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Abstract 

ELUCIDATING THE EVOLUTION OF SEX CHROMOSOME DOSAGE 

COMPENSATION USING BEETLES 

 
Balan Ramesh, Ph. D.  

The University of Texas at Arlington, 2021  

Supervising Professor: Jeffrey P. Demuth, PhD  

 
Sex chromosomes are unique because of their role in sex determination. More 

importantly, sex chromosomes spend an unequal amount of time between the sexes 

which has significant consequences since it provides an opportunity to understand how 

evolutionary forces act on the genome. For example, in the XY system of sex 

determination, males are heterogametic and carry XY chromosomes, whereas females 

are homogametic and carry XX chromosomes. This difference in the gene dose of X-

linked genes between the sexes can be catastrophic for interacting proteins if not 

balanced. In chapter 1, I introduce the background and current state of understanding 

for sex chromosome evolution and regulations.  In chapter 2, I employ phylogenomics 

methods to established the phylogeny and divergence time among a group of closely 

related flour beetles, which provides an evolutionary framework for answering important 

questions about sex chromosome dosage balance between sexes and compensation 

considering ancestral state of expression. I find that the broad horned beetle 

(Gnatocerus cornutus) split from the flour beetles around 122 Million Years Ago (MYA) 

and the most recent split within flour beetles is around 14 MYA between T.castaneum 

and T.freemani. In chapter 3, I utilize an X to Autosome fusion in confused flour beetles 
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(Tribolium confusum) combined with the divergence times established in chapter 1 to 

study the evolution of dosage compensation in flour beetles by reconstructing the 

ancestral states of neoX-linked gene expression. I report that the neoX and X 

chromsomes are dosage balanced and compensated. In addition, the expression 

between the sexes is more tightly regulated and thus dosage balance seems to be more 

constrained comparing the ancestral autosomal expression with the current state of 

expression of the sex chromosomes. Lastly, in chapter 4 I employ single-cell RNA-Seq 

to explore the presence of meiotic sex chromosome inactivation, which affects the 

expression of X-linked genes during male meiosis.  I find that the expression of X-linked 

genes is repressed or inactivated in most cell clusters hinting towards the presence of 

MSCI. Comparing the current state of expression with ancestral levels and 

differentiating expression profile between different types of cells, this dissertation 

exemplifies the use of comparative transcriptomics to address essential questions in the 

evolution of sex chromosomes and dosage compensation. 
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Chapter 1 

Introduction 

In eukaryotic organisms, the two sexes often have different chromosomal 

compositions. Generally, one sex (called heterogametic) has a pair of morphologically 

distinct sex chromosomes, whereas the other sex (called homogametic) has two 

identical chromosomal pairs. In male heterogametic systems, the sex chromosomes are 

assigned as X and Y chromosomes (XX females and XY males), and in female 

heterogametic systems as Z and W chromosomes (ZZ males and ZW females). For 

simplicity, when discussing general aspects of sex chromosome evolution, I will refer to 

the XY chromosome systems, but the same evolutionary theories also apply to ZW 

systems. 

In the XY system of sex determination, the X and Y chromosomes have evolved 

independently many times in plants and animals with different karyotypes. Sex 

chromosomes are thought to have originated from an pair of homologous chromosomes 

(autosomes). The morphological distinction between the X and Y chromosome is a by-

product of the Y chromosome's degeneration that is present only in the heterogametic 

sex (i.e., XY males). Thus the lack of homology between the X and Y chromosome 

drastically reduced the genetic recombination on the Y chromosome. Evolutionary 

theory predicts that nonrecombining regions of a genome are more susceptible to an 

accumulation of deleterious mutations. In line with the theory, a predominant feature of 

many taxa is the erosion of genes from the Y chromosome. The pseudogenization of 

genes leaves primarily nonfunctional and repetitive DNA on the Y chromosome. In 
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contrast, due to recombination in females, X chromosomes retain most of their ancestral 

genes but have evolved mechanisms to comensate for their dosage imbalance between 

sexes and relative to autosomes.  

First, the loss of genes on the Y chromosome leads to a gene dose deficiency for 

X-linked genes in males. Ohno (1967) suggested that this difference in gene dose 

between the sexes imposes a "peril of hemizygosity" because it may affect the 

stoichiometric equilibrium between members of multi-protein complexes that are crucial 

for cellular development and function (Bachtrog, 2006; Charlesworth et al., 2005; 

Furman et al., 2020; Gu and Walters, 2017). As a solution to this peril, Ohno suggested 

that "dosage compensation" (DC) mechanisms must evolve so that at the level of 

average gene expression, X=XX=AA. Although his paradigm has dominated sex 

chromosome research for over 50 years, mounting evidence demonstrates that Ohno's 

vision of DC is far from ubiquitous and maybe an exception rather than the rule. 

Comparison of X to autosome ratios within and between sexes from a growing 

number of taxa can be categorized into four patterns (Gu and Walters., 2017). Note, 

however, that categorization of some species is still plagued by discrepancies 

potentially arising from different data types and/or tissues.  

Type I (X=XX=Ancestral): Complete dosage compensation. The pattern 

envisioned by Ohno as the "rule" of DC. Under this pattern, males evolve mechanisms 

to compensate their haploid X-linked content to match ancestral diploid levels, while 

females evolve mechanisms to counter hyperexpression of the X so that they maintain 

ancestral diploid expression levels. Reported only in XY systems: aphids, stink bugs 

and milkweed bugs (Pal and Vicoso, 2015), fruit flies(Vicoso and Bachtrog, 2015), 
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stickleback fish (Leder et al., 2010), Anolis lizards (Rupp et al., 2016), and perhaps 

beetles (Mahajan and Bachtrog, 2015). 

Type II (X=XX<Ancestral): Dosage balance. Under this pattern, females down-

regulate X-linked gene expression so that the X is balanced between sexes, but both 

sexes have lower X-linked expression than the ancestral autosomal state. Reported in: 

worms (XY) (Wheeler et al., 2016) and placental mammals (XY) (Chen and Zhang, 

2016; Julien et al., 2012), and butterflies (ZW)(Walters et al., 2015; Walters and 

Hardcastle, 2011). 

Type III (X<XX=Ancestral): Lack of dosage compensation. On average, 

expression levels reflect copy number dosage. However, within the overall Type III 

pattern, local regulation of individual genes or gene regions may follow Type I or Type 

II. This type of compensation is reported in the sole (XY) (Graves, 2014), platypus 

(5X,5Y) (Julien et al., 2012), snakes (ZW) (Schield et al., 2019; Vicoso et al., 2013), 

birds (ZW) (Mank and Ellegren, 2009), Gallus (ZW) (Zimmer et al., 2016), 

and Schistosoma (ZW) (Vicoso and Bachtrog, 2011). 

Type IV (X = Ancestral < XX): Incomplete dosage compensation. Here DC is 

incomplete because females do not counteract elevated X chromosome expression that 

presumably evolved to compensate for hemizygous males. Reported in: Tribolium 

castaneum (XY) (Prince et al., 2010). 

Ohno's original DC hypothesis and decades of subsequent DC research are 

founded on comparing average X and autosome expression ratios (X: AA) within and 

between sexes. The use of the X: AA ratio coupled with the use of different tissues 

and/or methodology in different studies contributes to uncertainties in the classification 
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of the type of dosage compensation. For example, the use of tissue samples that 

include gonads can be problematic because gonads are prone to sex-biased 

expression. Also, the gene expression in gonads may further be accentuated by the 

lack of dosage compensation and mechanisms such as meiotic sex chromosome 

inactivation (MSCI) during spermatogenesis (Turner, 2007).  

Further, if some autosomes are more likely to become sex chromosomes since 

their pattern of sex-biased expression is higher than the average autosome then using 

average autosomal expression as a proxy for ancestral expression can be dubious. So, 

to truly understand dosage compensation, comparing X-linked gene expression in the 

somatic tissue to their ancestral autosomal state to directly assess whether there has 

been regulatory "compensation" for the loss of Y-linked genes is much more desirable. 

Using five species of flour beetles (Tribolium brevicornis, Tribolium castaneum, 

Tribolium confusum, Tribolium freemani, and Gnatocerus cornutus), this dissertation 

establishes the phylogeny with divergence estimates between these species using 

conserved orthologs (Chapter 2) and sheds light on the type of sex chromosome 

dosage compensation by estimating ancestral expression of the neoX chromosome in 

T. confusum (Chapter 3). Further, this disseratation adds that the dosage balance is 

more tightly conserved than dosage compensation. The final chapter explores the 

presence of MSCI to understand transcriptional dynamics of sex chromosomes in testes 

using single-cell RNA sequencing (scRNA-Seq).  
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Chapter 2  

Divergence time estimation of genus Tribolium by extensive sampling of highly 

conserved orthologs 

Balan Ramesh1, Thomas J. Firneno, Jr.1, and Jeffery P. Demuth1 

1Department of Biology, the University of Texas at Arlington, Texas 76019, USA. 
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Abstract 

Tribolium castaneum, the red flour beetle, is among the most well-studied eukaryotic 

genetic model organisms. Tribolium often serves as a comparative bridge from highly 

derived Drosophila traits to other organisms. Simultaneously, as a member of the most 

diverse order of metazoans, Coleoptera,  Tribolium informs us about innovations that 

accompany hyper diversity. However, understanding the tempo and mode of 

evolutionary innovation requires well-resolved, time-calibrated phylogenies, which are 

not available for Tribolium. The most recent effort to understand Tribolium phylogenetics 

used two mitochondrial and three nuclear markers. The study concluded that the genus 

may be paraphyletic and reported a broad range for divergence time estimates. Here 

we employ recent advances in Bayesian methods to estimate the relationships and 

divergence times among Tribolium castaneum, T. brevicornis, T. confusum, T. freemani, 

and Gnatocerus cornutus using 1368 orthologs conserved across all five species and 

an independent substitution rate estimate. We find that the most basal split within 

Tribolium occurred ~86 Mya [95% HPD 85.90–87.04 Mya] and that the most recent split 

was between T. freemani and T. castaneum at ~14 Mya [95% HPD 13.55-14.00]. Our 

results are consistent with broader phylogenetic analyses of insects and suggest that 

Cenozoic climate changes played a role in the Tribolium diversification.  

 

Keywords: divergence time, random local clock, uncorrelated lognormal clock, 

StarBEAST2, Tribolium, T. castaneum 
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Introduction 

Here we present a phylogenetic study of Tribolium castaneum, the red flour 

beetle, and four closely related species. Beetles in the genus Tribolium have a long 

history as model systems in ecology (e.g., Park, 1934, Park, 1948, Goodnight, 1990, 

Agashe and Bolnick, 2010), evolution (e.g., Wade, 1977, Stevens 1989, Via and 

Conner, 1995, Demuth and Wade, 2007, Agashe et al., 2011), behavior (e.g., Ghent, 

1963, Sinnock, 1970, Konishi et al., 2020), genetics (e.g., Sokoloff, 1966, Sokoloff, 

1977,  Beeman and Brown, 1999, Lorenzen et al., 2005) and development (e.g., 

Beeman, 1987, Brown et al., 2009). Furthermore, T. castaneum is among the most well-

developed invertebrate systems for molecular genetic studies (Denell, 2008). The T. 

castaneum genome is well-sequenced, assembled, and annotated (Tribolium Genome 

Sequencing Consortium, 2008, Kim et al., 2010, Herndon et al., 2020), including an 

atlas of functional genetic data based on large-scale RNAi knockdown screens 

(Schmitt-Engel et al., 2015). The molecular toolkit includes virtually all modern 

techniques for genome manipulation, including parental RNAi (Tomoyasu et al., 2008), 

transposon-mediated insertional mutagenesis (Lorenzen et al., 2007, Trauner et al., 

2009), GAL4/UAS system for spatiotemporal expression analysis (Schinko et al., 2010, 

Rylee et al., 2018), and CRISPR/Cas9 gene-editing system (Giles et al., 2015). Their 

relatively short generation time (~1 month), ease of culture, importance as an 

agricultural pest, and catalog of previous work contribute to the large and growing 

community of researchers employing Tribolium in their work. 

Despite Tribolium's utility as a model system, there has been little phylogenetic 

work that would promote a higher resolution analysis of the tempo and mode of trait 
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evolution. For example, we generated the transcriptome data we employ in the following 

analyses to investigate the evolution of X-chromosome gene regulation following an X-

autosome fusion observed in extant members of the T. confusum lineage (Smith, 1950, 

Smith, 1952, Smith and Brower, 1974). Understanding changes in expression of the 

neo-X linked genes requires comparing current expression levels to an estimate of the 

ancestral expression states when those genes were autosomal (i.e., before fusion). 

