
COMPARATIVE GENOMICS:
 CHANGE OF GENOME ARCHITECTURES DURING 

ANIMAL EVOLUTION 



CONTACTS



‣ Sequencing technologies 

‣ Sequencing approaches/strategies 

‣ Technical/computational challenges 

‣Data analysis pipelines 

‣Genome anatomy 

‣Genome comparison

Aims of the Talk

A VERY short (and incomplete) introduction to:



‣ 1975 - Sanger sequencing 
‣ 1995 - 1st genome sequenced: Haemophilus influenzae 
‣ 1996 - 1st eukaryote sequenced: Saccharomyces 
cerevisiae 
‣ 1996 - 1st archaeon sequenced: Metanococcus janneschii 
(sampled @ 2600m of depth in the Pacific Ocean) 
‣ 1998 - 1st metazoan sequenced: Caenorhabditis elegans 
‣ 1999 - Drosophila melanogaster genome sequenced 
‣ 2000 - 1st draft of the human genome completed 
‣ 2001 - Publication of the human genome 
‣ 2002 - Mus musculus sequenced 
‣ 2004 - Rattus norvegicus sequenced 
‣ 2005 - Chimpanzee genome sequenced 
‣ 2008 - 1KGP starts 
‣ 2009 - Genome 10K project established 
‣ 2011 - i5k Project established 
‣ 2013 - 1st GIGA workshop 
‣ 2017 - Vertebrate Genome Project started 
‣ 2018 - Earth BioGenome project launched

Genomics Timeline
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Figure 1. Timeline of the most imsportant developments regarding MPS [1–4,6,13–15].

Table 1. Characteristics of the different sequencing techniques (first, second, and third generation). The read length range covers the read length at the introduction of the technique till
the read length which can be obtained nowadays. Throughput and run time are for the machine that has currently the highest capacity. Throughput, reads and sequence data;
AB, Applied BiosystemsTM; em-PCR; LT, Life Technologies; SBS, sequencing by synthesis [1,3,5,7–9,15–17]

Generation Method Launch Technique Read length (nt) Throughput and run time Comments

I Sanger 1977 Cloning/chain termination 25–1200 96, 84 Kb, 2 h First commercialized by AB (now LT)
II 454 2005 em-PCR/SBS/pyrosequencing 100–1000 1 million, 0.7 Gb, 24 h Purchased by Roche in 2007

Solexa/HiSeq R⃝/MiSeq R⃝ 2006 Bridge PCR/SBS/reverse termination 36–300 6 billion, 1.8 Tb, several days Solexa purchased by Illumina R⃝ in 2007
SOLiD R⃝ 2007 em-PCR/ligation/probes 35–75 6 billion, 320 Gb, 1–2 weeks Purchased by AB in 2006 (now LT)
Ion TorrentTM 2010 em-PCR/ion-sensitive SBS/pH change 200–400 60–80 million, 50 Gb, 2 h Purchased by LT in 2010

III PacBio R⃝ 2010 SMRT R⃝/ZMW wells 8000–20000 350000, 7Gb, 0.5–6 h
(Oxford) nanopore 2014 Ion current shift 9545–200000 100000, 2–4 Tb up to 48 h
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Sequencing Technology Timeline





Sequencing Technologies: Overview



https://flxlexblog.wordpress.com/2016/07/08/developments-in-high-throughput-sequencing-july-2016-edition/

https://flxlexblog.wordpress.com/2016/07/08/developments-in-high-throughput-sequencing-july-2016-edition/
https://flxlexblog.wordpress.com/2016/07/08/developments-in-high-throughput-sequencing-july-2016-edition/
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gaps present in the data. A problem for de novo sequencing is that the short read lengths generated 
by NGS can lead to a higher number of gaps, regions where no reads align, resulting in greater 
fragmentation and smaller contigs—poorer data quality. This is especially true for regions of the 
genome containing repetitive sequence elements. To overcome this challenge, some NGS platforms 
offer paired-end (PE) sequencing protocols (Figure 4), where both ends of a DNA fragment are 
sequenced, as opposed to single-read sequencing where only one end is sequenced. Paired-end 
reads result in superior alignment across regions containing repetitive sequences and produce 
longer contigs for de novo sequencing by filling gaps in the consensus sequence, resulting in 
complete overall coverage. 

