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Tcas, Ppyr, Caen, Pjap and Dpon, and their relative location along the chromosome has changed 
dramatically over time (Figure 8A). An evaluation of tissue-specific expression revealed that these genes 
show significant ovary-biased expression in multiple species and a deficiency of testis-biased expression 
(Figure 8B).   

We also analyzed expression data for male and female somatic and gonad tissue in T. confusum and D. 
ponderosae. These two species have neo-sex chromosomes of different ages which enables us to 
examine the short-term evolutionary dynamics of X-linked ovary and testis genes. We see no striking 
differences in expression patterns in male and female heads across the ancestral and neo-X 
chromosome (Figure 8C, D), in both species. This suggests that the X is expressed similarly in the two 
sexes in somatic tissues, that is, the ancestral X and the older neo-X of T. confusum are fully dosage 
compensated, and both the neo-X and neo-Y alleles are still transcribed on the younger D. ponderosae 
neo-sex chromosome.  

 

 

 

 

 

 

 

 

 

In both species, we find that the ancestral X is expressed at higher levels in ovaries, compared to testis. 
Thus, this is consistent with data from T. castaneum, showing enrichment of ovary-biased genes and 
depletion of testis-biased genes on the old, ancestral X. The neo-X, in contrast, shows different patterns 
depending on its age. The older neo-X of T. confusum overall shows higher expression in ovaries relative 
to testis, while no such difference is found on the younger neo-X of D. ponderosae (Figure 8C, D). Thus, 
this suggests that enough time has passed for sex-biased expression patterns to evolve towards the 

!"#$%&'G)'H&2&'&:=%&..",2'&/,0$1",2',2'1+&'B';+%,-,.,-&)'IJ'Chromosomal locations of 133 conserved X-linked 
orthologs in five chromosome-level assemblies. Each line represents a different protein coding gene. B) Boxplots showing 
expression of the 133 conserved X-linked genes across different tissues in Tcas, Tcon, and Dpon (* denotes tissues that 
significantly differed from all other tissues; 4 < 0.05, Bonferroni corrected Wilcoxon rank sum test ). T = teste, O = ovary, 
gtM/F = gonadectomized male/female, hM/hF = head male/female.  C)'Expression of all 3,202 genes located on the X 
chromosome of Dpon (2,590 genes on the neo-X and 612 on the anc-X). The breakpoint between anc-X and neo-X 
(located at 52 Mb) was determined using a combination of sequencing coverage and chromosome synteny (!"#$%&'7). A 
LOESS smoother was applied to show general trends in gene expression across the chromosome. D) Expression of all 
2,839 genes located on the X chromosome of Tcon (1,932 genes on the neo-X and 907 on the anc-X). The breakpoint 
between anc-X and neo-X (located at 50 Mb) was determined using a combination of Hi-C and chromosome synteny 
(!"#$%&'4). A LOESS smoother was applied to show general trends in gene expression across the chromosome. E) The 
proportion of gonadally sex-biased genes on the X chromosome and autosomes for Dpon, Tcas, and Tcon (* denotes 
significant enrichment or depletion based on hypergeometric tests (4 < 0.05)). The neo-X and anc-X portion of the X 
chromosome were analyzed separately.  
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stereotypical patterns seen for X chromosomes on the older neo-X of T. confusum, but not yet for D. 
ponderosae.  

We find that the ancestral X chromosome in T. castaneum is enriched for ovary-biased genes and 
depleted of testis-biased genes (Figure 8E), consistent with previous analyses (WHITTLE et al. 2020b). We 
find that the ancestral X in D. ponderosae is also enriched for ovary-biased genes and depleted of testis-
biased genes (Figure 8E). In T. confusum, the ancestral X is depleted of testis-biased genes but does not 
show a significant enrichment of ovary biased genes (Figure 8E). Thus, higher expression of the X in T. 
confusum ovary versus testis (Figure 8D) appears to be largely driven by a deficiency of testis-biased 
genes. Interestingly, the neo-X in both T. confusum and D. ponderosae shows no enrichment at all 
suggesting that neither neo-X chromosome has taken on some of the properties of ‘old’ X 
chromosomes.   

