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SUMMARY

Genome size (GS) can vary considerably between phylogenetically close species,
but the landscape of GS changes in insects remain largely unclear. To better un-
derstand the specific evolutionary factors that determine GS in insects, we exam-
ined flow cytometry-based published GS data from 1,326 insect species, span-
ning 700 genera, 155 families, and 21 orders. Model fitting showed that GS
generally followed an Ornstein–Uhlenbeck adaptive evolutionary model in In-
secta overall. Ancestral reconstruction indicated a likely GS of 1,069Mb, suggest-
ing that most insect clades appeared to undergo massive genome expansions or
contractions. Quantification of genomic components in 56 species from nine fam-
ilies in four insect orders revealed that the proliferation of transposable elements
contributed to high variation in GS between close species, such as within Coleop-
tera. This study sheds lights on the pattern of GS variation in insects and provides
a better understanding of insect GS evolution.

INTRODUCTION

Genome size (GS) varies greatly in different organisms, with differences of �200,000-fold across all eukary-

otes (Gregory 2001), �12,000-fold across plant species (Leitch et al., 2019) and an �7,000-fold difference

across all animals (Gregory 2005a). GS is poorly correlated with organismal complexity or number of coding

genes (the C- and G-value paradox, Gall 1981; Hahn and Wray 2002), and thus, the biological reasons for

this huge variations in GS remain unclear from an evolutionary perspective. Whether the evolutionary

causes and consequences of GS variation are adaptive or non-adaptive processes has been widely

debated. The non-adaptive theory suggests that variation in GS are introduced through a stochastic and

nearly neutral evolutionary process (Petrov 2002; Lynch and Conery 2003), since DNA insertions and dele-

tions mainly occur through random genetic drift (Lynch and Conery 2003; Mohlhenrich and Mueller 2016),

with counteracting outcomes between these two processes determining GS (Petrov 2002; Sung et al., 2016;

Kapusta et al., 2017). Specifically, DNA can be rapidly added by genome duplication (Vu et al., 2015; Soltis

and Soltis 2016; Marburger et al., 2018), tandem repeat amplification (Shah et al., 2020; Majid and Yuan

2021; Stelzer et al., 2021) or transposon transpositions (Kidwell 2002; Naville et al., 2019; Zhang et al.,

2020; Lehmann et al., 2021; Oggenfuss et al., 2021). Extraneous and/or slightly deleterious DNA is then

gradually deleted by purifying selection (Lynch and Conery 2003). Alternatively, the adaptive hypothesis

emphasizes the functional effects resulting from changes in total DNA abundance (Cavalier-Smith 1978,

2005; Gregory and Hebert 1999). Because DNA content directly or indirectly effects the cell volume and

specific surface area, this hypothesis argues that GS variation is an adaptive process subject to natural se-

lection for essential cellular processes (e.g., cell division rate or cell metabolism rate) (Cavalier-Smith 1978,

2005; Gregory 2001; Gardner et al., 2020) and fitness-related phenotypes (e.g., body size, developmental

rate) (Gregory 2002; Wyngaard et al., 2005).

Insects constitute a major proportion of invertebrates and contain the largest number of reported species,

and thus serve as a good system for examining GS evolution. Some intriguing insect traits have been tested

for correlations with GS. For example, the reproductive fitness (Arnqvist et al., 2015) of seed beetles and

host range of moths in family Noctuidae (Calatayud et al., 2016; Zhang et al., 2019) are both correlated

with GS. However, traits such as parasitism by Hymenopterans (Ardila-Garcia et al., 2010), eusociality of Hy-

menopterans and Blattodeans (Koshikawa et al., 2008; Ardila-Garcia et al., 2010), and flight ability and stra-

tegies among dragonflies and damselflies (Odonata) (Ardila-Garcia and Gregory 2009) are all unrelated to

GS. Morphological characteristics such as eye width (Liu et al., 2017), antennae length (Liu et al., 2017), egg

size (Schmidt-Ott et al., 2009; Church et al., 2019), and body size (1994; Palmer et al., 2003; Tsutsui et al.,
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2008; Ardila-Garcia and Gregory 2009; Lopes et al., 2009) in adult insects have also been linked to GS, but

are not consistently correlated with GS in different clades. However, testing whether these phenotypes

have a causal relationship with GS in insects remains difficult since GS is generally dependent on phyloge-

netic history (Alfsnes et al., 2017).

Several recent studies have conducted small scale comparative phylogenetic investigations to better un-

derstand the evolutionary patterns and processes responsible for GS variation in insects. For example,

GS in fireflies (family Lampyridae, Coleoptera) (Lower et al., 2017) and flies (subgenus Sophophora, Diptera)

(Hjelmen and Johnston 2017) were found to evolve neutrally through a non-adaptive mode. Ancestral

reconstruction of GS among crickets (suborder Ensifera, Orthoptera) (Yuan et al., 2021) and butterflies (fam-

ily Papilionoidea, Lepidoptera) (Liu et al., 2020) suggested that genome expansion or contraction events

happened frequently, resulting in a high diversity of GS among these species.

Moreover, genomic analyses in other insects have provided evidence that the abundance of transposable

elements (TE) differs widely among species and is positively correlated with GS in insects (Petersen et al.,

2019; Wu and Lu 2019). For example, locust (Locusta migratoria, Orthoptera) carries the largest insect

genome published to date, �6.5 Gb, �60% of which is comprised of TEs (Wang et al., 2014). In other large

genomes, such as that of the grasshopper Vandiemenella viatica (�4.5 Gb) (Palacios-Gimenez et al., 2020)

or the rice weevil Sitophilus oryzae (770 Mbp) (Parisot et al., 2021), TEs account for an even greater propor-

tion of the genome, exceeding 70%. By contrast, TE represent less than 1% of the genomes of the Antarctic

midge (Belgica antarctica, Diptera, 83.9 Mb) (Kelley et al., 2014) and the body louse (Pediculus humanus

humanus, Phthiraptera, 108 Mb) (Kirkness et al., 2010). Some studies have reported that the specific accu-

mulation of LINE retrotransposons and DNA transposons leads to GS variation among wood-white butter-

fly species (genus Leptidea) (Talla et al., 2017) and Asian gypsy moths (genus Lymantria) (Hebert et al.,

2019). In addition, the massive horizontal transfer of some TEs, such as the Gypsy, Bel-Pao, and Copia

LTR superfamilies, significantly influences GS in mosquitoes (Melo and Wallau 2020).

The majority of these above-mentioned studies were carried out in a small set of species. Because GS may

be the outcome of various counteracting factors, it may not be possible to arrive at a single, universal prin-

ciple that can explain the causes of GS variation through small-scale studies. The recent emergence of

numerous insect genome sequencing projects has led to the availability of GS information for more than

1000 insects, either estimated by flow cytometry, K-mer analysis, or genome assembly. To broadly uncover

the evolutionary factors driving GS variation in insects, we collected GS data, estimated mainly by flow cy-

tometry, and analyzed differences within and among various insect clades. The results showed that GS

varies considerably at different taxonomic levels, even among some close insect species. Comparative

phylogenetic analyses showed that different models fit the observed differences in GS in different insect

orders, suggesting that different evolutionary history responsible for shaping the GS variation among

different insect clades. Analysis of genome content suggested that the expansion of TEs, rather than

genome duplication, led the observed variation in GS between phylogenetically close species. Moreover,

we found that several specific TEs appear to drive GS variations within different insect clades, suggesting

that the type of TE driving changes in GS in each insect group may be the result of lineage-specific evolu-

tionary events.