Another important factor in generating high quality de novo sequences is the diversity of insert (DNA 
fragment) sizes in the library. Using longer inserts provides the highest fragment diversity relative to 
starting input material, yielding more uniform sequencing coverage. When long inserts are prepared 
for pair-end sequencing, a mate pair library is generated. These can include insert sizes ranging from 
2 to 5 kb, optimal for de novo assembly applications, including both genome scaffold generation and 
genome finishing. In general, libraries with larger insert sizes will result in less fragmented assemblies 
and larger contigs. Combining short-insert paired-end and long-insert mate pair sequencing is the 
most powerful approach for maximal coverage across the genome (Figure 5). The combination of 
insert sizes enables detection of the widest range of structural variant types and is essential for 
accurately identifying more complex rearrangements, which results in a higher quality assembly.  
The short-insert reads sequenced at higher depths can fill in gaps not covered by the long inserts, 
which are often sequenced at lower read depths.

In parallel with NGS technological improvements, many algorithmic advances have been made in 
de novo sequence assemblers for short-read data. Researchers can perform high-quality de novo 
assembly using NGS reads and publicly available short-read assemblers. In many instances, existing 
computer resources in the laboratory are enough to perform de novo assemblies. The E. coli 
genome can be assembled in as little as 15 minutes using a 32-bit Windows desktop computer  
with 32 GB of RAM. 

Read 1

Read 2

Paired-End Reads Alignment to the  Reference Sequence

Repeats

Reference

  Figure 4. Paired-End Sequencing and Alignment 

 
 
 
 
 
 
 
 

 

Paired-end sequencing enables both ends of the DNA fragment to be sequenced. Because the distance between each paired read is 
known, alignment algorithms can use this information to map the reads over repetitive regions more precisely. This results in much better 
alignment of the reads, especially across difficult-to-sequence, repetitive regions of the genome. 

Paired-End Reads



MPS Workflow
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and fl uorophore. These images comprise the inputs to the base-calling algorithm. 
As shown in Fig.  5.2 , by tracking the emission signal from a cluster across cycles, 
a base-caller can recover the input DNA template.    

    5.2   Analyzing the Illumina Sequencing Channel 

 The sequencing process above describes the ideal situation without any noise or 
signal distortion. In such a situation the base-caller’s task would be simple: identify 
the base according to its fl uorophore color. In reality, however, as with any com-
munication procedure, the sequencing signal is subject to noise and distortion due 
to imperfections in the chemical reactions and imaging procedure. The fi rst challenge 
in devising a robust base-calling algorithm is to determine the  channel model  that 
describes the factors that distort the sequencing signal. 

    5.2.1   General Terminology of Distortion Factors 

 Information theory provides several useful classifi cations for signal distortion (Kailath 
and Poor  1998  ) . First, a distortion factor can have a deterministic or stochastic effect 
on a signal. For instance, yield differences between the four fl uorophores can create a 
deterministic effect on the sequencing signal; the number of transmitted photons from 
a single DNA cluster is a stochastic process that follows a Poisson distribution. 

 Second, a distortion factor can be stationary or nonstationary. A stationary distor-
tion has the same characteristics during the sequencing process, whereas a nonsta-
tionary distortion will evolve from cycle to cycle. An example of a stationary distortion 
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  Fig. 5.2    A toy example of base-calling with Illumina data. Five DNA clusters ( left ) are subject 
to three cycles of sequencing ( middle ). Four images are recorded in each cycle, one for each fl uo-
rescence channel; for clarity of illustration, these are consolidated into a single tile image per 
cycle. Base-calling can be done by tracking the fl uorophore signals from each cluster ( right )       
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Output: Imaging/Base Calling

695 Base-Calling for Bioinformaticians

 The tremendous power of the Illumina platform stems from its ability to 
simultaneously execute and sense billions of CRT reactions. The sequencing 
 process occurs in a  fl ow cell  – a small glass slide that holds the input DNA frag-
ments in fi xed and distinct positions during the sequencing process. The fl ow cell 
consists of eight chambers called  lanes . The lanes are physically separated from 
each other and may contain different sequencing libraries without sample cross-
contamination. The imaging device cannot capture an entire lane in a single 
snapshot. Instead, it takes snapshots at multiple locations along the lanes called 
 tiles . There are 100 tiles per lane in Genome Analyzer II and 68 tiles per lane in 
HiSeq2000. A tile holds hundreds of thousands to millions of  DNA clusters . Each 
of these clusters consists of approximately one thousand identical copies of a 
template  molecule. The DNA clusters are constructed prior to the sequencing run 
by bridge amplifi cation of the input library. The purpose of the amplifi cation is to 
increase the intensity level of the emitted signal since the imaging device cannot 
reliably sense a single fl uorophore. However, the physical distance of the DNA 
fragments within a cluster is below the diffraction limit, permitting the imaging 
device to perceive the fragments as a single spot. Figure  5.1  illustrates the physi-
cal hierarchy of the Illumina platform.  

