supports lower satellite content in holocentric species [55]. These studies focused on all satellite content, and the results were largely driven by mini- or macrosatellites. Our results suggest that, within insects, there is no significant difference in microsatellite content when comparing holocentric and monocentric species. This suggests that microsatellites do not play a central role in defining centromeric regions and that the selective forces constraining microsatellite expansion may be similar regardless of the centromere type.



Based on the similarity in microsatellite content that we observed among holocentric and monocentric lineages, we hypothesized that they would also demonstrate similar rates of evolution. However, when we fit a Brownian motion model of evolution to microsatellite content, we inferred consistently higher rates in monocentric species than in holocentric species. Examining the total microsatellite content of all species in our study, we can see that the monocentric orders Hymenoptera and Diptera both exhibit a range of microsatellite content that exceeds all holocentric orders combined (Figure 2B). We suggest that these orders likely drive much of the signal for higher rates of microsatellite evolution in monocentric species. However, not all monocentric clades exhibit high rates of microsatellite evolution; Coleoptera actually exhibits the lowest rate of microsatellite evolution of any order that we studied (Figure 2A). This highlights one of the dangers of comparative approaches that test for differences in rates of continuous trait evolution in two states of a discrete trait, i.e., a small portion of a phylogeny may contain such a strong signal that any binary trait mapped onto that portion of the phylogeny will be positively correlated with high rates. This is similar to the source of inflated rates of false positives that recently caused upheaval in attempts to detect differential diversification under BiSSE models [56]. More broadly, the magnitude of variation we observed is striking and was not fully explained by any of the explanatory variables that we examined. This suggests that additional factors must play an important role in determining the observed differences among species.



Chromosome number: Based on detailed analyses of Diptera genomes, microsatellites appear to be rare in heterochromatic portions of the genome [57,58]. However, heterochromatic regions are generally enriched for a variety of repetitive sequences [59,60]. Centromeres and telomeres, as well as the regions adjacent to them, are often heterochromatic, and the number of these structural regions scales with the number of chromosomes a genome contains. We might also expect chromosome number to correlate with rate of evolution where more recombination occurs in species with many chromosomes. With each recombination event, there is an opportunity for misalignment of repeat units, which would lead to a longer or shorter locus in the resulting gametes. In our analysis, we found no significant correlation between chromosome number and either microsatellite content or microsatellite rate of evolution. We interpret this as evidence that these regions are not a “hot spot” for microsatellite accumulation in most insect species, and that changes in microsatellite length due to recombination errors are rare. However, we note that centromeric and telomeric regions are difficult to assemble regions of the genome and may become more difficult to assemble as the number of chromosomes increases. As such, the use of whole genome assemblies rather than raw reads may reduce our ability to detect a concentration of microsatellites in these regions. More broadly, the results that we presented are likely most applicable to the tempo and mode of microsatellite evolution in euchromatic portions of the genome.



Genome size: There is large variation in genome size among eukaryotes; even closely related species often have strikingly different genome sizes [61]. This variation in eukaryotes is not predictive of complexity, ploidy level, or the number of protein-coding genes [62,63]. The evolution of genome size can be directly affected by a variety of processes, e.g., insertions, deletions, polysomy, proliferation of transposons (reviewed in Reference [64]). A correlation between microsatellite content and genome size may be produced in two distinctly different fashions. Firstly, microsatellite expansion or contraction may lead directly to changes in genome size, or broader deletion or insertion processes may drive a global change in genome size that impacts microsatellites as a byproduct. The relationship between microsatellite content and genome size was confirmed in many species [13,65,66]. Although our study could not distinguish among the possible drivers of this correlation, we did find a signal for contingency among genome size and microsatellite content (Figure 4A). Furthermore, we found a correlation between the rate of microsatellite evolution and genome size. We interpret this as support for the proportional model of genome size evolution [67]. This hypothesis suggests that variation in rates of genome size evolution (and, in turn, genome size) is driven by broad rate differences that are a function of the genome size, such that species with large genomes also have higher rates of genome size evolution.