RESULTS

GS variation in insects

To understand the comprehensive pattern of insect GS variation at broad level, we first collected as much

GS data as possible. To this end, we obtained 1,345 records of GS, estimated mainly by flow cytometry,

from the Animal Genome Size Database (Gregory 2005a). After removing redundancy, 1,145 insect GS in-

formation were kept for further analysis. We also examined previous studies, published before December

2020, to supplement the above insect GS data, which yielded 181 additional records. Ultimately, the GS

dataset included 1,326 insect species from 700 genera, 155 families, and 21 orders (Table S1). Among these

records, dipteran and coleopteran insects comprised the highest proportion, including 307 and 295 spe-

cies, respectively, followed by Hymenoptera, Lepidoptera, Odonata and Hemiptera. Among these insect

species, we observed a 266-fold variation in GS from the smallest, 68.46Mb, belonging to themidgeClunio

tsushimensis in Diptera, to the largest, 18.23 Gb, in the grasshopper Bryodemella holdereri in Orthoptera.

Statistical analyses indicated several significant differences in themaximum, minimum, average, range, and

variance of GS across the different insect orders (Table 1 andFigure 1A), among which the Orthoptera GS,
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0.91 Gb on average, was significantly larger than any other order (n>10), whereas Order Diptera had the

smallest average GS of 381.44 Mb, followed by Hymenoptera with a 434.96 Mb average GS (Wilcoxon

rank-sum one-side tests, p< 0.001) (Table S2B). Interestingly, some families carried significantly smaller ge-

nomes than those of any other family within the same order, such as Chironomidae in Diptera (average =

127.1 Mb, n = 30), Tenebrionidae in Coleoptera (average = 370.1 Mb, n = 65), Braconidae in Hymenoptera

(average = 140.2 Mb, n = 14) and Nymphalidae in Lepidoptera (average = 417.5 Mb, n = 29) (Table S2B).

The holometabolous insects (clade Holometabola) are thought to possess relatively small genome con-

tents under the selection of the rapid cell division and metabolism rate during the developmental stages

with intensive morphological differentiation (Gregory 2002, 2005b). We tested this hypothesis by

comparing the difference in GS among the ametabolous orders (including Archaeognatha and Zygen-

toma), the hemimetabolous orders (including Phthiraptera, Hemiptera, Thysanoptera, Blattodea, Manto-

dea, Phasmatodea, Embioptera, Orthoptera, Dermaptera, Zoraptera and Odonata), and the holometabo-

lous orders (including Diptera, Mecoptera, Siphonaptera, Lepidoptera, Trichoptera, Coleoptera,

Strepsiptera and Hymenoptera). We found that the holometabolous did have the smallest genomes

(average GS = 536.7 Mb, n = 990) (Figure 1A), significantly smaller than that of hemimetabolous (p =

1.31E-73, average GS =2,781.4 Mb, n = 327) and ametabolous (p = 0.003, average GS =3,003.5 Mb, n =

9) insects (Figure 1A and Table S2B). Collectively, the similarities and differences in GS showed a great di-

versity of GS within different insect clades and groups, implying distinct evolutionary histories of insect GS

among the studied taxa.

Evolutionary modes and ancestral states of insects GS

To further elucidate the evolutionary history responsible for the observed GS variation pattern, we

modeled GS trait evolution within various insect groups and orders. To this end, we first assembled a phy-

logeny containing 1,256 species out of the 1,326 records in our above GS dataset through NCBI taxonomy

Table 1. Statistical summary of 1,326 insect GS from 21 orders

Min.* (Mb) Max.* (Mb) Mean (Mb) Mode (Mb) Range (Max./Min.) CV.*(%) No. of Species

Diptera 68.46 1,858.20 381.44 207.81 27.14 84.41 307

Coleoptera 156.48 4,909.56 771.77 351.48 31.38 75.22 295

Hymenoptera 97.80 1,939.70 434.96 292.40 19.83 56.98 223

Lepidoptera 214.72 1,897.32 541.95 390.51 8.84 48.33 159

Odonata 361.86 2,308.08 1,007.43 849.63 6.38 40.53 113

Hemiptera 176.04 6,855.78 949.97 510.37 38.94 115.27 94

Orthoptera 1,515.90 18,232.00 9,052.56 9,440.36 12.03 39.51 66

Blattodea 567.24 5,036.70 1,810.78 1,162.81 8.88 61.96 27

Phasmatodea 1,330.08 7,824.00 2,962.44 2,338.30 5.88 57.09 12

Archaeognatha 2,435.22 3,804.42 3,001.24 2,902.40 1.56 15.62 8

Mantodea 2,855.76 4,430.34 3,475.81 3,087.35 1.55 18.98 5

Thysanoptera 280.40 479.22 384.69 410.33 1.71 19.78 5

Strepsiptera 107.58 127.14 117.36 – 1.18 – 2

Trichoptera 258.00 455.00 356.50 – 1.76 – 2

Phthiraptera 107.58 107.58 107.58 – 1.00 – 2

Siphonaptera 459.66 459.66 459.66 – 1.00 – 1

Dermaptera 518.34 518.34 518.34 – 1.00 – 1

Embioptera 2,601.48 2,601.48 2,601.48 – 1.00 – 1

Mecoptera 2,014.68 2,014.68 2,014.68 – 1.00 – 1

Zygentoma 3,022.02 3,022.02 3,022.02 – 1.00 – 1

Zoraptera 1,848.42 1,848.42 1,848.42 – 1.00 – 1

Total 68.46 18,232.00 1,107.03 274.24 266.32 189.45 1,326

Note. ‘‘*’’ Min. is short for minimum; Max. for maximum and CV. for Coefficient of variation. See also Table S1.
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database (see method details). Based on this phylogeny, we tested three commonly used models,

including Brownian motion (BM), Ornstein-Uhlenbeck (OU) and Early Burst (EB) model, to check which of

these evolutionary models could best explain the evolution pattern of 1,256 insects GS using the R package

geiger (Harmon et al., 2008). Ignoring the phylogenetic structure (i.e. without phylogenetic signal), the

white-noise model (WN), was used as the control. The BM model depicts a stochastic process, thus sug-

gesting that changes in GS were random events. Interpretation of the OU model suggests that changes

in GS are the result of selection pressure with a central tendency toward the evolutionary optima. By

contrast, the EB model depicts an evolutionary process that varied over time, beginning at a relatively

fast rate, then gradually slowing. When all 1,256 insects were considered as a whole, the OUmodel showed

the best fit for log scale representation of GS (Table 2), which also generally showed the best fit for species

within the holometabolous orders Coleoptera, Diptera, Hymenoptera, and Lepidoptera (Akaike weights,

AW = 0.988, 0.999, 0. 995, 0.996, respectively, Table S3). In contrast, The BM model showed a better fit

with the hemimetabolous orders Odonata, Orthoptera and Hemiptera (AW =0.588, 0.599, 0.462, respec-

tively). Taken together, these results showed that GS evolution in Holometabola and Insecta followed

the OU model whereas the Hemimetabola was more fit by the BM model, suggesting that adaptive evo-

lution was responsible for GS in insects overall but has less impact on the Hemimetabola.