However, such analyses are impossible without the context provided by a well-resolved 

time-calibrated phylogeny.  Furthermore, a more precise resolution of species 

divergence times will provide context for many studies of molecular evolution in this 

clade.  For example, a recent investigation of opsin gene evolution (Wu et al., 2020) 

would have benefited from the improved dating provided by our analyses below. 

The most recent analysis of the Tribolium phylogeny was more than a decade 

ago and included two mitochondrial and three nuclear markers (Angelini and Jockusch, 

2008). The analysis included eight of the 36 species in the genus Tribolium and three 

other Tenebrionid beetles (Gnatocerus cornutus, Latheticus oryzae, Tenebrio molitor). 

To calibrate divergence times, they employed mitochondrial clocks based on crickets 

(Venanzetti et al., 1993) and milkweed beetles (Farrell, 2001). The results did little to 

constrain the temporal pattern of diversification among lineages. Divergence time 

estimates for the sister species T. castaneum and T. freemani ranged from 11.6–47.0 

Mya, and for the older split between T. castaneum and T. confusum, the estimated time 

was 13.9–60.7 Mya. They did not estimate other ancestral splits.  

The pattern of relationships within Tribolium is also uncertain, particularly with 

respect to the placement of T. brevicornis.   Phylogenetic analysis using cytochrome 
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oxidase 1 and 16S rDNA sequences from eight Tribolium species did not resolve 

whether T. brevicornis is basal to the T. castaneum and T. confusum species groups, or 

more closely related to the T. castaneum species group (Meštrović et al., 2006). The 

more recent work by Angelini and Jockusch (2008) cast further doubt, as their 

consensus tree suggested that T. brevicornis was outside the clade containing G. 

cornutus and the other Tribolium species.  Based on the apparent paraphyly of the 

genus Tribolium, Angelini and Jockush (2008) recommended that T. brevicornis be 

returned to the genus Aphanotus (Leconte, 1862). Thus, the monophyly of the genus 

Tribolium remains in some doubt.  

Generating more precise date estimates and resolving the pattern of divergence 

for Tribolium species has important consequences for evolutionary studies. For 

example, the ~47 million year range in the divergence time estimate for T. castaneum 

and T. confusum is sufficiently broad to change inferences about the direction of gene 

expression evolution following the X-autosome fusion in the example presented above. 

Here, we present a high-resolution time-calibrated phylogeny of members of the genus 

Tribolium built using 6840 protein-coding genes (1368 orthologs conserved across each 

of five species). Our results are mostly congruent with those of the earlier study by 

Angelini and Jockusch (2008) but suggest that the genus Tribolium is not paraphyletic. 

Further, our study's divergence time estimates provide the best temporal parameters for 

Tribolium evolution to date, thus providing a useful framework for future work in this vital 

system. 

Methods 

Taxon Sampling, RNA Sequencing, and Ortholog Identification 
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We collected transcriptome data for five species of Tenebrionid beetles: T. 

castaneum, T. freemani, T. confusum, T. brevicornis, and Gnatocerus cornutus. All 

beetles were reared at large population sizes on 95% organic whole wheat flour with 5% 

Brewer's yeast at 27°C with 70% humidity. Briefly, each sample for RNA extraction 

consisted of ten adult individuals. In total, we sequenced two replicates per sex per 

species, with ten adults in each replicate. Samples were sequenced on the HiSeq 2000 

platform using Illumina 150bp paired-end reads. We obtained ~40 Million reads per 

sample. We conducted de novo transcriptome assembly for each species using Trinity 

v2.8.4 (Haas et al., 2013), filtered transcript redundancy using cd-hit-est v4.8.1(Fu et al., 

2012), and obtained amino acid sequences using TransDecoder v5.5.0 (Haas and 

Papanicolaou, 2016). We benchmarked these filtered transcriptomes using BUSCO 

v3.0.2 (Simão et al., 2015) and endopterygota lineage (odb10). Finally, we used the 

filtered transcriptomes to identify the common orthologs among the five species using 

Orthofinder v2.3.3 (Emms and Kelly, 2019). 

Sequence Alignment and Data Partition 

Using our Orthofinder results, we identified highly-conserved, complete, single-

copy orthogroups. We used MAFFT v7.471 (Nakamura et al., 2018) to align the 

orthogroups. Orthogroups in which all orthologs had at least 99% of the sites present 

(i.e., a maximum of 1% of the total length as gaps was permitted) in all species were 

retained for subsequent steps. Each of the retained orthogroups was used as a 

separate partition in divergence time estimation.  

Divergence Time Estimation 
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We estimated the phylogenetic relationships and associated divergence times of 

individuals using our orthogroup alignment via a StarBEAST2 template (Ogilvie et al., 

2018) in BEAST2 v2.6.3 (Bouckaert et al., 2014). The site models were unlinked while 

the clock and the tree models were linked among all orthogroups. We performed 

analyses using an uncorrelated lognormal clock model, a Yule tree prior, and the 

Blosum62 substitution model. To model site variation using a gamma distribution, we 

set four gamma categories. The shape and proportion invariant parameter of the site 

model was set to estimate and zero, respectively.  

We used the substitution rate of 6.43E-4  1.5E-5 amino acid substitutions per 

site per million years to calibrate the tree. This estimate is derived from a previous 

maximum likelihood (ML) analysis of 439 nuclear genes conserved among T. 

castaneum, Drosophila melanogaster, and Anopheles gambiae, and calibrated using 

fossils from the oldest known coleopteran (Savard et al., 2006). The BEAST analysis 

was run on CIPRES Science Gateway for 10,000,000 generations with sampling every 

1000 generations, producing 10000 trees. The initial 10% of runs were discarded as 

burn-in, and the remaining 9000 runs were assessed locally using Tracer v1.7.1 

(Rambaut et al., 2018) to examine the estimated sample size (ESS) value and the trace 

output for convergence.  A maximum clade credibility (MCC) tree with median heights 

was created using Treeannotator v2.6.2 (Helfrich et al., 2018) for the remaining 9000 

trees.  

Results 

BUSCO analysis of the de novo transcriptome assemblies indicated that our 

transcriptomes are > 97.5% complete, suggesting that our initial transcriptomics-based 
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gene sampling was unbiased. Using the predicted protein sequences from the filtered 

transcriptome assemblies, OrthoFinder identified 4286 single-copy orthogroups, of 

which 1368 had orthologs with at least 99% of the sites present among the five species. 

The median length of the alignment for the orthogroups was 460 amino acid sites, with 

few orthogroups having more than 2000 amino acid sites (Supplementary Table T1; 

Supplementary Figure S1). Our filtered 1368 orthogroups includes proteins from the 28s 

ribosomal DNA gene, which was one of the three nuclear genes included in Angelini 

and Jockusch (2008). Subsequent phylogenetic analyses employed only these 1368 

orthologs except where noted.  

After 10,000,000 generations of sampling in BEAST, with 10% burnin, the ESS 

values for topology and divergence time estimates were 350.2 and 290.9 respectively 

and had traces oscillating in the stationary distribution, indicating that the analysis 

reached convergence. The resulting Bayesian phylogenetic tree rooted using midpoint 

strongly supports (posterior probability = 1) monophyly of the genus Tribolium with 

respect to G. cornutus (Figure 1), which was a point of uncertainty in the previous work 

by Angelini and Jockusch (2008). Our divergence time analysis using the calibrated 

substitution rate supports an early-Cretaceous divergence (121.95 Mya [95% HPD 

121.21–122.68 Mya]) between G. cornutus and Tribolium species (Figure 1, Table 1). 

The split between T. brevicornis and the rest of the Tribolium, as well as the split 

between T. confusum and the T. castaneum group, were estimated to have occurred 

during the late-Cretaceous and Paleogene respectively (86.46 Mya [95% HPD 85.90–

87.04 Mya] and 65.5 Mya [95% HPD 64.98–65.96], respectively). The divergence 
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between T. castaneum and T. freemani was estimated to occur during the Neogene 

(13.8 Mya [95% HPD 13.55-14.00]). 

The amino acid sequences, XML file, and the result files from BEAST analysis 

are available in the Dryad repository (https://doi.org/10.5061/dryad.pc866t1mz). 

Discussion 

Our results establish a reliable time of divergence among Tribolium species. We 

included four Tribolium species from three subgroups - brevicornis, confusum, and 

castaneum (Angelini and Jockusch, 2008), and G. cornutus. We analyzed 1368 highly 

conserved nuclear protein-coding genes comprised of over 650,000 amino acid sites, 

thereby significantly increasing the number of loci from previous studies. While the 

topology of our phylogenetic tree is similar to the most parsimonious tree produced by a 

combined analysis of the five genes (two mitochondrial and three nuclear) from the 

previous research (Angelini and Jockusch, 2008), our expanded gene sampling 

supports the monophyly of Tribolium, unlike the Maximum Likelihood and Bayesian 

Inference consensus tree suggested by Angelini and Jockusch, (2008). However, 

considering the genus Tribolium as a monophyletic group must be approached with 

caution due to our limited taxonomic sampling.  

To investigate the effect of including additional taxa on our inference of 

monophyly, we reran our analysis pipeline with transcriptomes from two additional 

Tenebrionid beetles sampled in the study by McKenna et al., (2019), Neomida 

bicornis and Lagria hirta.   The resulting 7-species tree (Supplementary Figure S2) is 

consistent with the expected placement of L. hirta and N. bicornis relative to T. 

castaneum and G. cornutus based on previous work (Kergoat et al., 2014a, McKenna et 

https://datadryad.org/stash/share/RGp0_iUbhmE80OEZeO_wqfhMcxi89yyijbSmGBHc0Gc
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al., 2019).  N. bicornis is sister to G. cornutus, and that group is sister to all Tribolium 

spp.  L. hirta is an outgroup to all other species in the analysis. Thus, the 7-species 

analysis reinforces our inference of monophyly for the genus Tribolium, which is also 

consistent with morphological considerations that originally prompted members of the 

brevicornis species group to be included in the genus Tribolium (Hinton 1948).  Future 

analyses of T. brevicornis status may benefit from sampling additional members of the 

tribe Triboliini (e.g., Latheticus oryzae), which are even more closely related to the 

genus Tribolium.   

Including the additional Tenebrionid species reduces the number of orthogroups 

that pass filtering by approximately 10 fold, from 1368 to 138.  Consequently, although 

the dating is similar, the 7-species analysis yields much broader confidence intervals.  

Since a primary goal of our study was to produce more precise estimates for Tribolium 

divergence, we include results of the 7-species analysis as Supplementary materials 

(Supplementary Table T1, Table T2, Figures S2, and S3) and restrict further discussion 

to the higher-resolution analysis of fewer species but a much larger set of orthogroups.      

The divergence times of Tribolium estimated here fit well within the context of molecular 

phylogenic studies that included more course sampling of beetle diversity. Our choice to 

include only highly conserved genes had the potential to bias divergence estimates if 

the retained genes represented consistently more slowly evolving genes than those 

used in the estimate of substitution rate by Savard et al., (2006).  However, the 

consistency of our estimates with the broader Coleopteran (McKenna et al. 2019) and 

Tenebrionid (Kergoat et al., 2014b) studies that used independent methods of 

inference, including fossil calibration, suggests that our choice of filtering criteria and 
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substitution rate are unlikely to be substantially biasing on our inferences of divergence 

time.  For example, previous estimates for the basal split between Gnatocerus 

and Tribolium range from (65 to 165 Mya; Table 1).  Our results suggest that the 

divergence is likely intermediate (~122 Mya).   Other nodes in our analysis are similarly 

consistent with expectations from the other studies, but we provide much narrower 

confidence intervals (Table 1; see also Supplementary Table T2 for 7-species analysis, 

which provides an additional point of comparison). 

Our estimated divergence dates suggest that the genus Tribolium began to 

diversify during the Mesozoic. However, given that much of the present-day species 

diversity arose subsequent to the split between T. confusum and T. castaneum, our 

dates suggest that the radiation of Tribolium primarily occurred during the Cenozoic. 

Diversification of insects during the Cenozoic is well supported in Lepidopterans 

(Wahlberg et al., 2009; Toussaint et al., 2012; Halali et al., 2020), Dipterans 

(Esseghir et al., 2000; Junqueira et al., 2016), Hemipterans (Peccoud et al., 2010; Rui-

ling et al., 2013), and even other Coleopterans (Matthews, 1980; Hidalgo-Galiana and 

Ribera, 2011). However, Kergoat et al., (2014b) found that net diversification rates in 

the Tenebrionidae were likely reduced in the Cenozoic following an increased extinction 

rate that was not fully compensated by speciation in the mid-Cretaceous (near our 

estimated date for the split between lineages leading to Tribolium and Gnatocerus).  