 

Conclusions  

Our broad phylogenetic sampling of beetles suggests that they will be a promising model to study 
patterns of karyotype evolution, and evolutionary forces operating on sex chromosomes. We show that 
ancestral linkage groups are maintained across beetles which allows the study of karyotype evolution at 
the molecular level. We find that the ancestral X is conserved in Coleoptera, but identify multiple 
independent formations of neo-sex chromosomes, even among closely related beetle species. An 
abundance of beetles and further development of genomic and functional tools will make Coleoptera a 
valuable model system to study the molecular mechanisms and evolutionary forces driving the 
differentiation of sex chromosomes across taxa. 

 

METHODS AND MATERIALS  
 
Genome sequencing and assembly  
The Tribolium confusum strain we sequenced was obtained from Heath Blackmon (Texas A&M 
University). We initially attempted male and female genome assemblies and generated data for both 
sexes using high molecular weight DNA that was extracted from ~ 50 pupae using a Qiagen Blood & Cell 
Culture DNA Midi Kit. We size selected DNA for fragments >15 kb using BluePippin (Sage Science). For 
size selection, we used 6 µg of total DNA (100 ng/µl) run in two wells. The elute was bead purified, 
resulting in a total of 2.7 µg total DNA in a 50 µl solution. We generated long-reads using Nanopore and 
the SQK-LSK109 sequencing kit on one 9.4.1RevD flow cell and with the minKNOW software version 
3.1.13. Output files were basecalled using Guppy version 3.0.3 (Oxford Nanopore Technologies) with 
default quality score filtering. 

We used a two-step process to assemble the genome. First, we used Canu version 1.8 (KOREN et 
al. 2017) to error-correct Nanopore sequencing reads using the following parameters 
(correctedErrorRate=0.065 corMinCoverage=8 batOptions="-dg 3 -db 3 -dr 1 -ca 500 -cp 50" 
trimReadsCoverage=4 trimReadsOverlap=500 genomeSize=200m). We then assembled the corrected 
reads using WTDBG2 (RUAN AND LI 2020) with default settings. We then removed non-target sequence 
from the assembly by running BLAST on all contigs < 1MB against the nt database and returned the top 
two hits. After removing non-target sequence, we polished the assembly using our Nanopore reads and 
three rounds of Racon (VASER et al. 2017) and using Illumina data and three rounds of Pilon (WALKER et 
al. 2014). This method of combining multiple rounds of Racon and Pilon has been shown to increase 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 20, 2023. ; https://doi.org/10.1101/2023.01.18.524646doi: bioRxiv preprint 

https://doi.org/10.1101/2023.01.18.524646


 11 

genome assembly quality in Drosophila (MILLER et al. 2018). To polish with Racon we mapped our raw 
male and female nanopore reads each round using minimap2 and specified -x ava-ont (LI 2018). For 
genome polishing with Pilon we used Illumina 100bp PE reads derived from a ChIP-seq experiment 
(unpublished). During assembly and polishing we assessed genome completeness using BUSCO v3 
(SIMÃO et al. 2015) and the odb9 eukaryota database.   
 
Hi-C scaffolding   
To scaffold the assembly, we used chromatin conformation capture to generate Hi-C data (LIEBERMAN-
AIDEN et al. 2009). Hi-C libraries were generated as outlined in Bracewell et al. (BRACEWELL et al. 2019) 
using a DNase digestion method (RAMANI et al. 2016). The resulting DNA library was prepped using an 
Illumina TruSeq Nano library prep kit and was sequenced on a HiSeq 4000 with 100bp PE 
reads. We used the Juicer pipeline (DURAND et al. 2016b) to map Hi-C reads and generate contact maps 
based on 3D interactions. We then used the 3D-DNA pipeline (DUDCHENKO et al. 2017) to orient 
and place contigs. 3D-DNA output files were visualized and checked for accuracy using Juicebox (DURAND 
et al. 2016a) with verification and modifications to scaffolding done using built-in tools. The final 
assembly was scaffolded together with 300 Ns between each contig.  
  
Repetitive element identification and genome masking  
We used two methods, EDTA (OU et al. 2019) and RepeatModeler2 (FLYNN et al. 2020), to identify 
repetitive sequence in the genome assembly. With these repeat libraries we then masked the genome 
with RepeatMasker version 4.0.7 using the -no_is and -nolow flags. To characterized the proportion of 
sequence and genomic distribution of specific repetitive elements we used bedtools coverage (QUINLAN 
AND HALL 2010).  
  