We next traced the ancestral states of GS in the major insect clades or orders by comparing the z0 index

frommodel fitting, which represented the predicted GS value for the root state of the phylogeny. We found

that the ancestral GS of insects estimated from 1,256 species was likely around 1,069.05 Mb (Table 2), while

the ancestral GS of Neopterans (including Polyneoptera, Paraneoptera and Holometabola) was estimated

to be 853.1 Mb. Estimation for Polyneopterans revealed an ancestral GS of 2,666.9 Mb, suggesting this

group experienced a dramatic increase from that of their Neopteran ancestors (Figure 1B). Conversely,

the GS of Paraneoptera and Holometabola appeared to dramatically decrease from their ancestors to

511.68 and 437.52 Mb, respectively. These findings suggested that GS could evolve from the ancestral

node along opposite trends within the infraclass Neoptera. At the Order level, Orthopterans were esti-

mated to possess the largest ancestral GS of 4,764.21 Mb, thus showing extraordinary genomic expansion

Figure 1. Patterns of insect GS variation and evolution

(A) GS distribution pattern of 1,326 insect records from 12 orders along the time-calibrated phylogeny cited from Misof et al. (2014). Numbers of GS records

in each order are shown in the brackets and orders with <5 species records are not demonstrated here. Dashed lines, of which colors represent the three

types of insect metamorphosis (the ametaboly, insects without metamorphosis; the hemimetaboly, insects with incomplete metamorphosis; the

holometaboly, insects with complete metamorphosis), indicate the averaged GS of corresponding metamorphosis groups. See also Tables 1, S1 and S2.

(B) Estimated evolution of 1,256 insects GS mapped onto the dendrogram according to the NCBI Taxonomy Tree, with all species names omitted. Colored

branches reflect genome size values from small (dark blue) to big (dark red), generated based on the Brownian Motion (BM) process using the function of

contMap in R package phytools (Revell 2012). Different insect orders are differentiated by red circles on the branches. The pinkish-purple outermost circle

represents the cohort Polyneoptera and the light blue is for the cohort Paraneoptera. See also Table S1 and Figure S1.
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compared with that of their Polyneopteran ancestors. Coleopterans, which are holometabolous, showed a

relatively small increase in estimated ancestral GS (726.11 Mb) compared with that of Holometabola.

In general, the observed GS of extant insects indicated a wide range of genome expansion or contraction

compared with estimated ancestral GS. We next examined what proportion of insect species experienced

a significant genome expansion or contraction, defined as an increase or decrease of larger than 10%. The

results indicated that 16.8% of insects underwent a genome expansion, from that of their progenitors, while

76.5% of species exhibited genome contraction. Notably, GS appeared similar with the ancestral state in

only 6.6% of the insect species examined here. Among the different orders, a high number of species within

Diptera, Coleoptera and Hemiptera underwent genome contraction, whereas more species in Orthoptera

and Hymenoptera experienced a significant genome expansion compared with their respective ancestral

GS (Figure S1). These results implied that changes in GS occur frequently in the evolutionary history of in-

sects, leading to high variation in the present state of GS among insects.

Large interspecies variation in GS within Coleoptera at the genus and family levels

To investigate differences in GS difference among closely related species, we next compared variation in

GS between species within genera and within families. The results showed that differences in GS among

species of the same genus were generally restricted to less than 2-fold (i.e., 159 out of 187 genera, or

85%, had two or more species with this low variation), suggesting that GS was largely similar within genera.

However, we did find genera with large interspecies variation in GS, such as genus Chrysolina in Coleop-

tera. In particular, we noted that the GS of the leaf beetle Chrysolina americana was 547.7 Mb, while that of

Chrysolina carnifex was 3,608.8 Mb, a 6.59-fold range in GS (Figure 2A andTable S4A). However, interspe-

cies comparisons within families showed that GS most commonly (i.e., in 57 of 96 families, or 60%) differed

by greater than 2-fold, and by greater than 5-fold in 13 of these families. The largest fold change was

observed within Family Curculionidae of Coleoptera (n = 9), which varied from 208 Mb in Dendroctonus

ponderosae to 4,910 Mb in Aramigus tessellatus (a 24-fold difference with a coefficient of variation (CV)

of 118.9%) (Figure 2B and Table S4B). These findings suggested that Coleopterans apparently showed

greater intra genus and intrafamily variation in GS than other clades (Figure 2).

TEs and non-coding regions drive GS variation between closely related insect species

We next sought to identify the main genetic factors contributing to large changes GS in those closely

related species. To this end, we quantitatively compared the genome contents of species within the

same family level that showed greater than two-fold changes in GS. Since we observed significant variation

in Coleopteran GS, we specifically selected 26 beetles from six Coleopteran families for further analysis, as

well as 30 other species from three families across three different orders that had high quality genome

Table 2. Summary of best-fit models and estimated ancestral GS in different insect clades

Taxon No. of Species analyzed Best-fit model Sigma2 alpha z0

Estimated ancestral

genome size (Mb)

Insecta 1,256 OU 0.005197 0.0178093 3.029 1,069.05

Odonata 112 BM 0.00115 2.972 937.56

Neoptera 1,135 OU 0.005605 0.01816975 2.931 853.10

Polyneoptera 105 OU 0.00389 0.0164262 3.426 2,666.86

Orthoptera 60 BM 0.002146 3.678 4,764.31

Paraneoptera 93 BM 0.003993 2.709 511.68

Hemiptera 86 BM 0.004062 2.951 893.31

Holometabola 937 OU 0.006662 0.0399724 2.641 437.52

Hymenoptera 216 OU 0.005385 0.0447022 2.52 331.13

Coleoptera 271 OU 0.007993 0.0413444 2.861 726.11

Lepidoptera 154 OU 0.004831 0.0715872 2.695 495.45

Diptera 290 OU 0.007891 0.0419134 2.523 333.43

Note. All GS data was log10 transformed for model fitting. BM and OU are short for Brownian motion and Ornstein–Uhlenbeck models; Sigma2 represents es-

timates of rate of size evolution by maximum likelihood (ML); alpha represents the strength of central attraction under the OU models; z0 represents estimated

values of the ancestral root state. More parameters in model-fitting are presented in Table S3.
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assemblies (BUSCO value >80%) (Table S5). We found that, among these species, the fold difference in the

size of assembled genomes within families ranged from 2.36 in Nymphalidae of Lepidoptera to 10.3 in

Staphylinidae of Coleoptera (Table S7A). Since whole genome duplication (WGD) events have been re-

ported to lead to rapid increases in GS for plants and some vertebrates (Ravi and Venkatesh 2008; Hallinan

and Lindberg 2011; Soltis and Soltis 2016), we first searched for evidence of possible WGDs in these spe-

cies. Based on Kernel density curves of Ks age, which should show significant peak(s) if paralogous genes

are the product of a WGD event, we ruled out the possibility of WGD as a driver of genome expansion in

these species (Figures S2 andS3).