The drastic changes in the global temperatures and elevated tectonic activity during the 

Cenozoic era (Matthews, 1980) may also have played a role in the radiation and 

distribution of the Tribolium beetles. However, deducing a specific reason for the cause 

of divergence remains challenging. 
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Overall, our study provides high-resolution divergence estimates for Tribolium 

flour beetles, including the important model system Tribolium castaneum. Divergence 

times in the genus suggest that most of the species diversity arose during the Cenozoic 

era. The phylogenetic analysis provided here improves the utility of T. castaneum as a 

model system by providing a framework to understand the tempo of evolution within its 

relatively species-rich genus. Our results will contribute to future studies of genetic and 

organismal diversification focused on the hypotheses involved in the development and 

evolution of Tribolium beetles. 
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Figures 

 

Figure 1. Chronogram of the four focal species based on a BEAST2 analysis of highly 

conserved nuclear protein-coding genes calibrated with amino acid substitution rate. * 

denotes the Quaternary period. Posterior probabilities are indicated to the right of the 

ancestral nodes. Median ages on the chronogram are provided above nodes, with 95% 

highest posterior densities (HPD) below and error bars representing the 95% HPD on 

the nodes. All Tribolium photos courtesy of Heath Blackmon (Texas A&M University, 

College Station, TX)  
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Table 1. Comparison of divergence times for nodes/clades shared across four studies. 

All the estimates are represented in Million Years ago (Mya). Brackets indicate 95% 

highest posterior densities (HPD). 

 

Nodes/Clades Divergence  
times 

Previous  
studies 

T. castaneum – T. freemani 13.77 
[13.55 – 14.0] 

11.6 – 47.0a 

T. castaneum/T. freemani – T. confusum 65.50 
[64.98.9 – 65.96] 

13.9 – 60.7a 

70 – 120b 

T. castaneum/T. confusum – T. 
brevicornis  

86.46 
[85.9 – 87.04] 

- 

Tribolium – Gnatocerus 121.95 
[121.21 – 122.68] 

148 – 165b 
65 – 129c 

a: Angellini & Jockush, 2008. 

b: Kergoat et al., 2014b. (95% HPD for "Yule crown" calibration) 

c: McKenna et al., 2019. 
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Supplementary Material 

 

 

 

Figure S1. Frequency of Alignment Length from 1368 orthogroups for the 5-species 

tree. Each bin is 200 bp in width, and the value on the top of the bar indicates the 

number of orthogroups in a bin. 
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Figure S2. Dated Phylogenetic tree using expanded taxa includes Lagria hirta (L_hirt) 

and Neomida bicornis (N_bico) from McKenna et al., 2019. We used Orthofinder to 

identify the conserved orthogroups among all seven species and aligned them using 

mafft. We identified 138 orthogroups that aligned with up to 1% missing sites. The date 

estimates at each node are similar to the main chronogram (Figure 1), but the range is 

broader and less precise.  
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Figure S3. Frequency of Alignment Length from 138 orthogroups for the 7-species tree. 

Each bin is 200 bp in width, and the value on the top of the bar indicates the number of 

orthogroups in a bin. 
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Supplementary Table 1. The annotation and function of all the orthogroups used in the 

5-species tree and 7-species tree is available online at 

https://doi.org/10.1016/j.ympev.2021.107084. Few lines from the 7-species sheet are 

shown below. The rows highlighted in yellow are unique to the 7-species analysis. 

 

og aln_len seq_ids desc 
T_cast_blast_hit

_prot_id 

OG0008919 267 

G_corn_DN1126_c0_g1_i1.p4.p1,GDPQ

01015419.1.p1,GDMA01016952.1.p1,T_

brev_DN2176_c0_g1_i1.p1.p1,T_cast_D

N524_c0_g1_i1.p3.p1,T_conf_DN2034_

c0_g1_i1.p1.p1,T_frem_DN2475_c0_g1

_i1.p1.p1 

transmemb

rane 

protein 199 

XP_008199027.

1 

OG0008946 203 

G_corn_DN11837_c0_g1_i1.p2.p1,GDP

Q01013683.1.p1,GDMA01016065.1.p1,

T_brev_DN69993_c0_g1_i1.p1.p1,T_ca

st_DN2144_c0_g1_i1.p2.p1,T_conf_DN

997_c0_g1_i1.p3.p1,T_frem_DN18755_

c0_g1_i1.p2.p1 

UPF0454 

protein 

C12orf49 

homolog 

XP_973740.1 

OG0008953 177 

G_corn_DN1191_c0_g2_i11.p2.p1,GDP

Q01012439.1.p1,GDMA01008300.1.p1,

T_brev_DN103461_c0_g1_i1.p1.p1,T_c

ast_DN78913_c0_g1_i1.p1.p1,T_conf_D

N695_c0_g1_i1.p5.p1,T_frem_DN5219_

c0_g1_i2.p3.p1 

peptidyl-

prolyl cis-

trans 

isomerase-

like 1 

XP_971205.1 

OG0008996 288 
G_corn_DN1271_c0_g2_i3.p3.p1,GDPQ

01014586.1.p1,GDMA01009267.1.p1,T_

dnaJ 

homolog 
XP_974891.1 

https://doi.org/10.1016/j.ympev.2021.107084
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brev_DN957_c0_g1_i1.p2.p1,T_cast_D

N3890_c0_g1_i1.p1.p1,T_conf_DN3266

_c0_g1_i5.p2.p1,T_frem_DN1780_c0_g

1_i14.p2.p1 

subfamily 

C member 

17 

OG0009007 390 

G_corn_DN1289_c0_g1_i10.p1.p1,GDP

Q01032073.1.p1,GDMA01016614.1.p1,

T_brev_DN3161_c0_g1_i1.p1.p1,T_cast

_DN3976_c0_g1_i1.p2.p1,T_conf_DN71

1_c0_g1_i3.p1.p1,T_frem_DN4171_c0_

g1_i1.p2.p1 

vacuolar 

protein-

sorting-

associated 

protein 36 

XP_973963.1 
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Supplementary Table T2. Comparison of divergence times for nodes/clades shared 

across four studies. All the estimates are represented in Million Years ago (Mya). 

Brackets indicate 95% highest posterior densities (HPD). 

 

Clades 5-species tree 7-species tree 

Previous 

studies 

T.castaneum – T. freemani 
13.77 

[13.55 – 14.0] 

15.6 

[13.93 – 17.75] 
11.6 – 47.0a 

T. castaneum/T. freemani - T. 

confusum 

65.50 

[64.98.9 – 

65.96] 

69.20 

[62.83 – 77.9] 

13.9 – 60.7a 

70 – 120b 

T. castaneum /T. confusum - T. 

brevicornis  

86.46 

[85.9 – 87.04] 

89.92 

[81.76 – 101.08] 
- 

Tribolium - Gnatocerus 

121.95 

[121.21 – 

122.68] 

135.80 

[123.94 – 

152.67] 

148 – 165b 

65 – 129c 

Gnatocerus/Tribolium -  Lagria - 

186.34 

[170.52 – 

209.99] 

160 – 175b 

98 – 149c 

a: Angellini & Jockush, 2008. 

b: Kergoat et al., 2014b. (95% HPD for "Yule crown" calibration) 

c: McKenna et al., 2019. 
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Ancestral reconstruction of neoX chomosome expression states reveals the 

status and evolution of dosage compensation in flour beetles 

Balan Ramesh1 and Jeff Demuth1 
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Summary 

Ohno (1967) originally proposed that the sex difference in X-linked gene dose 

caused by the decay of Y-linked genes may impose a "peril of hemizygosity."  To 

mitigate this peril, Ohno hypothesized that regulatory mechanisms must evolve to 

hyperexpress genes on the single X in males while maintaining unchanged diploid (XX) 

expression in females. Mounting evidence suggests that Ohno's paradigm is not 

universal, but our understanding remains unclear because quantifying expression 

evolution requires estimating the ancestral expression of X-linked genes, which is 

difficult or impossible in many systems.  

Typically, studies assess dosage compensation by either comparing average 

male X: Autosome (AA), and or Xmale: XXfemale expression ratios.  Inferring dosage 

compensation from the X:AA ratio is not ideal because, 1) it does not compare 

homologous genes, and 2) it assumes that the current average AA expression is a good 

proxy for the average ancestral expression of X-linked genes, which may be misleading 

if atypical expression is the reason some autosomes are more likely to become sex-

linked.  Similarly, comparison of the current X:XX expression ratio, which we will call 

dosage balance, does not provide clear insight about sex chromosome evolution 

without information about the ancestral states because balance can be achieved by 

upregulating the male X or downregulating female XX.   

Here, we study the evolution of dosage compensation and balance by quantifying 

changes in gene expression across a time-calibrated phylogeny of five closely related 

beetle species.  One species in the group, Tribolium confusum, harbors an X-Autosome 

fusion, which allows us to test the dosage compensation hypothesis (neoX=Ancestral) 
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directly. We find that, relative to their autosomal ancestral state, neoX-linked genes in T. 

confusum have evolved 2-fold higher expression per dose in males, but remained 

constant in females resulting in complete dosage compensation and dosage balance.  

Further, we observe that all flour beetle species included in the study are fully balanced 

and compensated (X=XX=Ancestral).  This includes T. castaneum an important model 

system with previously uncertain DC status.  Our results begin to suggest that the 

evolution of chromosome-wide dosage compensation mechanisms, as envisioned by 

Ohno, may at least be the rule in male heterogametic insects. 

 

Keywords: Dosage Compensation, Sex Chromosome, Evolution, Tribolium, Ancestral 

Expression   
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Results and Discussion 

Sex chromosomes are thought to originate from a pair of ancestral autosomes 

after gaining a sex-determining locus (Bachtrog, 2006; Charlesworth, 1991; 

Charlesworth et al., 2005; Furman et al., 2020; Gu and Walters, 2017).  In many cases, 

subsequent decay of Y chromosome gene content leaves XY males with only one 

functional copy for many X-linked genes, while XX females retain two copies.  Ohno 

(1967) originally proposed that the sex difference in X-linked gene dose caused by the 

decay of Y-linked genes may impose a "peril of hemizygosity".   To mitigate this peril, 

Ohno hypothesized that regulatory mechanisms must evolve to hyperexpress genes on 

the single X in males while maintaining unchanged diploid (XX) expression in females.  

This dosage compensation paradigm has dominated sex chromosome research for over 

50 years, and although mounting evidence indicates that it not universal, many aspects 

of our understanding remains uncertain because quantifying expression evolution 

requires estimating the ancestral state of X-linked gene expression, which is difficult or 

impossible in many systems (Furman et al., 2020; Gu and Walters, 2017).  

Often, studies assess dosage compensation by comparing 1) average 

expression of X-linked genes in males to the average expression of all autosomal genes 

(X:AA), and or 2) X-linked gene expression between males and females (X:XX; which, 

for the sake of clarity we will call dosage balance).  Both measures pose challenges for 

the interpretation of dosage compensation and balance.  First, inferring the evolution of 

dosage compensation from the X:AA ratio is not ideal because it does not compare 

homologous genes, and assumes that the current average AA expression is a good 

proxy for the average ancestral expression of X-linked genes.  The latter assumption 
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could be particularly misleading if atypical expression is the reason some autosomes 

are more likely to become sex-linked.  Second, testing dosage balance by comparing 

current X:XX ratios, will not reflect compensation of the ancestral expression level if 

females evolve reduced expression to match hemizygous male levels. 

To test Ohno's hypothesis that dosage compensation evolves to maintain 

ancestral autosomal expression levels, we employ a phylogenetic comparative method 

to analyze the evolution of gene expression on the neoX chromosome of Tribolium 

confusum.   The X-chromosome in T. confusm is comprised of an ancestral X region, 

which is conserved across flour beetles, and a neoX region, which remains autosomal 

in other lineages (Smith, 1952, 1950; Smith and Brower, 1974).  To reconstruct 

ancestral gene expression, we sampled four additional species that phylogenetically 

flank the neoX origin: Gnatocerus cornutus, Tribolium brevicornis, Tribolium freemani, 

and the well-studied beetle model system Tribolium castaneum, which provides a high-

quality reference genome.  Aside from the neoX in T. confusum, all species in the 

analysis have the same karyotype and are expected to retain high levels of synteny 

based on previous analysis across a much wider phylogenetic breadth in coleopteran 

genomes (McKenna et al., 2016). For simplicity, throughout the results we refer to the 

region of the X chromosome shared by all species as the X-chromosome.  The X-linked 

region that is unique to T. confusum is referred to as the neoX in T. confusum and 

chromosome 2 in the other four species, where it remains an autosome.  