 The output of a sequencing run is a series of images each depicting the emis-
sion of millions of DNA clusters for a specifi c combination of lane, tile, cycle, 

  Fig. 5.1    Physical hierarchy in Illumina sequencing. ( a ) The Illumina fl owcell contains eight 
lanes which are further broken down into tiles. Each tile contains clusters of identical DNA 
fragments. ( b ) A cropped section of an Illumina tile image.  White spots  are DNA clusters       
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@HWI-ST867_0034:2:1101:1250:2103#CGATGT/1 
TGTCCGGCCGCACACATCTAGAGCATCCAGGTCAGCGATCAGCCCCGAGAGCACACAGGATAAGTGCCTGCAGGTCTCATTGTTGTTCACACCCATCAGA!
+HWI-ST867_0034:2:1101:1250:2103#CGATGT/1!
ffffeffefcfaeffffefffffcffff_ffeffffff\deeUaedeeedffffeffd_ce]dfbeffead\ad`ded_effdffddcdffffdcdd^dc!
@HWI-ST867_0034:2:1101:1220:2108#CGANGT/1 
GAAAGCAGACCTATAAAATATCACATAGTAAGATATTTATATTTAGATTTTTCTTATTTAGAATCTTCATCTGTAATGTATGATTTTGAAAATTAATTCT!
+HWI-ST867_0034:2:1101:1220:2108#CGANGT/1 
gggggggggeggggggggggggggggggeeegegegggggaedgggggggggeggggeggegggggegegggcdgfffffgggggfggegggdagefebf!
@HWI-ST867_0034:2:1101:1204:2134#CGANGT/1 
TGCCATAAAATCTCAGGATTTCAAAGATACTGCTGGGCATTCAGTGACTGCAGAAGGGTTTAGTATTCAGGATCTAGTCCTCGGTACAAGCATTGAGCAG!
+HWI-ST867_0034:2:1101:1204:2134#CGANGT/1 
gggggggggggggggfggggggggggggggggggggggfggggfggfggggeggggggdggegdggggege^egegfgggffffdeefcceeeeegggae!
@HWI-ST867_0034:2:1101:1245:2141#CGATGT/1 
AGGAATACAAATTCAGCTTATTGAAGTATTGTCATGTAAGGAAAGATATTTTAATAAAATTGCTCTTCCATCAGTTCCTGTTACTAAGGGACTAAAGCTA!
+HWI-ST867_0034:2:1101:1245:2141#CGATGT/1 
ggggggggggggggggggggggfgggegggggggggggeggggggggfggggggggggggggagggggggfgg`dffffdgggggggggffggeggggf_!
@HWI-ST867_0034:2:1101:1189:2205#CGANGT/1 
TAATGTAATTCATGTGTATTTCAATGCCTTTTTTTTTTCTTTTTTTGGAAATATTTTTCGTAGACGTTGGAACTTGCCAGGAATCCAGCAATGATGCAGG!
+HWI-ST867_0034:2:1101:1189:2205#CGANGT/1 
ccccc_eeeefacff_a_acfffffffffdffffffff_fffffffdd_fffebffefe^edadfebdcbZYcc`dddb__bbc]d_ddaeeffffeYce!
@HWI-ST867_0034:2:1101:1187:2232#CGANGT/1 
CAGGAACTGACTACTACTAATTCTGATAAGGCTTCCTTTTAGCTTAATTTCTGAACCTCTTTCATGGGGTTGTTAGAATTAGCTAATGATTGCAAGGCTT!
+HWI-ST867_0034:2:1101:1187:2232#CGANGT/1 
feffdegggegegggggggggggggggggggggggegggggeeggegeggegecUaddddgggegcbee_ccbebggggfgggggefge]egfdcggggd!
...!
...!
...!
...millions and millions of lines...!