To compare the genome contents of these close species from the same family, we downloaded the

genome annotation data for these species from public databases. If annotations were unavailable, we an-

notated the genomes (Table S5) with an in-house pipeline (see method details). In Coleoptera, genome

content analysis showed that the larger genomes contained significantly more repetitive sequences

compared to that in smaller genomes within the family (e.g. from 379.1 Mb in Colorado potato beetle Lep-

tinotarsa decemlineata to 1418.8 Mb in the western corn rootworm Diabrotica virgifera, family Chrysome-

lidae). Furthermore, the repeat sequences mainly consisted of various and highly abundant TEs in these

beetle species (e.g., 74.5% TEs in the genome of the mealybug ladybird beetle Cryptolaemus montrouzieri

(GS = 988.1 Mb) in family Coccinellidae; 71.4% TE content in the genome of the cowpea weevilCallosobru-

chus maculatus (GS = 1,007.8 Mb) in family Chrysomelidae; 70.5% TE content in the rice weevil S. oryzae

(GS = 770.6 Mb) in family Curculionidae) (Figure 3A and Table S7A).

The total content of non-repetitive regions, including exons and other non-coding regions, also varied

substantially among these closely related beetles (e.g. from 80 Mb in the rove beetle A. bilineata to

333.3 Mb in A. taylori, family Staphylinidae), although to a lesser extent than repetitive sequences (Fig-

ure 3B). However, because exon regions showed comparatively little variance (30 Mb at average level)

(Table S6), this observed variability primarily arose from non-coding regions, such as introns and inter-

genic non-coding DNA. Generally, both TEs and non-coding regions contributed to changes in GS in

these beetle species, supported by a significant correlation between total genomic content of TEs and

non-coding sequences and GS under phylogenetic correction (r = 0.95, p = 4.53E-13; r = 0.66, p =

3.57E-04, respectively) (Figure 3C and Table S8A). This trend was also evident in correlation analyses

of species in family Nymphalidae Order Lepidoptera (Figure S4B and Table S8A). By contrast, the total

content of coding sequence of exons was similar across all tested species (20–45 Mb), regardless of

differences in total GS (Table S6). In particular, TEs provided the greatest contribution to variation in

Figure 2. Fold range (Max./Min.) of interspecies genome size variation at the (A) genus and (B) family level

Numbers in the brackets represent numbers of the investigated taxa (nR 2) in corresponding insect orders. Coleopterans

show larger interspecies variation in GS at both genus and family level as indicated by the arrows. See also Table S4.
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GS variation and showed a significant positive correlation with GS in both Nymphalidae (r = 0.91, p =

0.0002) and Braconidae (r = 0.97, p = 2.09E-08) corrected by the phylogeny (Figures S4B and S7B and

Table S8A).

Figure 3. Genomic landscapes, contribution to GS and correlation between GS and genomic components of 26 beetles in six families of the order

Coleoptera

(A) Genomic landscapes of 26 beetles. Time-calibrated phylogenetic relationship inferred from the BUSCO core gene sets using ML (see method details) is

shown on the left, along with the heatmaps of assembled GS (gray), the coverage of repetitive (orange) and non-repetitive (purple) content (%) in each

lineage. Genome contents divided into six major genomic components are shown by bar charts on the right, along with the relative abundance of annotated

known TEs. See also Tables S5, S6 and S7A.

(B) Contribution of genomic components to the variation in GS among the six individual families of the order Coleoptera, which are calculated compared to

the species with the minimum GS in each family. Colors of the boxplots represent the six investigated families. Legends are shown on the far right.

(C) Correlation between assembled GS and contents of the genomic components in 26 beetles. Numbers following the regression lines correspond to

Pearson’s correlation coefficient under the phylogenetic independent contrast (PIC) with pvalues (***＜0.001; 0.001%**＜0.01; 0.01%*＜0.05). See also

Table S8A.
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Interestingly, we found that family Chironomidae of Diptera was an exception to this overall trend in that

TEs accounted for only a small fraction of their genomes, ranging from 2.5% in the marine midge Clunio

marinus to 8.5% in Chironomus tentans (Figure S9A and Table S7b). Although the total content of TEs

was still positively associated with GS in this family (Pearson’s test corrected by phylogeny; r = 0.996,

p = 0.0045) (Figure S9B and Table S8A), they contributed little to GS variation between Chironomidae spe-

cies. Instead, we found that non-coding regions containing non-repetitive sequences ranged from 55.27

Mb in C. marinus to 134.63 Mb in C. tentans in these five midges, accounting for >60% of their genome.

Further analysis showed that the total length of non-coding regions was significantly positively correlated

with GS, and moreover, provided the largest contribution among different sequence types to intrafamily

variation in GS among midge genomes (Pearson’s test corrected by phylogeny; r = 0.98, p = 0.02). Taken

together, except in some specific families, the TEs mostly dominated changes in GS among closely related

species.

Intrafamilial history of TE expansion

Since GS is strongly affected by the proliferation of TEs in the vast majority of insect families examined here,

we next investigated the putative history of TE expansion in various species by estimating Kimura distance

between TEs and their consensus sequences to determine whether abrupt events or gradual increase re-

sulted in the current GS. In Coleoptera, the distribution of Kimura distance of five species, such as the red

palm weevil Rhynchophorus ferrugineus in Curculionidae, showed a bimodal shape of Kimura distance dis-

tribution, with a second peak around 0.2, reflecting the continuous accumulation of TEs (Figure 4). Howev-

er, eight species such as the coffee berry borer Hypothenemus hampei, showed a bell curve distribution of

Kimura distance, with a peak of K2P divergence around 0.15, indicating a relatively ancient burst of TE

expansion. Thirteen species, including beetles with GS of more than 1Gb, had an L-shaped distribution

with a peak below 0.1, indicating a recent burst of TE transposition. This trend was obvious in common

buckeye J. coenia, which had the largest GS we observed in family Nymphalidae of Lepidoptera with an

L-shaped distribution with a sharp peak below 0.05 (Figure S5C), and the parasitoid wasp of apple maggot,

Figure 4. TE divergency landscapes of 26 beetles in Coleoptera

Branches on the time-calibrated phylogeny are colored according to the total abundance of TEs. Species’ Latin names are followed by their GS number, GS

>1 Gb are in red. Each species is numbered, and each number corresponds to a small graph on the right showing the TE divergency of species. The yaxis

represents genome coverage of various types of TE, and the xaxis represents Kimura substitution level % (TE divergency based on the Kimura distance of TE

copies to the corresponding consensus sequences) from 0 to 50. The landscapes are categorized as L-shaped types (the peak value of TE divergency is less

than 5), bell-curved types (the peak value of TE divergency is larger than 5) and bimodal-shaped types (two main peaks). See also Figures S10–S15 for

zoomed graphs.
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D. alloeum, in family Braconidae of Hymenoptera (Figure S8). These results suggested that recent TE ex-

pansions commonly determine GS in most of the insect species/families examined here.