We conducted RNA-Seq on pooled somatic tissues (head and prothorax) from 

ten adult beetles of each sex for each species. Each sample type was replicated twice 

(5 species x 2 sexes x 2 replicates = 20 sequencing samples). All samples returned at 
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least 40M reads and are available through NCBI Sequence Read Archive 

(SRR14070854 through SRR14070873) under the bioproject number PRJNA716663.  

Since T. castaneum is the only species in our analysis with a reference quality genome, 

we used it to assign chromosome annotations, but performed expression analysis on de 

novo assembled transcriptomes for all species to avoid potential biases due to read 

mapping (see Supplementary Materials and Methods). 

Karyotype data for T. confusum indicates that the neoX region is hemizygous 

(i.e. the Y-chromosome is significantly reduced in chromosome spreads); however, 

since there is no reference assembly for the species, we analyzed the number of 

variable sites on the X, neoX and autosomes to establish zygosity.   If neoX linked 

genes are heterozygous in males we expect to observe more variants than if they are 

hemizygous because twice as many chromosomes will be sampled for diploid loci even 

accounting for the fact that transcriptome data may include allelic biases.  To test our 

expectations we analyzed the number of variants on the neoX compared to the X 

chromosomes and to autosomes in both male and female reads. We find that there is 

no significant difference in the number of segregating sites between neoX and X (Mann-

Whitney U test, p-value = 0.688) but there are significantly fewer variant sites on the 

neoX (and X) than on autosomes (Mann-Whitney U test, p-value = 0), indicating that the 

neoX is indeed hemizygous in males (see Supplementary Materials and Methods).  

Dosage compensation is achieved by hyperexpression of the X in males. 

If dosage compensation evolves to maintain ancestral expression in males, then 

we expect to see 2-fold increase in neoX-linked gene expression per gene dose (i.e. 

neoX/1 : ancestral/2 = 2).  To test this hypothesis, we trace the evolution of gene 
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expression for 14,583 orthogroups retained in all five species across a time calibrated 

phylogenetic tree (Ramesh et al 2021).  Ancestral expression states were estimated 

using a weighted averaging approach as in previous analyses of vertebrate sex 

chromosomes (see Supplementary Materials and Methods)   

Our results show that average expression of neoX linked genes is not statistically 

different from their ancestral states in males (Mann-Whitney U test, p-value = 0.79), 

owing to 2-fold upregulation (Figure 2).  Expression of neoX linked genes in females 

also remains unchanged from their ancestral states (Mann-Whitney U test, p-value = 

0.82).  Indeed, the median expression levels of neoX genes in T. confusum are closer to 

their inferred ancestral states (log2[neoX:Autosomal ancestor expression] = -0.10) than 

the chromosome 2 homologs in G. cornutus (-0.25), T. brevicornis (-0.51), and T. 

freemani (-0.16), where chromosome 2 remains autosomal (Figure 1a).  Thus, the neoX 

of T. confusum appears to have evolved complete dosage compensation and dosage 

balance between the sexes by a mechanism of X hyperexpression in males.  

Additionally, comparing the distribution of neoX expression with the expression of genes 

from the rest of the X chromosome in T. confusum shows that they are virtually 

indistinguishable from each other, which suggests that genes in the neoX region have 

been fully integrated into existing mechanisms of compensation acting on the ancestral 

X (Figure 3b and Supplemental Figure S15).  

Dosage balance between sexes is more tightly constrained than dosage 

compensation. 

In mammals, X chromosome expression is balanced between sexes by X 

chromosome inactivation (XCI) in females such that both sexes are functionally 
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hemizygous.  Ohno originally proposed that XCI evolved as a way for females to 

compensate for the 2-fold upregulation that was necessary for males to avoid the peril 

of hemizygosity.  However, recent studies show that placental mammals lack global 

upregulation of the X and only a subset of 'dosage sensitive' genes are upregulated to 

autosomal levels (Julien et al., 2012; Pessia et al., 2012).  These findings cast doubt on 

Ohno's two-step hypothesis and highlight our lack of understanding about whether X 

chromosome expression evolution is driven more by the need to maintain dosage 

compensation relative to the ancestral state (X=Ancestral), as envisioned by Ohno, or to 

maintain dosage balance between male and female expression (X=XX).  

If X-chromosome expression evolution is primarily driven by the need to maintain  

ancestral expression, we would expect there to be less variation between the neoX and 

ancestral state than between neoX expression in males and females. To test this 

prediction, for each neoX-linked gene we compared the deviations from their ancestral 

states to deviation between current expression in males and females.  Counter to the 

prediction, our results show that the correlation in gene expression between males and 

females (Pearson's ρ= 0.90), is higher than the correlation between neoX and the 

ancestral state (Pearson’s ρ = 0.82).  The high degree of correlation in gene expression 

between males and females for chromosomal segments, the absence of any gene dose 

effect on neoX and X chromosome expression, coupled with the fact that the M:F ratios 

are similar to that of Autosomes (Figure 3b) suggest that T. confusum  is completely 

dosage balanced.  

To account for the possibility that the above result may be biased by the 

uncertainty inherent in ancestral state reconstruction, we expanded our analysis to 
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compare current X-chromosome expression to current autosomal expression across all 

species in our analysis.  As in the neoX comparisons above, we find that the median 

expression of X chromosome between sexes  (U(Nmale = 5, Nfemale =  5) = 27, Z = 

0.10445, p-value = 0.9168) is more tightly regulated than the median expression 

between X and Autosomes (U (NAA = 5, NX =  5) = 22 , Z = 1.1489, p-value = 0.2506) 

(Figure 3).  

Flour beetles have complete sex chromosome dosage compensation and dosage 

balance.  

Previous work in T. castaneum comparing current expression of X and 

autosomal genes left the status of dosage compensation and dosage balance unclear.  

An initial study by Prince et al. (2010), using microarray of whole-body adults, found that 

males hyper express the X so that X=AA; however, females also appeared to 

hyperexpress the X so that XX>X and XX>AA.  Subsequently, Mahajan and Bachtrog 

(2015) found complete compensation in RNA-Seq data from somatic tissue.  Most 

recently, a broad reanalysis of published RNA-Seq data found higher expression of X-

linked genes than autosomal genes in both males and females (Chen et al., 2020).   

Making the parallel X to Autosome comparisons as conducted in the work cited above 

reveals that all five of the flour beetle species all have complete dosage compensation 

and balance (i.e., X=XX=AA, Figure 3). Furthermore, if we assume that the pattern of 

neoX chromosome expression evolution in T. confusum is a reflection the neoX 

incorporating existing (ancestral) X-chromosome regulatory machinery, our findings 

suggest that compensation across all of these beetle species is achieved by 2-fold 
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hyperexpression of the X in males while simultaneously retaining ancestral diploid 

expression in females.   

Gnatocerus cornutus, the broad horned flour beetle, is the only species in our 

analysis where some doubt may remain about complete dosage compensation in 

somatic tissues.  The median expression of X compared to autosomes in males 

(log2(X:AA) =  -0.66) and females (log2 (XX:AA) = -0.75) is more different than in the 

Tribolium species. It may be that the appearance of imperfect dosage compensation is 

due is actually a result of sexually antagonistic selection acting strongly to shape X-

chromosome gene content and expression in this species since intrasexual conflict for 

secondary sexual traits such as mandibles in males and abdomen length in females is 

ongoing (Harano et al., 2010), but testing this hypothesis will require additional 

investigation.     

Our analysis of the number of segregating sites suggests that female beetles 

may employ XCI.  The analysis of segregating sites we employed to investigate 

hemizygosity of the neoX shows that the X and neoX have fewer segregating sites than 

autosomes in males, as we would expect for the reduced effective population size of 

hemizygous chromosomes; however, the same reduction in segregating sites is 

observed in females (i.e. the number of X-linked variants detected is the same in males 

and females Supplemental Figure S16).  This pattern seems best explained by female 

beetles expressing only one X chromosome as observed in the XCI mechanism of 

marsupial mammals.  In which case RNA-Seq would be effectively sampling the same 

number of X chromosomes in both sexes.  We remain cautious about this conclusion 

due to the limitations of our sampling (pooled transcriptomes of multiple individuals), but 
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discerning whether females retain diploid ancestral expression by an XCI system, or 

whether a dosage compensation complex assembly is male specific as in Drosophila 

will be a promising avenue of future exploration. 

Affects of gene family evolution, tissue type, and minimum expression 

thresholding 

To analyze if the 5-way single copy orthologs in our phylogenetic analysis biases 

our estimation towards complete compensation,  we split our analysis into the 

conserved 5-way single copy orthogroups (249 on X chromosome, 407 on Neo-X and 

3334 on Autosomes) and those orthogroups that are not shared across all species 

(Figure 4). We find that both groups are dosage compensated but the tolerance in 

expression away from complete compensation is higher in the group that are not single 

copy orthologs which is as expected (see Supplementary Materials and Methods). 

Previous studies that found a lack of complete compensation and balance in T. 

castaneum, included gonad tissues seems likely to explain differences among dosage 

compensation studies in beetles.  T. castaneum appears to have complete 

compensation in studies that exclude gonads ((Mahajan and Bachtrog, 2015), present 

study), but lacks complete compensation in studies were testes and or ovaries are 

included (Chen et al., 2020; Prince et al., 2010).  We now know that the T. castaneum X 

chromosome has significantly female-biased expression in ovaries (Prince et al., 2010; 

Whittle et al., 2020; Williford and Demuth, 2012) inflating average X expression in 

females relative to males and autosomes and, therefore, influencing the interpretation of 

incomplete dosage compensation in analyses where gonads are included.  

Consequently, we excluded gonads from the present study and recognize that the 
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complete compensation may only hold in the soma.  This is consistent with other 

studies that find variation among tissues in the degree of compensation and balance 

(Marin et al 2015, Gu and Walters 2019) 

Dosage compensation studies on humans provide an excellent example of how 

the lower limit of expression (i.e.) highly sex/tissue-biased gene expression can have a 

drastic impact in determining the type of dosage compensation.  Here, we tested the 

effect of highly biased genes on each chromosome contig by varying the minimum 

threshold of expression. Our results indicate that the M:F ratio between neoX, X-

chromosome, and autosome is similar and comparable at different minimum threshold 

levels in T. confusum (Supplemental Figure S10, S11 and S13). By including only 

somatic tissues from adult beetles, we avoided the effect of tissue-specific biased gene 

expression, thereby providing credibility to the type of dosage compensation in the flour 

beetles. RNA-Seq studies with a library size of 20-30M provide sufficient statistical 

power to identify almost all the differentially expressed genes present (Hart et al., 2013). 

Our samples at ~40M reads are adequate to identify almost all the differences in gene 

expression between the sexes though it includes reads from low expressed (LE) 

transcripts. However, visualizing the expression profile of all the genes shows a clear 

pattern of a bimodal curve, which is due to the presence of low expressed transcripts 

and the active transcripts (Hart et al., 2013; Hebenstreit et al., 2011). Here, we use a 

bimodal graph (see Supplementary Materials and Methods) to decide on the minimum 

expression threshold (TMM > 1) thereby considering just the active genes in all the 

analyses. 
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Conclusion 

Our phylogenetic analysis of X chromosome expression evolution in flour beetles 

indicate that these beetles have complete dosage compensation (X=XX=AA) in the 

soma and that it is achieved by 2-fold upregulation in males (X=Ancestral) and 

maintenance of XX=Ancestral expression in females.  Furthermore, neoX and ancestral 

X chromosomes in T. confusum do not differ in average expression.  This suggests that 

the ~65 million years since the X-autosome fusion has been sufficient for the 

mechanisms of dosage compensation acting on the ancestral X to fully assimilate the 

neoX.   

The pattern of compensation and balance in flour beetle somatic tissues is 

consistent with Ohno's paradigm for the evolution of dosage compensation.  To our 

knowledge, similar patterns are also known from all XY insects including: fruit flies 

(Nozawa et al., 2016; Vicoso and Bachtrog, 2015; Zhou et al., 2013), mosquitoes (Jiang 

et al., 2015; Rose et al., 2016), pea aphids (Richard et al., 2017), stink bugs (Vicoso 

and Bachtrog, 2015) and milkweed bugs (Vicoso and Bachtrog, 2015), although dosage 

compensation of the neoX region in some Strepsipterans may be incomplete (Mahajan 

and Bachtrog, 2015).   Most of these examples likely represent the independent 

evolution of dosage compensation, and although the mechanisms underlying the 

patterns are virtually unknown, the consistency across such a wide phylogenetic sample 

suggest that the Ohno's paradigm often holds in male heterogametic insects. 