Output: Fastq Files





Multiple (Unsequenced) Genome Copies

Reads

Sequenced Genome
…GGCATGCGTCAGAAACTATCATAGCTAGATCGTACGTAGCC…

Read Generation

Fragment Assembly

De novo Assembly



De novo Assembly



De novo Assembly



Assembly Stats: N50, N90
‣ N50 statistic defines assembly quality in terms of contiguity. 
Given a set of contigs, the N50 is defined as the sequence length 
of the shortest contig at 50% of the total genome length. It can 
be thought of as the point of half of the mass of the 
distribution. 

‣ N50 can be described as a weighted median statistic such that 50% 
of the entire assembly is contained in contigs or scaffolds equal 
to or larger than this value. 

‣ The N90 statistic is the length for which the collection of all 
contigs of that length or longer contains at least 90% of the sum 
of the lengths of all contigs, and for which the collection of all 
contigs of that length or shorter contains at least 10% of the sum 
of the lengths of all contigs. 

‣ Example:

# Scaffolds Gsize N50 N50_scaffold# N90 N90_scaffold#

301516 2021935850 12068 46019 2414 170482

‣ In this case, 50% of the assembly is represented by 46,019 
scaffolds with length ≥ 12068bp. 90% of the assembly is 
represented by 170,482 scaffolds with length ≥ 2414bp.



Assembly Quality



Annotation

1. Sequence Similarity: 

‣ Nucleotide sequence (e.g. blastn) 
‣ Amino acid sequence (e.g. blastp) 
‣ HMM profile (es. hmmer) 
‣ Signatures (es. InterProScan) 

2. Assignment of GO Terms.

Gene ontology (GO) is a major bioinformatics initiative to unify the representation of gene and gene product attributes 
across all species. 

The project aims to:  
1) maintain and develop its controlled vocabulary of gene and gene product attributes;  
2) annotate genes and gene products, and assimilate and disseminate annotation data;  
3) provide tools for easy access to all aspects of the data provided by the project, and to enable functional 

interpretation of experimental data using the GO, for example via enrichment analysis. 

In computer science and information science, an ontology encompasses a representation, formal naming and definition 
of the categories, properties and relations between the concepts, data and entities that substantiate one, many or all 
domains.

– Wikipedia



The ontology covers three domains: 

• Cellular component, the parts of a cell or its extracellular environment; 
• Molecular function, the elemental activities of a gene product at the molecular level, 

such as binding or catalysis; 
• Biological process, operations or sets of molecular events with a defined beginning and 

end, pertinent to the functioning of integrated living units: cells, tissues, organs, and 
organisms. 

Each GO term within the ontology has a term name, which may be a word or string of 
words; a unique alphanumeric identifier; a definition with cited sources; and a namespace 
indicating the domain to which it belongs.  
Terms may also have synonyms, which are classed as being exactly equivalent to the term 
name, broader, narrower, or related; references to equivalent concepts in other databases; 
and comments on term meaning or usage.  
The GO ontology is structured as a directed acyclic graph, and each term has defined 
relationships to one or more other terms in the same domain, and sometimes to other 
domains.  
The GO vocabulary is designed to be species-neutral, and includes terms applicable to 
prokaryotes and eukaryotes, single and multicellular organisms.

Annotation



Annotation



Why Sequencing Any Genome?

‣Gain better understanding of biology 

‣Gain knowledge about genetic variation 

‣Allow the comparisons between taxa (understand evolution) 
‣ How much/How genes vary across taxa? 
‣ How much/How genome architecture changes? 
‣ How much/How gene content changes? 
‣ Reconstruct phylogenetic relationships and evolution of taxa 
‣ Reconstruct the evolutionary history of a species 

‣ Biomedical/veterinary applications 

‣ Forensic applications



‣ FUNCTIONAL GENOMICS  
Understanding the function of genes and other genetic elements in a genome 

‣COMPARATIVE GENOMICS 
Comparing genomes of different organisms 

‣ POPULATION GENOMICS 
Large-scale comparison of DNA sequences in populations 

‣METAGENOMICS 
Study of genetic material directly from environmental samples 

‣CONSERVATION GENOMICS 
Application of genomic analysis to the preservation of the viability of populations and the 
biodiversity of living organisms

Some MPS Applications



Functional Genomics

Use of the vast wealth of data given by genomic and transcriptomic projects 
to describe gene functions and interactions.  

Focuses on the dynamic aspects such as gene transcription, translation, 
regulation of gene expression, and protein–protein interactions, as opposed 
to the static aspects of the genomic information such as DNA sequence or 
structures.  

Attempts to answer questions about the function of genetic elemets at the 
levels of genes, RNA transcripts, and protein products.  