Various TEs drive GS changes in different clades of insects

We next investigated differences in the contributions of specific TE types to the observed variation in GS.

To this end, we further analyzed the diversity of DNA transposons and retrotransposons in each species,

and calculated the abundance of each TE type.

Considering that the number of annotated TE families can serve as an indicator of TE diversity, we tested

the relationship between TE diversity and GS. The results showed significant positive correlations between

GS and TE diversity of DNA transposons, long interspersed nuclear elements (LINEs), and long terminal

repeat retrotransposons (LTRs) across Coleopteran beetles (r = 0.48, p = 0.014; r = 0.4, p = 0.046; r =

0.5, p = 0.009, respectively) (Figure 5A). Similar positive correlations were also observed in other tested

clades (Figures S4C and S7C, Table S8B). These findings indicated that the number of TE types detectable

in a genome increased with GS. However, when further quantifying these TEs, the major contributions to

changes in GS could be attributed to a limited set of specific TEs (Figure 5B and Table S9A). For example, in

Coleoptera, DNA/TcMar and three superfamilies of LINE elements such as Penelope, Jockey, and RTE/

BovB contributed the most to variation in GS and the landscapes of these TEs expansion history demon-

strated considerable transposition activity among different families (Figure 5C).

In the family of Coccinellidae, DNA/TcMar-Tc1 transposons accounted for more than 160 Mb in

C. montrouzieri (16.5% of the genome),�130 Mbmore than that in Harmonia axyridis. The Kimura distance

distributions for both DNA/TcMar-Tc1 transposons and LINE/Penelope elements followed the distribution

with a sharp peak around 0–0.1, suggesting a recent burst of transposition by these two types of TE.

In Family Chrysomelidae, the total content of LINE/RTE-BovB retrotransposons reached 204.3 Mb in

D. virgifera, accounting for more than 8% of the whole genome, apparently increasing its GS by �200

Mb over that of its closest relative Ophraella communa after speciation �88.5 Mya. In the Curculionidae

family, both DNA/TcMar-Mariner and LINE/Jockey elements accounted for �180 Mb in R. ferrugineus

(�23% of genome and 45.4% of total TEs). The blunt peak distribution of Kimura distance for LINE/

Jockey, bimodal distribution for LINE/RTE-BovB and DNA/TcMar-Mariner elements all suggested that

these transposon types accumulated in a sustained manner over a relatively long evolutionary period in

this family.

Among the 11 butterfly species we examined in the Lepidopteran family Nymphalidae, short interspersed

nuclear elements (SINEs), especially SINE/tRNA elements accounted for a significant expansion (�80 Mb)

in both GS of Helioconius species H. himera and H. hermathena (Figure S6 and Table S9B) since speciation

from their most recent common ancestor 7.7 Mya ago. Kimura distributions of SINE/tRNA TE divergence

showed a higher peak below 0.3, indicating further accumulation following the initial transposition burst. In

summary, various TEs drive GS changes in different clades of insects. Moreover, either recent bursts or the

gradual accumulation of specific types of TEs can explain major changes in GS.

DISCUSSION

The mechanisms driving variation in GS have posed a long-standing question for evolutionary biologists.

As one of the most species-rich animal clades, insects represent a good system for studying themechanism

of GS evolution due to wide variability among closely related species. Here, we collected GS data for 1,326

Figure 5. Density, genomic abundance and divergency of TEs in 26 beetles

(A) Correlation between TE diversity (the numbers of the annotated TE families) and the assembled GS of 26 beetles in the order Coleoptera. Pearson

correlation coefficients are noted near the regression lines with pvalues (***＜0.001; 0.001%**＜0.01; 0.01%*＜0.05). See also Table S8B.

(B) Time-calibrated phylogeny of 26 beetles with total TEs coverage mapped on the multi-colored branches. Heatmap on the right represents genome

coverage of the top five TEs among all TE types. See also Table S9A.

(C) Kimura substitution level % (TE divergency based on the Kimura distance of TE copies to the corresponding consensus sequences) of several primary TE

families which contribute most to variation in GS in four investigated Coleoptera families separately. Coccinellidae: C. sep, Coccinella septempunctata; C.

mon, Cryptolaemus montrouzieri; H. axy, Harmonia axyridis; P. jap, Propylea japonica; Chrysomelidae: C. mac, Callosobruchus maculatus; D. vir, Diabrotica

virgifera; L. dec, Leptinotarsa decemlineata; O. com, Ophraella communa; Lampyridae: A. ter, Abscondita terminalis; A. lat, Aquatica lateralis; L. yun,

Lamprigera yunnana; P. pyr, Photinus pyralis; P. pec, Pyrocoelia pectoralis; Curculionidae: D. pon, Dendroctonus ponderosae; H. ham, Hypothenemus

hampei; R. fer, Rhynchophorus ferrugineus; S. ory, Sitophilus oryzae.

ll
OPEN ACCESS

10 iScience 25, 104873, September 16, 2022

iScience
Article



insect species and characterized the changes and contributing factors for 1,256 species within a phyloge-

netic framework. We found that GS evolution of the holometabolous insects was best-fitted with the OU

model, an adaptive process under the ‘‘stabilized selection’’. In contrast, the hemimetabolous favored

the BMmodel, a neutral evolutionary process. However, since the OU process best explained GS evolution

for insects overall, we speculated that selection might still be an important driving force to shape the GS in

insects, even in Hemimetabola. Insect genome experienced massive expansion and contraction events un-

der such different evolutionary processes among clades, thus resulting in considerable differences in GS

between close species (i.e., within a family) as we observed.

The causes driving these changes in GS have been widely debated and can be generally summarized as the

product of either DNA accumulation or DNA elimination. The main mechanisms of DNA accumulation

include WGD (Van DePeer et al., 2017), or TE (Maumus et al., 2015; Gilbert et al., 2021) and satellite

DNA (Shah et al., 2020; Majid and Yuan 2021; Stelzer et al., 2021) proliferation. WGDs are widely detected

in plant species (Soltis et al., 2003; Vu et al., 2015; Soltis and Soltis 2016) and have been reported in animals

such as the teleost fish (Ravi and Venkatesh 2008) and mollusks (Hallinan and Lindberg 2011), whereas little

evidence has emerged showing WGDs in insects (Li et al., 2018; Roelofs et al., 2020). Here, we also present

strong evidence thatWGDevents did not occur in the insects we examined with largeGS, therefore leading

us to conclude that it does not likely contribute to variation in GS among close insect species.