Finally, we also observed that the need to maintain balanced expression 

between sexes is more constrained than the maintenance of diploid ancestral 

expression levels.  If dosage balance is actually the evolutionary priority, as opposed to 
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the peril of hemizygosity, the observation of sex chromosome balance without dosage 

compensation becomes consistent. 
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Figures 

 

 

Figure 1. Dosage compensation comparing the ratio of current to ancestral state 

between males (blue) and females (orange). a) The chromosomal cartoons illustrate the 

comparisons between the ancestral state and the current state in T. confusum  males 

for neoX gene expression b) We depict the summary of the mean and the variance for 
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the difference between Male to Female as well as the neoX to Chromosome 2 

combined across all 5 species to highlight the higher tolerance for dosage 

compensation than dosage balance. The use of difference instead of ratio in Figure 1b 

is for visualization purpose to highlight the tight constraint of dosage balance versus 

DC.  
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Figure 2. The ratio of mean expression per dose between the current the ancestral 

state for each chromosomal category in T.confusum is illustrated. The neoX 

chromosome is highlighted here to depict the increase in the expression following 

divergence from the common ancestor. 
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Figure 3. The expression ratio of X and neoX chromosome against autosome is shown 

here. The distribution and the five point statistics are all very close to 0 implying equal 
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expression between X/neoX chromosome and Autosome. Key reference log2 ratios are: 

-1 (2-fold increase in male expression over female); 0 (equal expression between 

sexes); 1(2-fold increase in female (orange) expression over male (blue)). b)Density plot 

for the log2(male to female ratio) for autosomes, Chr 2 (neoX in T. confusum ) and X 

chromosome. b) Dosage balance comparison across chromosomes for each species is 

shown as a density plot for the log2(male to female ratio) for autosomes, Chr 2 (neoX in 

T. confusum ) and X chromosome. The dotted dashed lines represent the median 

expression of each chromosome group. 
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Figure 4. Ratio of Current to Ancestral expression for all orthogroups on neoX (Chr2) 

chromosome. Single Copy Orthogroups (SCO) and Orthogroups that are not SCO are 

shown as subplots. The total number of orthogroups in each plot is shown below the 

title.  
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Supplementary  

Materials and Methods 

Samples and RNA-Seq 

To extract the RNA, we dissected the head and prothorax from ten adult male 

beetles of T. confusum and pooled them together for one sequencing sample. Using 

this pooled sequencing sample, we used the Promega SV Total RNA Isolation System 

and followed the manufacturer’s protocol to get the total RNA. We repeated the process 

for females as well as for T. castaneum, G. cornutus, T. brevicornis, and T. freemani 

such that we had two sequencing samples (replicates) per sex per species (2 sexes x 2 

replicates x 5 species = 20 total sequencing samples). The quantity and quality of RNA 

were assayed using Qubit and Bioanalyzer prior to delivering the samples to the North 

Texas Genome Center/Novogene for RNA-Seq library preparation and sequencing. The 

libraries were sequenced on the Illumina HiSeq4000 platform (150 bp paired-end) at 

Novogene or NovoSeq platform (101 bp paired-end) at North Texas Genome Center. All 

the raw sequence reads are available through NCBI Sequence Read Archive 

(SRR14070854 through SRR14070873) under the bioproject number PRJNA716663. 

 

De Novo Transcriptome Assembly, Orthology and Chromosomal Assignment 

Owing to the inadequate mapping of sequenced reads to reference T. castaneum 

assembly, we decided to construct a de novo assembly.  We pooled the male and 

female sequencing samples for each species and used Trinity v2.8.6 (Haas et al., 2013) 

for the assembly. The Trinity assembly was then benchmarked using BUSCO v3.0.2 

(Simão et al., 2015) using the endopterygota odb10 dataset. To create a non-redundant 

https://github.com/trinityrnaseq/trinityrnaseq/releases/tag/v2.8.6
https://busco-archive.ezlab.org/v3/
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transcriptome assembly, we tried various filtering pipelines (mentioned in Carruthers et 

al., 2018; Gahlan et al., 2012; Haak et al., 2018; Morandin et al., 2018; Moreno-

Santillán et al., 2019; Thunders et al., 2017). A modified analyses from Moreno-

Santillán and others (2019)  provided a transcriptome that improved the number of 

single copy transcripts in the assembly and the steps we used are as follows. To identify 

the open reading frames and to obtain the coding strand sequences, we used 

Transdecoder v5.5.0 (37), retaining homology information using blast (blastp) against 

Tcas5.2 peptide sequences(Herndon et al., 2020). Using the predicted coding strand 

(CDS) sequence file, we used cd-hit-est v4.8.1 (Fu et al., 2012) to cluster sequences 

that are 95% similar together using the -c flag.  

The clustered CDS sequences were then passed again to Transdecoder (Haas 

and Papanicolaou, 2017) to obtain the protein sequence file, which was then used to 

get the orthologs among the five species using OrthoFinder v2.3.11 (Emms and Kelly, 

2019). We retained only the orthogroups, which had at least one transcript for each 

species for the subsequent analysis. To annotate each transcript in the retained 

orthogroups, we blasted the sequences against the T. castaneum reference peptide 

sequence file v5.2 (Herndon et al., 2020), and their chromosomal information was 

added using the T. castaneum reference gff file and a custom python script. 

The Trinity assemblies, clustered transcriptomes,  expression quantification files 

and scripts are available through dryad (https://doi.org/10.5061/dryad.g1jwstqqr). 

Estimation of Gene Expression and Normalization 

The CDS file from the second run of Transdecoder for each species was used as 

a reference transcriptome to quantify expression using salmon v1.1.0 (Patro et al., 

https://github.com/TransDecoder/TransDecoder/releases/tag/TransDecoder-v5.5.0
https://github.com/weizhongli/cdhit/releases/tag/V4.8.1
https://github.com/davidemms/OrthoFinder/releases/tag/2.3.11
https://doi.org/10.5061/dryad.g1jwstqqr
https://github.com/COMBINE-lab/salmon/releases/tag/v1.1.0
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2017) for each sequencing sample. Using the annotation from the orthologs, we added 

chromosomal information to the quantified samples and kept the transcripts that were in 

the retained orthogroups. Using DESeq2 R package v1.26.0 (Love et al., 2014), we 

obtained the raw counts and passed the raw counts matrix and the length of the 

transcripts to edgeR R package v3.28.1 (Robinson et al., 2010) to normalize for library 

size and the length of the transcripts to obtain the normalized TMM values of 

expression. 

Analysis of dosage balance between sexes (M:F ratio) 

We assessed the pattern of dosage balance on neoX/X linked genes of T. 

confusum  by contrasting it between males and females. We calculated the ratio of 

TMM values of neoX(X) for all genes against median AA for males and females, 

respectively.  We log2 transformed the ratios and visualized expression using R 

statistical analysis software v3.6.1. We compared the dosage balance of neoX linked 

genes of T. confusum  with current-X and against all the other species. Similarly, we 

repeated the steps to calculate the ratio for each species. 

Analysis of dosage compensation among species (Current : Ancestral ratio) 

To analyze dosage compensation, we estimated ancestral expression of neoX 

linked genes that are still autosomal in the related species with a non-homologous sex 

chromosome system, as in (Julien et al., 2012; Marin et al., 2017; Schield et al., 2019). 

Briefly, we retained all the 1:1 orthologs and normalized their expression by the median 

autosomal expression for each species. We calculated the ancestral expression as a 

weighted mean expression using the divergence time estimates (from the midpoint 

rooted chronogram from (Ramesh et al., 2021)) as weights such that the weighting of a 

https://bioconductor.org/packages/release/bioc/html/DESeq2.html
https://bioconductor.org/packages/release/bioc/html/edgeR.html
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species is reciprocal to the distance from the focal ancestral node. We estimated the 

ratio of current to ancestral expression by dividing the median expression (between 

replicates) of each single copy orthogroup for each sex by the ancestral expression. 

Analysis of the frequency of variants 

As a proxy to identify the hemizygous regions/genes, we used the frequency of 

the variants along 100kb intervals to compare between Autosomes, X, and neoX in T. 

confusum . To identify variants from the RNA-Seq data, we used Trinity v2.11.0 (Haas 

et al., 2013) Trinity_gene_splice_modeler.py script to create a supertranscript of the de 

novo transcriptome assembly of T. confusum , where each gene with multiple 

transcripts is represented by a single sequence. With GATK pipeline v4.9.1, bowtie2 

v2.3.4 (44), and samtools v1.6 (Li et al., 2009), we used Trinity’s run_variant_calling.py 

script to call variants. Using the BLAST hits against T. castaneum transcriptome 

reference assembly v5.2 and its annotation file, we added the position and chromosome 

information for each variant. We used a custom R script to visualize the frequency of the 

variants in 100kb intervals along each chromosome. We performed a Mann-Whitney U 

test to check the statistical significance for the difference in the number of variants 

between the chromosomes. We repeated the steps to identify variants in T. castaneum. 

  

https://mavsuta-my.sharepoint.com/personal/jpdemuth_uta_edu/Documents/People/Students/Grad/My%20Lab/Current/Balan%20Ramesh/Dissertation/Trinity%20Release%20v2.11.0
https://github.com/gatk-workflows/gatk3-4-rnaseq-germline-snps-indels/releases/tag/1.0.0
https://github.com/BenLangmead/bowtie2/releases/tag/v2.3.4
https://github.com/BenLangmead/bowtie2/releases/tag/v2.3.4
https://github.com/samtools/samtools/releases/tag/1.6
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Supplementary Figures 

 

Figure S1. X:AA Ratio of all orthologs among all 5 species. Single Copy Orthogroups 

(SCO) and Orthogroups that are not SCO are shown as subplots.The total number of 

orthogroups in each plot is shown below the title. 
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Figure S2. Neo-X:AA Ratio of all orthologs among all 5 species. Single Copy 

Orthogroups (SCO) and Orthogroups that are not SCO are shown as subplots. The total 

number of orthogroups in each plot is shown below the title. 
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Figure S3. The density plot represents the expression across each chromosome for 

each species. The AA in the denominator is the Autosomal Median with all orthogroups 

included. The black line is the median expression and the the gray lines represents the 

upper and lower limit beyond which the difference is statistically significant. 
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Figure S4. Relatively Rapidly evolving orthogroups on Chromosome 2 present in 

Gnatocerus cornutus and Tribolium castaneum. Single Copy Orthogroups (SCO) and 

Orthogroups that are not SCO are shown as subplots. The AA in the denominator is the 

Autosomal Median with all orthogroups included. The total number of orthogroups in 

each plot is shown below the title. 
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Figure S5. Relatively Rapidly evolving orthogroups on Chromosome 2 present in 

Tribolium brevicornis and Tribolium castaneum. Single Copy Orthogroups (SCO) and 

Orthogroups that are not SCO are shown as subplots. The AA in the denominator is the 

Autosomal Median with all orthogroups included. The total number of orthogroups in 

each plot is shown below the title. 
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Figure S6. Relatively Rapidly evolving orthogroups on Neo-X present in Tribolium 

confusum and Tribolium castaneum. Single Copy Orthogroups (SCO) and Orthogroups 

that are not SCO are shown as subplots.The AA in the denominator is the Autosomal 

Median with all orthogroups included. The total number of orthogroups in each plot is 

shown below the title. 
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Figure S7. Relatively Rapidly evolving orthogroups on Chromosome 2 present in 

Tribolium freemani and Tribolium castaneum. Single Copy Orthogroups (SCO) and 

Orthogroups that are not SCO are shown as subplots. The AA in the denominator is the 

Autosomal Median with all orthogroups included. The total number of orthogroups in 

each plot is shown below the title. 
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Figure S8. Ratio of Current to Ancestral expression for all orthogroups on X 

chromosome. Single Copy Orthogroups (SCO) and Orthogroups that are not SCO are 

shown as subplots. The total number of orthogroups in each plot is shown below the 

title. 
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Figure S9. Ratio of Current to Ancestral expression for all orthogroups on Neo-X(Chr2) 

chromosome. Single Copy Orthogroups (SCO) and Orthogroups that are not SCO are 

shown as subplots. The total number of orthogroups in each plot is shown below the 

title. 
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Figure S10. Minimum Expression Threshold across all 5 species at 2 levels (i.e) TMM > 

1 and TMM > 2. The bimodal expression at TMM > 0 indicated the presence of low 

expressed genes and active genes. The TMM > 1 removes all the low expression genes 

retaining only the active ones. 
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Figure S11. Minimum Expression Threshold for Tribolium confusum is highlighted at 2 

levels (i.e) TMM > 1 and TMM > 2. The bimodal expression at TMM > 0 indicates the 

presence of low expressed genes and active genes. The TMM > 1 removes all the low 

expression genes retaining only the active ones. 
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Figure S12. Minimum Expression Threshold for Tribolium castaneum is highlighted at 2 

levels (i.e) TMM > 1 and TMM > 2. The bimodal expression at TMM > 0 indicates the 

presence of low expressed genes and active genes. The TMM > 1 removes all the low 

expression genes retaining only the active ones. 
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Figure S13. Minimum Expression Threshold for each chromosomal segment is shown 

at 2 levels (i.e) TMM > 1 and TMM > 2. The TMM > 1 removes all the low expression 

genes retaining only the active ones. 
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Figure S14. Minimum Expression Threshold for Male to Female ratio is shown at 2 

levels (i.e) TMM > 1 and TMM > 2. 
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Figure S15. Violin Plots to highlight the M:F ratio of Neo-X(Chr 2) and X chromosome 

across all 5 species at TMM > 1 
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Figure S16. The number of variants in each 100kb interval is plotted for X and Neo-X of 

Tribolium confusum and Tribolium castaneum. For Autosomes, we represent the 

median number of variants and the trendline aids in comparing the number of variants 

across chromosomes. 
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Chapter 4  

Single Cell RNA Sequencing reveals lack of X expression in T.castaneum testes 

in most cell clusters/types 
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Abstract 

The differing number of X chromosomes between sexes in the XY system 

necessitates the need specialize regulatory mechanisms in somatic and germline cells. 