4.2. Clades


Content: Our analysis demonstrated that microsatellite content is highly variable across species (Figure 1). However, differences among orders were not statistically significant once we corrected for the phylogenetic history. Instead, we found a pattern where often even closely related species exhibit striking differences in microsatellite content. For instance, within the fly family Tephritidae, Ceratitis capitata has 10 times more 5mer repeats than the four Bactrocera species. C. capitata even has three times more 5mer repeats than Rhagoletis zephyria despite the Rhagoletis species having 30% more total microsatellite content. This pattern suggests that microsatellite content can evolve rapidly and confirms previous studies that suggested that species often have unique microsatellite landscapes [68].



Rates: Although we found that clades with monocentric chromosomes had higher rates of microsatellite evolution, they also exhibited striking variation in rates of evolution. In fact, among all orders evaluated, the monocentric orders Diptera and Coleoptera had the highest and lowest rate of microsatellite evolution, respectively (Figure S5 (Supplementary Materials)). In contrast, both holocentric orders had intermediate rates. The broad range of rates estimated within monocentric clades suggests that monocentricity is unlikely to be the driving force responsible for rate differences among clades. Instead, we suggest that there must be other traits that are present in some monocentric clades that contribute to a higher rate estimate in lineages with this type of chromosome.





5. Conclusions


The molecular mechanism via which microsatellite content evolves is well-understood; however, the drivers of variation in patterns of microsatellite evolution across large clades is not. This study is, to our knowledge, the first to test how centromere type, chromosome number, and genome size impact clade-level microsatellite content and rates of evolution. Our results show that there is large variation both in microsatellite content and in type of microsatellite repeats within and among orders. Furthermore, the rates at which this microsatellite content evolves differ among orders and centromere type. Based on our study, we suggest that Coleoptera and Diptera are particularly good clades to compare as they exhibit the largest difference in rates of evolution. The advent of long-read sequencing technology coupled with approaches that provide genome wide scaffolding will lead to a vast increase in the number and completeness of genomes that are publicly available. These new assemblies will have the potential to evaluate the evolution of microsatellites across the entire genome rather than being concentrated in euchromatic portions, as is currently the case. Approaches like those we used that allow for an evolving trait to impact the rate of evolution of a second trait could leverage these genomes to reveal the impact of a broad range of characters (e.g., TEs, structural elements, codon bias, recombination rates) on the evolution of microsatellite content.
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Figure 1. The inferred microsatellite counts for each type (2mer, 3mer, 4mer, 5mer, 6mer, and total), with cool colors representing lower microsatellite content and warm colors representing higher microsatellite content. The values are standardized across all types. The phylogeny depicting the row that corresponds to each species can be seen on the left, and the orders that each of these species encompass is on the right. 
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Figure 2. Comparing microsatellite content and rates of evolution among orders. Both y-axes are measured in a log scale. The centromere type present in an order is indicated with an H or M at the top of the plot for holocentric and monocentric, respectively. Orders are indicated on the horizontal axis. (A) The rate of microsatellite evolution for all orders with at least 10 representatives. For each order, 100 estimates derived from each of the 100 trees is plotted. (B) Microsatellite content for all species included in comparative analyses. 
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Figure 3. Comparing rates and content to centromere type and chromosome number. (A) The difference between the monocentric and holocentric rate predicted under a Brownian motion model for the 100 posterior distribution trees. (B) The difference between the microsatellite content in base pairs between holocentric and monocentric species. The y-axis is in the log scale. (C) The relationship between microsatellite evolution rates and the diploid chromosome number for each species. (D) The relationship between the microsatellite content in bp/Mbp and the diploid chromosome number for each of the species. 
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Figure 4. Comparing rates and content to genome size. (A) The relationship between microsatellite content in Mbp and the genome size in Mbp for each species. (B) The relationship between microsatellite evolution rates and the genome size in Mbp for each species. 
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