Through quantitative characterization of a large set of high-quality insect genomes, our findings reveal that

the abundance of various TE types is the major source of differences in GS between close species. That is,

variations in GS are predominantly the result of TE accumulation in most insects. Detailed analysis of TE

composition showed that DNA transposons or LINE retrotransposons are the main contributors to GS

expansion in Coleopteran families. While SINE elements comprise a large proportion of TEs and dominate

GS variation in Heliconius butterflies of Family Nymphalidae in Lepidoptera.

Since the transposition of retrotransposons follows a general principle of ‘‘copy and paste’’ (Boeke et al.,

1985), genomic expansion driven by increased retrotransposon activity, especially LTR elements, has been

widely reported, especially in plants (Sanmiguel and Bennetzen 1998; Piegu et al., 2006; Zedek et al., 2010;

Nystedt et al., 2013; Macas et al., 2015; Zhang et al., 2020). Here, we provide additional evidence that LINEs

and SINEs can also provide major contributions to changes in GS. In contrast with retrotransposons, most

DNA transposons, except for Helitrons and Maverick/Polinton elements (Grabundzija et al., 2016), follow a

principle of ‘‘cut and paste’’ transposition (Greenblatt and Brink 1963; Rubin et al., 1982), and thus does not

increase their copy numbers or GS despite increased transposition activity. Notably, a relatively unusual

abundance of these elements appears responsible for GS enlargement in the dryinid wasp Gonatopus fla-

vifemur (Yang et al., 2021), as well as some beetle genomes examined in this study (Figure 3B). One hypoth-

esis that could explain this effect on GS is cross-species horizontal transposon transfer (HTT) (Schaack et al.,

2010; Wallau et al., 2018). Massive HTT events have been reported in insects, with one study estimating that

more than 2,000 HTT events occurred over the last 10 Mya (Peccoud et al., 2017), especially among phylo-

genetically close organisms (Bartolome et al., 2009; El Baidouri et al., 2014). In particular, DNA transposons

appear to be more frequently transferred than retrotransposons due to relatively simple structure that is

more conducive to persistence in and transfer by the transmission vectors (Gilbert and Feschotte 2018).

In the genus ofAedes, TEs that are frequently exchanged through HTT contribute tomore than 6% of whole

genome and thus drive GS expansion inmosquitoes (Melo andWallau 2020). More relative explorations are

still needed for further understanding the causes for content differences of these active genomic elements

among close species.

Beyond that, our results led us to deduce that the evolution of GS is mainly driven by the activity of TE trans-

position in insects. The activation of TEs is subject to host cues, especially in early stages of gametogenesis

and embryo development in which epigenetic reprogramming also enables cell developmental totipo-

tency (Surani and Hajkova 2010; Rowe and Trono 2011). In higher eukaryotes, several surveillance systems

have evolved to modulate TE activity. These systems mainly involve epigenetic transcriptional regulation,

such as DNA methylation and histone modifications (Karimi et al., 2011; Groh and Schotta 2017) or small

RNA-based pathways, such as small interfering RNAs (siRNAs) (Kasschau et al., 2007; Fagegaltier et al.,

2009) and PIWI-interacting RNAs (piRNA) (Sienski et al., 2012; Le Thomas et al., 2013; Ernst et al., 2017).

In germline cells, piRNA pathways are dedicated to suppressing TE transposition activity and maintaining

genomic integrity (Shen et al., 2018; Zhang et al., 2018a). Following vertical transmission of a whole genome
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from progenitor species, both vertically and horizontally transferred TEs are widely activated in germline

cells, copying and inserting themselves across the insect genome. Regulators of the piRNA pathway target

potentially deleterious TEs for inactivation, although a proportion of these mobile elements successfully

propagate (Wang et al., 2018). Once they escape this initial repression mechanism, the rate of TE amplifi-

cation is very high (Biemont and Vieira 2006; Naito et al., 2006), and these expanded TEs are then passed to

successive generations in reproductive cells.

New TE insertion events also introduce mutations with a range of subsequent effects, including alterations

in gene expression, that can affect both genotype and phenotype (Wells and Feschotte 2020; Almojil et al.,

2021; Gilbert et al., 2021). Thosemutations that lead to positive effects on competitive fitness in the host are

retained through positive selection by specific environmental conditions (Wilson 1993; Nagaraju 2001; Da-

born et al., 2002). These beneficial mutations become fixed in the expanded genome throughout the pop-

ulation, ultimately leading to new speciation events. A large proportion of the TE insertion mutations

contribute relatively neutral effects and are strongly influenced by randomgenetic drift rather than positive

selection (Arkhipova 2018). For these mutations, their contribution to genome expansion is eventually

regulated by the effective population size of species. In addition, GS is directly correlated with cell meta-

bolic capacity, and bloated or excessive DNA content will strain the cellular energy metabolism normally

required for replication and proliferation (Cavalier-Smith 1978, 2005; Gregory and Hebert 1999). Under this

cell-level selection, TE sequences under less evolutionary constraint are prone to deletion to reduce GS by

replication slippage or genomic rearrangement, such as through illegitimate and unequal homologous

recombination (Gray 2000; Devos et al., 2002).

These collective evolutionary processes could thus explain the variation in GS we detected between close

insect species. Whether mutations caused by TE insertions become fixed in the population or TE prolifer-

ation is silenced by cellular regulatory mechanisms are all subject to probability. According to this hypoth-

esis, the process of expanding and contracting total GS is always dynamic. In general, further investigations

are necessary to better understand the mechanisms by which transposons proliferate or are suppressed

and deleted in germline cells, and may shed lights on the evolution of the insect genome and insect

genome size.

Limitations of the study

Utilizing published GS data from flow cytometry, we provided a comprehensive analysis of insect GS vari-

ation. Nonetheless, compared with millions of insect species recognized by humans so far, the number of

insects with GS data are still limited. In addition, information is still absent in some clades such as Neuro-

pterida (snakeflies, dobsonflies and net-winged insects). Selecting more species to fill this gap would

deepen the understanding of insect GS evolution. Furthermore, we modeled the evolutionary history of in-

sect GS based on the NCBI taxonomic tree, which is a simplified phylogenetic framework. Producing an

ultrametric time-scaled tree covering more species would provide more information for insect GS

evolution.
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KEY RESOURCES TABLE

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Fei Li (lifei18@zju.edu.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability

d This paper analyzes existing, publicly available data, which are included in Supplemental file (Table S5)

for details.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact on request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

We examined flow cytometry-based published GS data from 1,326 insect species, spanning 700 genera,

155 families, and 21 orders. The GS dataset (Table S1) was curated from two sources: 1,145 species from

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

R studio v4.0.4 Racine, 2012 https://www.rstudio.com/products/rstudio/download/

R package taxize v0.9.99 Chamberlain and Szocs, 2013 https://cran.r-project.org/web/packages/taxize/index.html

R package phytools v0.7-70 Revell, 2012 https://cran.r-project.org/web/packages/phytools/index.html

R package geiger v2.0.7 Harmon et al.,2008 https://cran.r-project.org/web/packages/geiger/index.html

R package ape v5.4-1 Paradis and Schliep, 2019 https://cran.r-project.org/web/packages/ape/index.html