Dosage compensation (DC) mechanisms, which may equalize average X-linked gene 

expression with autosomes and or between the single X in males versus two X 

chromosomes in females, are widely studied using somatic tissues.  In male germline 

tissues, the X-chromosome may experience meiotic sex chromosome inactivation 

(MSCI), but this facet of sex chromosome regulation has not been as broadly studied  

as dosage compensation.  MSCI may be an exaptation of a more phylogenetically 

ancient mechanism to avoid aneuploidies by meiotic silencing of unsynapsed chromatin 

(MSUC), which is observed for autosomes of diverse eukaryotes.  In MSCI the lack of 

homology between heteromorphic sex chromosomes results in unpaired chromatin, 

triggering MSUC. Although MSCI is well established in mammals, the presence or 

absence of MSCI in meiotic cells of genetic model systems such as Drosophila and 

Tribolium castaneum remains unclear. Here, we use single-cell RNA-seq (scRNA-seq), 

on T. castaneum testes to investigate whether MSCI is present.  Expression analysis 

identifies 12 cell clusters, which is equal to the number of cell types defined by histology 

studies of spermatogonial cell differentiation through mature spermatids. A broad 

silencing of X expression across clusteres combined with a remarkable lack of 

homologous gene expression compared to Drosophila spermatogenesis (the only other 

insect with similarly detailed data) poses challenges to assigning correspondence 

between computationally defined cell clusters and their specific meiotic stages. 

However, our work provides the first account of single cell analysis from Tribolium and 
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clearly shows MSCI is present in the male germline. This work serves as a stepping 

stone to understanding the forces governing sex chromosome regulation and evolution. 

Keywords: Meiotic Sex Chromosome Inactivation, MSCI, testes, Tribolium, scRNA-Seq  
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Introduction 

Males and females carry unequal numbers of X chromosomes in XY sex 

determination systems. The loss of gene content on the Y chromosome by deletion and 

pseudogenization often results in X and Y chromosomes that lack homology across 

much or all of their length. This lack of homology may lead to transcriptional silencing 

during male meiosis, commonly referred to as meiotic sex chromosome inactivation 

(MSCI;(Turner, 2015, 2007). MSCI is the process in which the unsynapsed X and Y 

chromosomes are silenced during meiosis in spermatogenesis. In mammals, MSCI is 

initiated by compartmentalizing of the sex chromsomes within the nucleus into the sex- 

or XY-body. The XY-body is then transformed with epigenetic modifications that silence 

expression during the pachytene stage (McKee and Handel, 1993; Solari, 1974). MSCI 

is thought to be related to a broadly conserved process called meiotic silencing of 

unsynapsed chromatin (MSUC), which silences chromosomes that fail to pair with their 

homologous partner (Turner, 2007). 

MSCI has evolved independently in XY and XO systems and is found in male 

germlines possessing heteromorphic sex chromosomes including grasshopper, 

nematode worm (Bean et al., 2004; Cabrero et al., 2007; Hense et al., 2007), and 

mammals. For example, in mice, it has been shown that MSCI down-regulates ~80% of 

X-linked genes in spermatocytes by ~10 fold (Mueller et al., 2008; Namekawa et al., 

2006). MSCI has also been found in chickens which use the ZW system. Chicken MSCI 

is similar to XY MSCI (Schoenmakers et al., 2009) in that it also occurs during meiotic 

prophase and is marked by chromatin changes, implying a conserved mechanism 

based off MSUC. Chicken MSCI differs from XY MSCI though as the timing of when 
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MSCI occurs during pachytene is different. In eutherian mammals, MSCI is triggered by 

asynapsis (Baarends et al., 2005; Turner et al., 2005) while in chicken it is triggered by 

a homology search mechanism before the synapsis of Z and W (Namekawa et al., 

2007). The transcriptional fates after meiosis are also different. In XY systems, the X 

and Y remains transcriptional suppressed during the post-meiotic period (Hense et al., 

2007; Namekawa et al., 2007; Turner et al., 2006) while in ZW systems the suppression 

is lost by late diplotene (Namekawa et al., 2006). 

Although failure of MSCI typically results in sterility, its ultimate purpose remains 

unclear (Turner, 2007). At least three hypotheses have been suggested.  First, MSCI 

may be a form of host genome defense, either protecting against selfish genetic 

elements or preventing non-homologous recombination between the X and Y 

chromosomes (Hamilton, 1967; McKee and Handel, 1993; Meiklejohn and Tao, 2010; 

Namekawa and Lee, 2009). Second, MSCI may be advantageous as a suppressor of 

sex-ratio distorters (McKee and Handel, 1993). Finally, MSCI may be driven by sexually 

antagonist effects of X-linked genes. If the X chromosome accumulates female-

beneficial genes which are detrimental to males it may be beneficial to reduce the X-

linked genes’ expression levels in the later stages of spermatogenesis (Wu and Yujun 

Xu, 2003). This latter hypothesis is consistent with the observed bias for testis 

expressed genes to be translocated from the X chromosome to autosomes in some 

species (Vibranovski et al., 2009). 

Recent studies in Drosphila have cast doubt on the the ubiquity of MSCI because   

although expression is significantly suppressed below what can be explained by the 

absence of dosage compensation, the effect is established in premeiotic cells and 
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persists throughout meiotic cells. This potentially novel observation has been called "X 

suppression" (Meiklejohn et al., 2011).  A recent study has provided evidence that X-

linked genes have adapted for X suppression via the recruitment of strong testis-specific 

promoters (Landeen et al., 2016). The study identified and functionally validated a 

promoter element that drives strong expression in the testes, is enriched in the 

promoters of testes-specific genes on the X chromosome.  Their results indicated that 

the X chromosome has evolved strong testis-specific promoters via gene-by-gene 

recruitment of sequence elements that counteract chromosome-wide transcriptional 

suppression (Landeen et al., 2016). 

Single-cell RNA-Seq (scRNA-Seq) analyses of Drosophila male germline further 

show that both the sex chromosomes and autosomes are downregulated during and 

after meiosis, making effect of X suppression (or MSCI) challenging to differentiate from 

global downregulation in earlier studies using pooled cell populations . For example, 

using isolated testes tissue from different larval stages of Drosophila, Mikhaylova, and 

Nurminsky (2011) found no difference between Autosome and X-linked expression 

profile and suggested a lack of global MSCI. However, re-analysis of the microarray 

dataset from Mikhaylova and Nurminsky (2011) by Vibranovski and colleagues (2012) 

determined that the expression dataset was enriched with testis-biased genes, and 

analyzing non-biased gene dataset provided no evidence to support the lack of global 

MSCI.  Recently, using scRNA-Seq, Witt and others (2021) classified the testes cells 

into somatic, pre-meiotic, meiotic, and post-meiotic cells and found that the cells are 

dosage compensated in somatic and pre-meiotic cells. Even with scRNA-seq, 

understanding DC and MSCI in meiotic cells are challenging since RNA molecules 
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transcribed in the previous cell stage might persist into later stages, skewing the 

expression ratio between the X chromosome and Autosome in meiotic cells (Witt et al., 

2021).  

Like Drosophila, T.castaneum is an insect model system with a high-quality 

reference genome whose dosage compensation mechanisms are well studied using 

various tissues. The type of DC in T. castaneum using whole body adults was first 

reported by Prince et al. (2010), and suggested dosage compensation was incomplete. 

In Chapter 3 (above) we analyzed transcriptomes from adult somatic tissues from 

multiple species and show that flour beetles have complete DC.  The discrepancy in our 

findings thus appears largely to be contigent on the inclusion of gonads in the earlier 

study.  A separate study that analyzed the transcriptomes of whole gonads (somatic 

and germline tissues included), shows the expression X-chromosome expression does 

not appear to be fully silenced, but also not dosage compensated (X:AA expression 

ratio =0.41; (Whittle et al., 2020).  Unfortunately, the status of DC and MSCI specifically 

in germline tissues remains unclear because the X-linked expression observed by 

Whittle et al (2020), may be derived from somatic cells which were included in their 

gonad extractions.  

The asynchronous timing of meiosis, coupled with spatial and morphological 

complexity, poses challenges to understanding stage specific gene regulation during 

Tribolium spermatogenesis.  Spermatogenesis in T.castaneum testes is relatively well 

characterized  (Dias et al., 2015), Fishman et al. 2017; Figure 1). The early sperm cells 

(spermatogonia) are small, round, and undergo first mitotic division to give rise to 

spermatocytes. The post-mitotic spermatocytes are relatively big and are organized in a 
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cyst, but meiosis occurs asynchronously. The secondary spermatocytes, which are 

found between meiosis I and II, are smaller than primary spermatocytes and have more 

condensed DNA. Early spermatids formed after meiosis, and a small gap between the 

acetylated tubulin-labeled axoneme and the nucleus are maintained throughout 

spermatogenesis. Later, the axoneme elongates and bends within the elliptical 

spermatid, while the tip of the axoneme forms a bulb. Following the oval form of the 

spermatid, the axoneme elongates and coils around the nucleus. After elongation, the 

spermatids, with round nuclei and long axonemes that appear as lollipops bundles, 

organized antiparallel to each other. Then, spermatids transition to ellipsis-shaped 

nuclei with a severely kinked neck region, and as the spermatids mature, the nuclei 

narrow and twist into an S-shape. Finally, the nuclei straighten in late spermatids, and 

spermatozoa have needle-shaped nuclei (Figure 1).  

To better understand sex chromosome regulation in the Tribolium male germline, 

we employ high-throughput single-cell transcriptome sequencing from testes-derived 

heterogeneous cell populations.  Based on whole transcriptome expression profiles, we 

identify 12 distinct cell type clusters.  Reasuringly, this is similar to the number of stages 

described for adult spermatogenesis by by Fishman et al. (2017).   We find that X-linked 

genes are severely repressed/inactivated in most cell clusters; however, owing to a lack 

of homolgous gene expression with other model systems where meiotic marker genes 

are well defined, identifying the meiotic stage of each Tribolium testes cell cluster 

remains an active challenge. Our paper provides the first evidence of X-chromosome 

silencing in most cell types of the Tribolium male germline. 
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Materials and Methods 

Preparation and sequencing of testis single-cell RNA-seq libraries 

We used adult Tribolium castaneum-GA2 beetles in this study and adapted the 

single-cell preparation from (Mahadevaraju et al., 2021). Testes from 4 male beetles 

were dissected in cold aerated PBS. The resulting eight testes were placed in 200 ml of 

lysis buffer (100 ml 0.5% Trypsin EDTA + 100 ml of 4 mg/ml collagenase). The samples 

were incubated in the lysis buffer for 15 min in ice with gentle mixing every 30 seconds 

using a pipette. After incubation, we added 20 µL of 1% FBS to stop the enzymatic 

activity by gentle pipetting. The sample was filtered through a 40 mm cell strainer 

coated with 5µl of 0.04 % BSA solution followed by a 5 min centrifugation at 2000 rpm 

and 4°C. The resulting cell pellet was re-suspended in 15 µl of 0.04 % BSA solution 

before further processing. For cell counting, 5 µl of the single-cell suspension were 

mixed with 5 µl of the trypan blue dye, and the total cell number and the ratio between 

live and dead cells were analyzed using an automated cell counter (Bio-Rad Automated 

Cell Counter TC20). This method yielded high numbers of single cells (~5 million live 

cells) with an average of 70–75% viability. We then submitted cells  to the UT 

Southwestern genomics core for library preparation with the 10X Genomics chromium 3’ 

kit v3 chemistry.  Libraries were then sequenced using 150bp PE on Illumina NovaSeq 

at the North Texas Genome Center (UTA). 