Genome annotation and characterization of assembly  
To annotate the T. confusum genome assembly we used the masked genome (above) and the MAKER 
annotation pipeline (HOLT AND YANDELL 2011) to identify gene models. The ab initio gene predictors SNAP 
(KORF 2004) and Augustus  (STANKE AND WAACK 2003) were used to guide the annotation along 
with the protein set from Tribolium castaneum. To help in annotation, we used Hisat2 (KIM et al. 
2019) and the -dta flag to align RNA-seq data (described below) to the draft genome and 
StringTie2 (KOVAKA et al. 2019) to build a Tribolium confusum transcriptome. Transcripts were created 
from the transcriptome file using gffread. KaryoploteR (GEL AND SERRA 2017) was used to generate to 
plots characterizing general features of the genome assembly.   
 
Coleoptera chromosome synteny comparison 
Our analysis focused on six species with chromosome level assemblies that span the large Coleoptera 
phylogeny. Those species include: Pogonus chalceus (VAN BELLEGHEM et al. 2018), Propylea japonica 
(ZHANG et al. 2020), Chrysomela aeneicollis (Bracewell et al. submitted), Photinus pyralis (FALLON et al. 
2018), Tribolium castanem, Tribolium confusum (present study), and Dendroctonus ponderosae (KEELING 
et al. 2022). Our initial analysis of P. japonica revealed that the assembly deposited in GENBANK was not 
consistent with the publication (ZHANG et al. 2020) and so we re-scaffolded with the published Hi-C data 
and created our own more conservative linkage groups (Supplemental Figure 4). Briefly, we took the 
published assembly and split all scaffolds an then used methods for mapping Hi-C data and scaffolding 
an assembly described above. To compare genome assemblies with T. castaneum (version 
5.2), we used protein sets from each species in our analysis and orthoDB (KRIVENTSEVA et al. 2018) to 
identify 1:1 orthologs. We used the longest predicted protein sequence from all protein coding 
genes. We used R and circlize (GU et al. 2014) and RIdeogram (HAO et al. 2020) to produce synteny plots.   
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Identifying X-linked scaffolds in Dendroctonus brevicomis 
We collected D. brevicomis from near Dutch Flat, California, extracted DNA using a Qiagen DNeasy kit, 
and whole genome sequenced a male and a female (as above). We used the D. brevicomis genome 
assembly, which is comprised of 35,469 scaffolds with an N50 scaffold length of 5kb (maximum = 
540,064bp). We mapped male and female D. brevicomis Illumina data to the reference genome using 
BWA MEM and default settings and estimated the median coverage over all contigs in the assembly. The 
male was sequence to ~33x and the female was sequence to ~23x coverage. We investigated only 
complete or fragmented BUSCOS (937 total). Of those, a total of 74 were found on scaffolds with ≥ 1.6x 
normalized female/male coverage (calculated by median coverage per scaffold). These 57 putative X-
linked scaffolds have a combined length of 5,659,142 bp. 
 
Gene expression and gene enrichment analyses 

To characterized genomic patterns gene expression, we first generated RNA-seq data for Tribolium 
confusum. We used the same line that was used for the genome assembly, and we isolated total RNA 
from male and female heads, and ovaries and testes of adults. Tissues were dissected in PBS and quickly 
transferred to TRIZOL for preservation and extraction. We used the Illumina TruSeq Stranded RNA kit to 
prepare libraries that were subsequently sequenced on an Illumina HiSeq 4000 with 100 bp PE reads. 
For analysis of gene expression in T. castaneum  and D. ponderosae we re-analyzed RNA-seq 
data generated from sex-specific tissues (BRACEWELL et al. 2017; WHITTLE et al. 2020b). In all analyses we 
used Hisat2 (KIM et al. 2019) to align the RNA-seq data and StringTie2 (KOVAKA et al. 2019) with default 
settings to estimate gene expression levels (FPKM). We estimated median expression of the two 
replicates per tissue type (ovary, testis, gonadectomized male, gonadectomized female) in Tribolium 
castaneum. In D. ponderosae, where the replicates were often restricted to certain tissues (e.g., Female 
head replicate 1 and 2), we confirmed results were consistent regardless of replicate. To test for 
enrichment or depletion of gonad-biased genes, we identified gonad-biased genes as those with gene 
expression values (FPKM) > 2 fold higher than all other tissues (e.g.,(WHITTLE et al. 2020b)). To test for 
enrichment or depletion of teste or ovary biased genes on a particular chromosome, we used 
hypergeometric tests in R with the phyper package and accounted for multiple tests using a Bonferroni 
correction. 
 