BUSCO v3.0.2b Simao et al.,2015 https://busco.ezlab.org/

MAFFT v7.310 Katoh and Standley, 2013 https://mafft.cbrc.jp/alignment/software/

trimAl 1.2rev59 Capella-Gutierrez et al.,2009 http://trimal.cgenomics.org/

FASconCAT-G v1.04 Kuck and Longo, 2014 https://github.com/PatrickKueck/FASconCAT-G

iqtree v1.6.10 Nguyen et al.,2015 http://www.iqtree.org/

r8s v1.81 Sanderson, 2003 https://sourceforge.net/projects/r8s/

RepeatModeler v2.0.1 Flynn et al.,2020 https://www.repeatmasker.org/RepeatModeler/

RepeatMasker v4.0.7 Tarailo-Graovac and Chen, 2009 http://www.repeatmasker.org

One code to find them all Bailly-Bechet et al.,2014 http://doua.prabi.fr/software/one-code-to-find-them-all

BRAKER2 pipelines v2.1.5 Bruna et al.,2021 https://github.com/Gaius-Augustus/BRAKER

GeneMark-ES/ET/EP v4.68 Bruna et al.,2020 http://exon.gatech.edu/GeneMark/

AUGUSTUS v 3.3.2 Keller et al.,2011 https://github.com/Gaius-Augustus/Augustus

HISAT2 v2.1.0 Zhang et al.,2021 http://daehwankimlab.github.io/hisat2/

StringTie v2.1.5 Kovaka et al.,2019 https://ccb.jhu.edu/software/stringtie/

TransDecoder v 5.5.0 Open source https://github.com/TransDecoder/TransDecoder

GenomeThreader v1.7.1 Gremme et al., 2005 https://genomethreader.org/

EVidenceModeler v1.1.1 Haas et al.,2008 https://evidencemodeler.github.io/

PASA v2.4.1 Haas et al.,2003 https://github.com/PASApipeline/PASApipeline/releases

wgd tools Zwaenepoel and Van dePeer, 2019 https://github.com/arzwa/wgd
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the Animal Genome Size Database (http://www.genomesize.com) (Gregory 2005a) and 181 species from

different literature sources. The records of GS estimates in our dataset were all measured based on exper-

imental methods, predominantly flow cytometry. As to the 1,345 whole insect GS records from the Animal

Genome Size Database (last accessed December 2020), we refined themmanually by the following rules: (1)

GS of unknown species were removed; (2) GS of the female insects were kept if records of both sexuality are

available; (3) GS of the larger insects were kept if the conditions for the measurements of one species re-

cords were the same; (4) GS measured by flow cytometry (FCM), Feulgen densitometry (FD), and Feulgen

image analysis densitometry (FIA) were prioritized; (5) GSmeasured from head or brain tissue was preferred

(DeSalle et al., 2005; Johnston et al., 2019); and (6) GS was calculated for the arithmetic mean for the range-

type records. We then did a large-scale literature review from studies published before December 2020

using web search engines (Scopus, Web of Science, Google Scholar, and Google Search) with the combi-

nations of ‘‘genome size’’, ‘‘C-value’’, and ‘‘insect’’ as keywords for the title or abstract. Most of the available

GS search results came from insect genome-sequencing papers from the past five years. We extracted the

GS data that was measured by flow cytometry rather than sequencing from these results to add to our data-

set. We further refined this GS information using the principles mentioned for the filtering of genomes from

the Animal Genome Size Database. All scientific names and species taxonomic information in the GS data-

set were subsequently cross-referenced to the NCBI Taxonomy database according to taxize package

v0.9.99 (Chamberlain and Szocs 2013) on R studio v4.0.4 (Racine 2012).

METHOD DETAILS

Phylogenetic analyses of insect GS

We assembled the phylogenetic relationships of insects based on the NCBI taxonomic tree using a com-

bination of the function class2tree using the R package taxize (v0.9.99) and the information of 1,256 species

out of the whole 1,326 records from 21 orders can be searched from insect GS dataset. These 1,256 species

with GS data were then mapped onto the cladogram tree for the following analysis of trait evolution anal-

ysis. We collapsed unresolved multichotomies in the internal nodes of the tree randomly with the function

multi2di of R package phytools v0.7-70 (Revell 2012). All GS values were log-transformed before performing

the following analysis.

We fit the evolutionary models for 1256 insect GSs implemented in the fitContinuous function in the geiger

package v2.0.7 (Harmon et al., 2008). In addition to the Brownianmotion (BM)model (‘‘randomwalk’’ of trait

evolution), the Ornstein–Uhlenbeck (OU) model (a stable adaptive peak of trait evolution) and the Early

Burst (EB) model (declining trait evolution rates through time) were also taken into consideration. Using

the stochastic white-noise process (WN) as a blank control, we compared these models by the weighted

values of corrected Akaike Information Criterion (AIC) according to the function of aic.w in the phytools

package v0.7-70 (Table S3). The GS data of 1,256 insects was superimposed onto the phylogeny for

each group using the function contMap in the phytools package v0.7-70.

Genome content analyses among species

Genomic data sources

56 insect species in 9 families from 4 orders were selected to conduct comparative genomic analyses. The

genome assemblies and transcriptomes of 34 of these insects, their annotated protein sequence files, and their

genome annotation GFF files are publicly available from NCBI (https://www.ncbi.nlm.nih.gov/assembly/),

GigaDB (http://www.gigadb.org/), InsectBase 2.0 (http://v2.insect-genome.com/), and BIPAA (https://bipaa.

genouest.org/is/). Genome annotation information of the other 22 species was generated in this study (see

genome annotation section). All detailed download information is shown in Table S5.

Assessment of the genome assemblies and construction of the phylogenetic framework of the four
insect clades

We assessed the quality of genome assemblies of 56 insects by using the BUSCO software v3.0.2b (Simao

et al., 2015) (Table S5). Phylogenetic constructions of these four insect clades using ortholog genes from

assembled genomes of the 56 investigated species and four outgroup species (Ignelater luminosus, Cole-

optera; Venturia canescens, Hymenoptera; Zerene cesonia, Lepidoptera; Drosophila melanogaster,

Diptera; Table S5) were identified against the 1,658 BUSCO single-copy reference genes (insect_odb9).