 

Processing of single-cell data 

Illumina BCL files were converted into fastq files using Cellranger mkfastq. A 

reference genome was created with Cellranger v3.1.0 mkref, with the NCBI 
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T.castaneum genome. We used gffread v0.11.8 to convert the annotation (gff) file to gtf 

format and used the reference genome, and the gtf file as a custom reference to run 

Cellranger count demultiplexed the single-cell reads into a usable format for the Seurat 

v3.0.6 R package (Satija et al., 2015). We kept all genes expressed in at least three 

cells and all cells with at least 200 and at most 2500 genes for all the subsequent steps. 

We ran Seurat NormalizeData, and ScaleData with default parameters, which 

normalizes each gene count by the total gene count in a cell and log transforms 

(natural-log transformed using log1p) the value after scaling utilizing a factor of 10000. 

We then ran Seurat’s default UMAP function and found clusters based on the first ten 

principal components (resolution = 2). We determined the number of principal 

components based on the standard deviation in each principal component illustrated in 

the elbow plot (Supplementary).  

 

Calculating relative RNA content from each cell type  

As a proxy for RNA content, using the Unique Molecular Indices (UMIs) detected 

from the X chromosome or autosomes in a cell cluster, we calculated RNA content per 

cell as the sum of UMIs detected in X or Autosome divided by the number of cells in a 

cluster. (Witt et al., 2021). 

Results and Discussion 

Our cell suspension from freshly dissected testes of adult T.castaneum yielded 

~1600 cells/ul with ~70% viability.  From this suspension, ~16,000 cells were used to 

construct the Illumina library for sequencing (Supplementary Table S2).   We recovered 

419.7 million reads of which 71.4% of the reads confidently mapped to the genome from 



 

 76 

a total of ~8900 cells. On average, we mapped 47,192 reads per cell and detected a 

median of 587 genes per cell.  

Using t-Stochastic-Neighbor Embedding (t-SNE) from Cell Ranger v3.1.0, and 

Uniform Manifold Approximation and Projection (UMAP) from Seurat v3.0.6, we reduced 

the dimensionality of the gene/cell expression matrix to two primary axes and grouped 

cells by their similarity of gene expression across hundreds of expression profiles. Both 

UMAP and T-SNE grouped cells into twelve clusters based on transcriptome similarity 

(Figure 2 and 3).   We also identified marker genes enriched in each cluster and top 10 

marker genes differentially expressed among clusters (Supplementary Figure S3 and 

Table S1). However, the identity of the cell type for each cluster remains elusive 

because the Tribolium marker genes lack homology with known germline marker genes 

from Drosophila spermatogenesis (Witt et al., 2021, 2019). It is worth noting that 

Fishman and colleagues (2017) characterized the spermatogenesis into 12 distinct 

stages, which is equal to the number of cell clusters in our analysis, starting from 

spermatogonium to spermatozoa. Efforts to assign the meiotic stage of each gene 

cluster are currently ongoing. 

Even though the cell types are unknown, we analyzed whether X-linked genes 

are expressed in various cell clusters. As a proxy, we used the UMI count for the 

number of unique genes expressed in a given cell cluster and classified the genes into 

either X chromosome or Autosome. All the cell clusters except cluster 11 represent no 

genes from the X chromosome, suggesting a lack of X expression or inactivation 

(Figure 3B). The developmental trajectory of Drosophila and Tribolium castaneum are 

similar as they exhibit a continuous cluster of cellular differentiation and a cluster 
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separated from the others. This separate cluster was classified as somatic cells (Hub 

cells) in Drosophila based on the marker genes. If the separate cluster (cluster 11) 

in Tribolium is indeed a somatic cluster similar to Drosophila, it could explain previous 

bulk RNA-Seq expression profiles (Prince et al. 2010, Whittle et al. 2020). For example, 

the X:AA ratio of 0.41, found by Whittle et al 2020 could be explained by inclusion of 

dosage compensated somatic cells while the X-linked genes in germline cells are 

silenced. 

Our results indicate that the X-chomosome is strongly suppressed or completely 

inactivated in the majority of Tribolium male germline.  One potential explanation for 

such an early and sustained X-chromosome silencing may be the asynaptic pairing 

mechanism of X and Y chromosomes in polyphagan beetles such as Tribolium 

(Blackmon and Demuth 2014). Throughout the Coleoptera subphylum Polyphaga, the X 

and Y chromosome pair at a distance, held together by a protein scaffold that ensures 

proper meiotic segregation without synaptic pairing.  Under these conditions we might 

expect MSUC to be active early as Anaphase I in spermatogenesis (Dutrillaux and 

Dutrillaux, 2009). To our knowledge, Tribolium is the first species where gene 

expression in this type of meiosis has been explored.   

Ideally, assigning cell type to distinct cell stages and estimating the expression of 

X-linked genes in meiotic stages would aid in identifying the presence or absence of 

MSCI. However, another approach towards deducing MSCI would be to estimate the 

rate of RNA splicing and velocity. Estimating the RNA velocity will provide the direction 

of cellular differentiation of the spermatogonium and thus an approximation of meiotic 

cell clusters. We are currently working towards estimating the velocity.  
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Figures 

   

 

Figure 1. (Fishman et al., 2017) characterized the Tribolium spermatogenesis and 

identified 12 distinct cell stages. The panel on the right by (Dias et al., 2015) describes 

the sperm ultrastructure (shown here) with an evolutionary perspective on the anti-

parallel arrangements of sperm in cysts. 
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Figure 2 A) T-SNE plot of cell clusters from testes scRNA-Seq colored by UMI counts 

(a proxy for RNA content) showing a decreasing trend in the number of RNA. B) 

Reduced expression following meiosis in well documented in various species. Here cell 

clusters (from left to right 6,10,7,2,1) seem to have the lowest RNA content considering 

other cell clusters. 

  

A) 

B) 
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Figure 3. A) UMAP plot of cell clusters from testes scRNA-Seq. B) The panel below 

shows the UMI counts, a proxy for RNA content for each cell cluster from X 

chromosome and Autosome. All the cell clusters except cluster 11 shows no RNA 

content from X chromosome suggesting a lack of X expression. 
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Supplementary Figures 

 

 

Figure S2. UMAP plot of cell clusters from testes scRNA-Seq.   
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Figure S3. Marker genes expressed in each cluster is shown as a feature plot 

embedded on top of the UMAP plot  
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Table S1. Top 10 marker genes from each cluster is shown below. 

p_val avg_logF
C 

pct.1 pct.2 p_val_ad
j 

cluste
r 

gene Description Chr 

1.5E-289 0.478 1 0.95 1.5E-285 0 LOC103312802 serine/arginine repetitive 
matrix protein 4 

LG4 

3.4E-219 0.752 0.724 0.276 3.4E-215 0 LOC657276 protein disabled%2C 
transcript variant X1 

LG7 

7.4E-192 0.471 1 0.939 7.5E-188 0 LOC657733 dynein light chain D%2C 
transcript variant X1 

LG6 

6.4E-167 0.595 0.922 0.561 6.4E-163 0 LOC660169 translation initiation 
factor IF-3%2C 
mitochondrial 

LG4 

5.0E-164 0.516 0.999 0.662 5.1E-160 0 LOC658581 uncharacterized 
LOC658581%2C 
transcript variant X1 

LG5 

2.3E-162 0.531 0.988 0.664 2.3E-158 0 LOC662549 mitochondrial-
processing peptidase 
subunit beta 

LG6 

1.6E-147 0.472 1 0.881 1.6E-143 0 LOC656353 mediator of RNA 
polymerase II 
transcription subunit 
12%2C transcript 
variant X4 

LG5 

2.3E-142 0.550 0.844 0.436 2.3E-138 0 LOC103312701 uncharacterized 
LOC103312701 

LG4 

1.3E-131 0.511 0.913 0.617 1.3E-127 0 LOC103313917 No_Description Chr 

4.6E-103 0.524 0.688 0.375 4.6E-99 0 LOC659569 protein FAM60A%2C 
transcript variant X2 

LG3 

4.3E-159 0.782 0.66 0.284 4.3E-155 1 LOC656359 venom allergen 5 LG6 

7.1E-155 0.819 0.631 0.29 7.2E-151 1 LOC107399257 No_Description Chr 

6.6E-91 0.398 0.965 0.866 6.6E-87 1 LOC655517 cold shock domain-
containing protein 
E1%2C transcript 
variant X2 

LG3 
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p_val avg_logF
C 

pct.1 pct.2 p_val_ad
j 

cluste
r 

gene Description Chr 

3.6E-86 0.341 0.991 0.911 3.6E-82 1 LOC103312481 uncharacterized 
LOC103312481 

LG3 

1.3E-84 0.368 0.955 0.909 1.3E-80 1 LOC664405 cilia- and flagella-
associated protein 20 

LG2 

2.8E-63 0.413 0.834 0.694 2.8E-59 1 LOC662053 succinyl-CoA ligase 
subunit alpha%2C 
mitochondrial%2C 
transcript variant X5 

LG7 

1.9E-49 0.532 0.291 0.138 1.9E-45 1 LOC657144 RNA-binding protein 7 LG10 

1.0E-31 0.409 0.493 0.376 1.0E-27 1 LOC659700 33 kDa inner dynein arm 
light chain%2C 
axonemal 

Un 

8.0E-23 0.346 0.448 0.348 8.0E-19 1 LOC656635 UPF0193 protein EVG1 
homolog 

LG8 

4.5E-16 0.339 0.33 0.25 4.5E-12 1 LOC659395 kxDL motif-containing 
protein CG10681 

LG7 

0.0E+00 1.114 0.881 0.259 0.0E+00 2 LOC656359 venom allergen 5 LG6 

0.0E+00 0.522 1 0.955 0.0E+00 2 LOC103312600 hypothetical protein LG3 

2.8E-253 0.492 1 0.953 2.8E-249 2 LOC103312802 serine/arginine repetitive 
matrix protein 4 

LG4 

5.9E-241 0.883 0.774 0.275 5.9E-237 2 LOC107399257 No_Description Chr 

2.4E-158 0.441 1 0.894 2.4E-154 2 LOC103315087 uncharacterized 
LOC103315087 

LG3 

1.2E-105 0.518 0.916 0.668 1.2E-101 2 LOC656504 EF-hand calcium-
binding domain-
containing protein 2%2C 
transcript variant X1 

LG3 

2.1E-98 0.616 0.474 0.197 2.1E-94 2 LOC103313284 sperm-tail PG-rich 
repeat-containing 
protein 2-like 

LG5 
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p_val avg_logF
C 

pct.1 pct.2 p_val_ad
j 

cluste
r 

gene Description Chr 

3.4E-86 0.525 0.657 0.355 3.4E-82 2 LOC659700 33 kDa inner dynein arm 
light chain%2C 
axonemal 

Un 

4.4E-82 0.494 0.364 0.13 4.5E-78 2 LOC657144 RNA-binding protein 7 LG10 

4.5E-79 0.433 0.908 0.666 4.5E-75 2 LOC655015 cytochrome c-type 
heme lyase 

LG9 

0.0E+00 0.802 1 0.992 0.0E+00 3 Eif5 eukaryotic translation 
initiation factor 5%2C 
transcript variant X2 

LG4 

0.0E+00 0.708 1 0.991 0.0E+00 3 LOC663790 outer dense fiber protein 
3 

LG7 

1.1E-294 0.699 0.998 0.987 1.1E-290 3 LOC103313736 B1 protein LG7 

5.9E-291 0.811 0.991 0.96 5.9E-287 3 LOC662929 tubulin alpha-1 chain LG2 

1.9E-290 0.724 0.996 0.985 1.9E-286 3 LOC662329 tubulin-specific 
chaperone cofactor E-
like protein%2C 
transcript variant X1 

LG4 

2.4E-176 0.708 0.94 0.927 2.4E-172 3 LOC103313914 uncharacterized 
LOC103313914%2C 
transcript variant X1 

LG8 

1.5E-152 0.839 0.832 0.75 1.5E-148 3 LOC656956 D-arabinitol 
dehydrogenase 1 

LG8 

6.3E-135 0.752 0.826 0.758 6.3E-131 3 LOC656062 thioredoxin reductase 
1%2C 
mitochondrial%2C 
transcript variant X8 