 
Data availability 
All the raw sequencing reads, draft genome assembly, and annotation for Tribolium confusum are under 
BioProject PRJNA715483. The genome assembly is also available at NCBI through accession 
JAGFVK000000000. 
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Table 1. Draft genome assembly of Tribolium confusum. 
 

 
 
 
 
 
Table 2. Proposed Stevens elements in beetles. Shown is the number of linkage groups that make up an 
ancestral element with the assembly-specific linkage group numbering scheme in parentheses.  

 
 
 
Supplemental Table 1. BUSCO results from each round of assembly and polishing of the draft genome 
for Tribolium confusum.  
 
Supplemental Table 2. Description of the eleven genomes used in comparative analyses. 
 
Supplemental Table 3. Locations of 1:1 orthologs across five species (Tcas, Ppyr, Pjap, Dpon, Caen). 
 
 

Linkage group Length (bp) Contigs Genes Repetitive (% )
Chr2_ChrX 69,142,066            98 2,839          49.7
Chr3 40,139,963            29 1,950          43.5
Chr4 27,691,343            19 1,488          42.7
Chr5 31,655,941            29 1,737          44.0
Chr6 26,721,682            61 1,399          49.5
Chr7_1 11,552,449            19 442             54.7
Chr7_2 24,418,118            11 1,451          41.2
Chr8 27,267,089            74 1,581          45.2
Chr9_1 11,987,143            116 322             66.1
Chr9_2 19,563,045            16 1,283          38.5
Chr10 12,906,199            16 746             41.0
ChrY 2,102,060              35 24               86.4
Unplaced 2,361,448              158 51               70.6

Tcas LG
Stevens 
element Pcha Ppyr Pjap Caen Dpon

LG3 A 1(6) 2(6,9) 2(14,15) 4(4,8,15,17) 2(8,9)
LG7 B 2(4,5) 1(1) 2(2,4) 3(3,10,21) 2(6,10)
LG9 C 1(1) 1(7) 2(6,7) 2(8,17) 2(5,12)
LG5 D 1(2) 1(5) 2(1,18( 2(6,7) 2(11,3)
LG2 E 1(8) 2(2,3b) 2(11,13) 4(1,10,11,18) 2(7,1)
LG8 F 1(9) 1(8) 2(3,5) 2(13,20) 1(2)
LG4 G 1(7) 1(4) 2(16,17) 2(2,14) 1(1)
LG6 H 1(5) 1(10) 2(8,9) 1(15) 1(4)
LG10 - 0 0 0 0 0
LGX X 1(10) 1(3a) 1(10) 1(X) 1(1)
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Supplemental Figure 1. Mean female (top) and male (bottom) Nanopore sequencing coverage (log2) 
plotted along the Tribolium confusum genome assembly in 50kb windows. 
 
Supplemental Figure 2. 1,621 1:1 orthologs of Tribolium castaneum LGX and LG2 and their relative 
locations on the fused Tribolium confusum ChrX_Chr2 chromosome. 
 
Supplemental Figure 3. Heatmaps showing locations of 1:1 orthologs in genome comparisons with other 
beetle species with chromosome-level assemblies. Putative Stevens elements are shown on the 
horizontal (A-H, X) while species-specific naming schemes for linkage groups from each draft genome 
assembly are shown on the vertical. Note that LG10 in Tribolium castaneum (salmon) is shown but was 
not found to be conserved over time and is not considered a Stevens element. 
 
Supplemental Figure 4. A) Hi-C contact map showing the published scaffolded Propylaea japonica 
genome assembly (Linkage groups 0 - 9 from left to right). We found widespread within-linkage group 
scaffolding that was not supported by the Hi-C data. B) Our re-scaffolded assembly with linkage groups 
shown on the vertical (right). Our naming scheme follows the original LG name from the published 
assembly followed by additional notation when we were unable to confidently orient into one linkage 
group. For example, LG1_1 and LG1_2 represent two scaffolds that originate from the published LG1. 
LG1_1 and LG1_2 likely represent two arms of a single chromosome. 
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