The BLAST search e-value was set at a threshold of 1e-10 to filter for high-quality ‘‘Complete’’ ortholog

genes in at least 90% of the selected species genomes for the following analyses. MAFFT software
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v7.310 (Katoh and Standley 2013) was used under the E-INS-i strategy to conduct sequence alignments and

trimAl 1.2rev59 software (Capella-Gutierrez et al., 2009) using the ‘‘gappout’’ option to trim ambiguous

amino acid sequence loci of 1,385 orthologues in Coleoptera, 868 orthologues in the Braconidae family

of Hymenoptera, 1,107 orthologues in the Chironomidae family of Diptera, and 981 orthologues in the

Nymphalidae family of Lepidoptera. The trimmed alignments were then concatenated into a supermatrix

separately implemented on FASconCAT-G v1.04 (Kuck and Longo 2014). Finally, iqtree v1.6.10 (Nguyen

et al., 2015) was used to infer the maximum likelihood (ML) concatenated tree of the super amino acid ma-

trix with the parameters of ‘‘-MFP-bb 1000’’ for the best-fit model and 1000 times ultrafast bootstrapping

for the four investigated clades. To further estimate divergence time, phylogenies in these four clades were

calibrated in r8s v1.81 (Sanderson 2003) via the penalized-likelihood (PL) and Truncated-Newton (TN) algo-

rithm. In the 26 Coleopterans studied, five nodes were fixed with Curculionidae (155.8 Mya), Chrysomelidae

(143.5 Mya), Phytophaga (160–180 Mya), Cucujiformia (199.1–210.8 Mya), and the most recent ancestral

(MRCA) node of Staphylinidae and Scarabaeidae (205–215) (Zhang et al., 2018b). In the family of Braconi-

dae in Lepidoptera, two nodes were fixed with the MRCA of C. vestalis and M. cingulum (80–150 Mya) and

the MRCA of V. canescens and C. vestalis (120–180 Mya) (Peters et al., 2017). In the family Nymphalidae of

Lepidoptera, four nodes were fixed with theMRCA of H. himera andH. hermathena (3.15 Mya) (Kozak et al.,

2015), J. coenia and H. hermathena (37–50 Mya), B. anynana and J. coenia (40–60 Mya), and D. plexippus

and A. hyperantus (60–80 Mya) (Kawahara et al., 2019). In the family Chironomidae of Diptera, two nodes

were fixed with Orthocladinae (160 Mya) and MRCA of B. antarctica and P. steinenii (200–225 Mya) (Cran-

ston et al., 2012).

Repeat sequence identification, quantification, and TE activity analyses

We annotated the repeat sequences of 56 selected species using both de novo and homology-based

methods. We used RepeatModeler v2.0.1 (Flynn et al., 2020) to generated species-specific consensus

sequence libraries using the flag of ‘‘-LTRStruct’’. Thisstep integrated the results of three distinct algo-

rithms: RepeatScout v1.0.6 (Price et al., 2005) and RECON v1.08 (Bao and Eddy 2002) for de novo detection

and LTR-retriever v2.9.0 (Ou and Jiang 2018) for additional LTR structure detection. We then used

RepeatMasker v4.0.7 (http://www.repeatmasker.org) to screen and classify these repetitive sequences

against our de novo consensus sequence library and Dfam (v20171107) (Hubley et al., 2016) by the compar-

ison program of RMblast (v2.10.0) (Tarailo-Graovac and Chen, 2009). To calculate the precise quantitative

information of the annotated TEs, we utilized ‘‘one code to find them all’’ (Bailly-Bechet et al., 2014), a perl

tool that parses the RepeatMasker out-files to avoid multiple-counted TE fragments, thus producing a

more accurate statistics for each type of TE.

We estimated the relative activity of TEs by calculating the Kimura substitutional distances between the

annotated TE sequences and their consensus sequences through the perl script calcDivergenceFromA-

lign.pl in RepeatMasker software v4.0.7 under the mode ‘‘noCpG’’.

Genome annotation, content measuring of genomic components and correlation with GS

We first downloaded available genome annotation information for 34 out of 56 selected species (Table S5).

As the rest of 22 species did not have this information available, we downloaded their genome assemblies

to conduct our own genome annotation using the following uniform pipelines.

After repeats masking (see Repeats identification parts), protein coding genes were predicted through ap-

proaches combining ab-initio gene models and homology and transcriptome evidence-based models. We

conducted the ab-initio prediction using the BRAKER2 pipelines v2.1.5 (Bruna et al., 2021) with the mode of

‘‘BRAKER with proteins’’ against the Arthropoda protein database (odb10) obtained from OrthoDB (Zdob-

nov et al., 2021). This pipeline utilizes GeneMark-ES/ET/EP v4.68 (Bruna et al., 2020) and AUGUSTUS v 3.3.2

(Keller et al., 2011) for gene training.We performed the transcriptome-based prediction on all the genomes

of species with available RNA-seq data (Table S5). HISAT2 v2.1.0 (Zhang et al., 2021) and StringTie v2.1.5

(Kovaka et al., 2019) were used to align the transcriptome to the genome and generate a genome-guided

transcriptome using the default arguments. TransDecoder v 5.5.0 (https://github.com/TransDecoder/

TransDecoder) was then used to identify the intact coding regions in transcriptomes above. We made

our homology-based gene predictions using GenomeThreader v1.7.1 (Gremme et al., 2005) against the ar-

thropoda protein database mentioned above. Finally, we used EVidenceModeler (EVM, v1.1.1) (Haas et al.,

2008) with default settings to merge all of our gene prediction evidence above into weighted consensus

gene structures and PASA v2.4.1 (Haas et al., 2003) to update the EVMoutput with the gene structure based
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on the transcript alignments. More detailed parameter settings for our genome annotation pipeline are

available at https://github.com/meiyang12/Genome-annotation-pipeline.

We then calculated the genomic coverage of coding and non-coding regions in the non-repetitive se-

quences for the whole genome of 56 studied species according to the precise genome annotation infor-

mation that we collected or generated.We cited themethod of Francis andWorheide (2017) and used their

custom Python script (bitbucket.org/wrf/sequences/gtfstats.py) to calculate the maximum exonic span

length coding potential from all CDS regions in the GFF format files. This approach for exonic base calcu-

lation will merge all overlapping exon intervals from all the alternative splice sites of annotated genes. The

genomic content of other non-coding regions is then counted by the total bases of the downloaded assem-

bly (total GS) minus the repetitive length, the exonic length, and the assembly gaps (N). Considering the

impact of phylogenetic similarity, the phylogenetic independent contrasts method (PIC) (Garland et al.,

1992) was used to estimate the correlation of the GS between the content of different genomic compo-

nents by the ape package v5.4-1 (Paradis and Schliep 2019) in R studio v 4.0.4.

Whole genome duplication detection

The potential whole-genome duplication (WGD) events of 56 selected species were detected by wgd tools

(Zwaenepoel and Van dePeer 2019) based on the construction of Ks distributions from duplicated paralo-

gous genes in the annotated protein-coding sequences. This package merges the pipelines of paralogues

identification according to the all-to-all BLASTP similarity by DIAMOND (v0.9.36.137) (Buchfink et al., 2015),

gene family clustering by MCL 14-137 software (Enright et al., 2002) and Ks estimation by the CODEML pro-

gram on PAML 4.9j software (Yang 2007). We fitted the kernel density estimates (KDEs) to the Ks distribu-

tion density using the option of ‘‘wgd kde’’. All analyses were performed under the default parameters in

wgd tools.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses were conducted on the R studio v 4.0.4. GS data in picograms (pg) was first converted

into million base pairs (Mb) (1pg = 978 Mb) for analyzing. Nonparametric significant difference analyses by

Wilcoxon rank-sum one-side tests were conducted on GS data pairs that did not pass the Shapiro–Wilk test

for normality (Table S2).
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