LG3 

4.0E-112 0.888 0.71 0.598 4.1E-108 3 LOC657190 tubulin glycylase 3A-like LG5 

1.5E-37 0.699 0.529 0.491 1.5E-33 3 LOC657371 calpain-B%2C transcript 
variant X9 

LG3 
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p_val avg_logF
C 

pct.1 pct.2 p_val_ad
j 

cluste
r 

gene Description Chr 

1.1E-90 0.375 0.993 0.881 1.1E-86 4 LOC663766 cys-loop ligand-gated 
ion channel subunit%2C 
transcript variant X3 

LG4 

2.2E-70 0.391 0.954 0.768 2.2E-66 4 LOC103313812 uncharacterized 
LOC103313812 

LG7 

7.7E-64 0.428 0.89 0.638 7.7E-60 4 LOC103313917 No_Description Chr 

5.0E-59 0.435 0.821 0.571 5.1E-55 4 LOC107398107 No_Description Chr 

1.1E-50 0.474 0.564 0.322 1.1E-46 4 LOC657276 protein disabled%2C 
transcript variant X1 

LG7 

1.4E-36 0.374 0.744 0.563 1.4E-32 4 LOC103312470 uncharacterized 
LOC103312470%2C 
transcript variant X1 

LG3 

2.4E-23 0.333 0.619 0.481 2.4E-19 4 LOC661529 ankyrin repeat and 
MYND domain-
containing protein 2 

Un 

7.8E-20 0.337 0.354 0.234 7.8E-16 4 LOC107397581 No_Description Chr 

2.7E-19 0.342 0.279 0.171 2.8E-15 4 LOC103313461 DNA polymerase beta-
like 

LG6 

7.8E-17 0.332 0.361 0.255 7.8E-13 4 LOC659986 nudC domain-containing 
protein 3 

LG8 

5.8E-168 0.391 1 0.993 5.9E-164 5 LOC103312216 hypothetical protein LG3 

3.5E-160 0.420 1 0.991 3.5E-156 5 LOC664168 enolase%2C transcript 
variant X1 

LG9 

4.2E-135 0.410 1 0.991 4.2E-131 5 LOC663790 outer dense fiber protein 
3 

LG7 

5.0E-100 0.411 0.991 0.977 5.0E-96 5 LOC103312172 TPPP family protein 
CG45057 

LG2 

7.9E-75 0.404 0.962 0.947 8.0E-71 5 LOC662202 casein kinase I isoform 
gamma-3%2C transcript 
variant X3 

LG8 
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p_val avg_logF
C 

pct.1 pct.2 p_val_ad
j 

cluste
r 

gene Description Chr 

2.5E-74 0.551 0.849 0.751 2.6E-70 5 LOC656956 D-arabinitol 
dehydrogenase 1 

LG8 

1.1E-61 0.396 0.94 0.928 1.1E-57 5 LOC103313914 uncharacterized 
LOC103313914%2C 
transcript variant X1 

LG8 

1.2E-57 0.393 0.933 0.919 1.2E-53 5 LOC663366 jmjC domain-containing 
protein 7 

LG5 

4.8E-28 0.431 0.666 0.62 4.9E-24 5 LOC663760 E3 ubiquitin-protein 
ligase MARCH5 

LG9 

9.7E-20 0.395 0.597 0.561 9.8E-16 5 LOC103314315 hypothetical protein LG9 

6.3E-77 0.547 0.969 0.774 6.3E-73 6 LOC103313812 uncharacterized 
LOC103313812 

LG7 

1.9E-58 0.581 0.824 0.581 1.9E-54 6 LOC107398107 No_Description Chr 

1.2E-57 0.341 0.998 0.966 1.2E-53 6 LOC659071 40S ribosomal protein 
S14%2C transcript 
variant X2 

Un 

3.9E-29 0.419 0.732 0.618 3.9E-25 6 LOC657690 acyl-protein thioesterase 
1 

LG3 

1.1E-23 0.344 0.815 0.653 1.1E-19 6 LOC103313917 No_Description Chr 

6.5E-17 0.338 0.659 0.556 6.5E-13 6 LOC657342 farnesol dehydrogenase LG6 

3.2E-15 0.353 0.598 0.525 3.2E-11 6 LOC661145 dnaJ homolog subfamily 
B member 14 

LG3 

7.9E-11 0.407 0.327 0.241 8.0E-07 6 LOC107397581 No_Description Chr 

6.4E-10 0.335 0.406 0.32 6.4E-06 6 LOC660935 alpha-esterase like 
protein E3 

LG8 

2.2E-09 0.364 0.321 0.241 2.2E-05 6 LOC103313190 zinc finger protein 2-like LG3 

1.7E-229 1.253 1 0.718 1.7E-225 7 LOC656922 keratin-associated 
protein 10-8 

LG3 



Table S1. Top 10 marker genes from each cluster is shown above (Cont.). 

 89 

p_val avg_logF
C 

pct.1 pct.2 p_val_ad
j 

cluste
r 

gene Description Chr 

8.1E-190 0.911 1 0.696 8.1E-186 7 LOC658581 uncharacterized 
LOC658581%2C 
transcript variant X1 

LG5 

4.7E-182 0.987 1 0.579 4.7E-178 7 LOC661355 nuclear protein 1 LG8 

3.5E-173 0.915 1 0.706 3.5E-169 7 LOC103313149 venom allergen 5-like LG5 

6.0E-172 0.864 1 0.59 6.1E-168 7 LOC103313150 venom allergen 5-like LG5 

1.5E-170 0.963 1 0.682 1.5E-166 7 LOC661071 uncharacterized 
LOC661071%2C 
transcript variant X1 

LG9 

3.6E-170 0.925 0.984 0.537 3.6E-166 7 LOC103312599 uncharacterized 
LOC103312599 

LG4 

1.2E-166 0.902 0.982 0.481 1.2E-162 7 LOC660609 receptor expression-
enhancing protein 5 

LG7 

4.6E-166 0.920 0.962 0.47 4.6E-162 7 LOC103312701 uncharacterized 
LOC103312701 

LG4 

2.3E-164 0.840 1 0.762 2.3E-160 7 LOC657573 uncharacterized 
LOC657573%2C 
transcript variant X1 

LG5 

1.9E-301 1.168 0.829 0.151 1.9E-297 8 LOC655598 TBC1 domain family 
member 19 

LG4 

9.7E-251 1.389 1 0.434 9.8E-247 8 LOC660132 bax inhibitor 1 LG9 

9.9E-242 1.556 1 0.684 9.9E-238 8 LOC661071 uncharacterized 
LOC661071%2C 
transcript variant X1 

LG9 

2.0E-235 1.203 1 0.407 2.0E-231 8 LOC655849 mitochondrial carrier 
homolog 2 

LG3 

1.1E-224 1.283 1 0.708 1.1E-220 8 LOC103313149 venom allergen 5-like LG5 

4.4E-218 1.285 1 0.593 4.4E-214 8 LOC103313150 venom allergen 5-like LG5 

1.3E-209 1.104 0.988 0.394 1.3E-205 8 LOC658485 carbonic anhydrase 1 LG2 
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p_val avg_logF
C 

pct.1 pct.2 p_val_ad
j 

cluste
r 

gene Description Chr 

7.0E-207 1.100 0.996 0.464 7.0E-203 8 LOC656649 tubulin alpha 1-like 
protein 

LG2 

3.0E-202 1.225 1 0.721 3.0E-198 8 LOC656922 keratin-associated 
protein 10-8 

LG3 

1.6E-201 1.142 1 0.582 1.6E-197 8 LOC661355 nuclear protein 1 LG8 

1.1E-266 1.518 0.987 0.37 1.2E-262 9 LOC658955 protein-methionine 
sulfoxide oxidase 
MICAL3%2C transcript 
variant X2 

LG8 

3.6E-263 1.608 0.989 0.421 3.6E-259 9 LOC103314312 cytochrome c oxidase 
subunit 7A%2C 
mitochondrial-like 

LG9 

8.7E-260 1.302 0.787 0.166 8.7E-256 9 LOC655212 peptidyl-prolyl cis-trans 
isomerase FKBP8%2C 
transcript variant X1 

LG7 

1.6E-234 1.625 1 0.594 1.6E-230 9 LOC103313150 venom allergen 5-like LG5 

1.6E-229 1.325 1 0.583 1.6E-225 9 LOC661355 nuclear protein 1 LG8 

9.3E-229 1.411 0.989 0.409 9.3E-225 9 LOC655849 mitochondrial carrier 
homolog 2 

LG3 

1.9E-220 1.450 0.985 0.436 1.9E-216 9 LOC660132 bax inhibitor 1 LG9 

2.6E-214 1.406 0.989 0.466 2.6E-210 9 LOC656649 tubulin alpha 1-like 
protein 

LG2 

3.6E-210 1.441 1 0.685 3.6E-206 9 LOC661071 uncharacterized 
LOC661071%2C 
transcript variant X1 

LG9 

7.0E-205 1.469 0.741 0.192 7.0E-201 9 LOC107398496 stabilizer of axonemal 
microtubules 2 

LG8 

0.0E+00 1.437 0.822 0.067 0.0E+00 10 LOC103312498 trichohyalin LG9 

9.2E-288 1.365 0.953 0.193 9.2E-284 10 LOC656809 proton-coupled amino 
acid transporter 1-like 

Un 
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p_val avg_logF
C 

pct.1 pct.2 p_val_ad
j 

cluste
r 

gene Description Chr 

1.5E-278 1.458 0.94 0.189 1.5E-274 10 LOC107398496 stabilizer of axonemal 
microtubules 2 

LG8 

2.9E-239 1.347 0.937 0.22 3.0E-235 10 LOC664561 membrane-associated 
progesterone receptor 
component 1 

LG4 

5.2E-231 1.690 1 0.442 5.2E-227 10 LOC660132 bax inhibitor 1 LG9 

1.8E-226 1.573 1 0.415 1.8E-222 10 LOC655849 mitochondrial carrier 
homolog 2 

LG3 

3.5E-210 1.484 1 0.471 3.5E-206 10 LOC656649 tubulin alpha 1-like 
protein 

LG2 

9.4E-203 1.618 1 0.599 9.4E-199 10 LOC103313150 venom allergen 5-like LG5 

3.6E-194 1.582 1 0.689 3.7E-190 10 LOC661071 uncharacterized 
LOC661071%2C 
transcript variant X1 

LG9 

1.9E-190 1.378 1 0.712 1.9E-186 10 LOC103313149 venom allergen 5-like LG5 

0.0E+00 2.997 0.533 0.023 0.0E+00 11 LOC663390 uncharacterized 
LOC663390%2C 
transcript variant X1 

LG2 

0.0E+00 2.898 0.417 0.008 0.0E+00 11 LOC659226 cathepsin L precursor LG10 

9.0E-301 2.783 0.719 0.058 9.0E-297 11 LOC662445 ribosomal protein S18 LG5 

1.2E-288 2.817 0.704 0.058 1.2E-284 11 LOC659458 60S ribosomal protein 
L35 

LG5 

2.1E-285 3.530 0.799 0.083 2.1E-281 11 LOC656276 60S acidic ribosomal 
protein P2 

LG6 

1.7E-275 2.976 0.704 0.061 1.7E-271 11 LOC659536 60S ribosomal protein 
L38%2C transcript 
variant X2 

LG8 

2.3E-271 3.142 0.754 0.075 2.3E-267 11 LOC658148 60S ribosomal protein 
L37 

LG9 

2.7E-271 3.104 0.508 0.029 2.7E-267 11 LOC655420 ferritin subunit LG2 
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p_val avg_logF
C 

pct.1 pct.2 p_val_ad
j 

cluste
r 

gene Description Chr 

6.2E-251 3.600 0.598 0.047 6.3E-247 11 LOC655492 ferritin heavy chain%2C 
transcript variant X2 

LG2 

2.5E-229 3.014 0.447 0.026 2.5E-225 11 LOC659790 gamma-interferon-
inducible lysosomal thiol 
reductase 

LG6 
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Table S2. Quality of the cells before and after library prep. 

 

 

10X9_7380 Cell Counts Library prep Post library QC 

# Sample 
Name 

cells/u
l 

% 
viability 

targe
t 

ul 
cells 

ul 
H2O 

ng/ul 
check 

total 
ng  

B
C 

Avg 
bp 

ng/u
l 

nM 

1 UTA ~1600 ~70% 10K 10 36.6 1.38 13.8 G3 462 36.3 119.
0 
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