A key characteristic of functional genomics studies is their genome-wide 
approach to these questions, generally involving high-throughput methods 
rather than a more traditional “gene-by-gene” approach.



RNA-Seq Technology
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De Novo Assembly of the Manila Clam Ruditapes
philippinarum Transcriptome Provides New Insights into
Expression Bias, Mitochondrial Doubly Uniparental
Inheritance and Sex Determination
Fabrizio Ghiselli,1,* Liliana Milani,1 Peter L. Chang,2 Dennis Hedgecock,3 Jonathan P. Davis,4
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Abstract

Males and females share the same genome, thus, phenotypic divergence requires differential gene expression and sex-
specific regulation. Accordingly, the analysis of expression patterns is pivotal to the understanding of sex determination
mechanisms. Many bivalves are stable gonochoric species, but the mechanism of gonad sexualization and the genes
involved are still unknown. Moreover, during the period of sexual rest, a gonad is not present and sex cannot be
determined. A mechanism associated with germ line differentiation in some bivalves, including the Manila clam Ruditapes
philippinarum, is the doubly uniparental inheritance (DUI) of mitochondria, a variation of strict maternal inheritance. Two
mitochondrial lineages are present, one transmitted through eggs and the other through sperm, as well as a mother-
dependent sex bias of the progeny. We produced a de novo annotation of 17,186 transcripts from R. philippinarum and
compared the transcriptomes of males and females and identified 1,575 genes with strong sex-specific expression and 166
sex-specific single nucleotide polymorphisms, obtaining preliminary information about genes that could be involved in sex
determination. Then we compared the transcriptomes between a family producing predominantly females and a family
producing predominantly males to identify candidate genes involved in regulation of sex-specific aspects of DUI system,
finding a relationship between sex bias and differential expression of several ubiquitination genes. In mammalian embryos,
sperm mitochondria are degraded by ubiquitination. A modification of this mechanism is hypothesized to be responsible
for the retention of sperm mitochondria in male embryos of DUI species. Ubiquitination can additionally regulate gene
expression, playing a role in sex determination of several animals. These data enable us to develop a model that
incorporates both the DUI literature and our new findings.

Key words: Ruditapes philippinarum, de novo, transcriptome, doubly uniparental inheritance, sex bias, sex determination.

Introduction
Males and females undergo different selective pressures,
some operating in opposite directions. Because both sexes
share the same genome (except for sex chromosomes,
where present), phenotypic divergence requires sex-
specific regulation (Ellegren and Parsch 2007; Arnold
et al. 2009), and males and females, even with the same
set of genes, show differences in gene expression or use al-
ternative splice forms (Long et al. 1995; Nuzhdin et al. 1997;
Jin et al. 2001; McIntyre et al. 2006; Foley et al. 2007; Chang
et al. 2011). Overall, sex-related differences in gene expres-
sion were observed across a wide range of taxa (Ellegren
and Parsch 2007). For example, over 12% of the germ line
transcripts of Caenorhabditis elegans showed a sex bias, and
expression analyses on whole Drosophila melanogaster
body showed that the proportion of genes presenting
a sex bias is around 57% (Jin et al. 2001; Arbeitman et al.

2002; Meiklejohn et al. 2003; Parisi et al. 2003; Ranz et al.
2003; Reinke et al. 2004), and almost all are specific for re-
productive tissues (Parisi et al. 2003). For these reasons, the
analysis of their expression patterns is pivotal to the under-
standing of sex determination and differentiation mecha-
nisms (Connallon and Knowles 2005). A common feature
of sex-biased genes is that they evolve more rapidly than
other genes (Zhang et al. 2004), and genes that are ex-
pressed exclusively in males show the greatest amino acid
divergence (Richards et al. 2005). Whether or not these pat-
terns would hold true across the animal kingdom is
unknown. In this paper, we analyze expression pattern
and polymorphism of sex- and family-biased genes in
the Manila clam Ruditapes philippinarum in order to get
insights into the mechanisms of sex determination and
mitochondrial doubly uniparental inheritance (DUI)
(Skibinski et al. 1994a, 1994b; Zouros et al. 1994a, 1994b).

© The Author 2011. Published by Oxford University Press on behalf of the Society for Molecular Biology and Evolution. All rights reserved. For permissions, please
e-mail: journals.permissions@oup.com
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mussel are available, but the divergence time with R. phil-
ippinarum was estimated between 542 and 488 Ma (Plazzi
and Passamonti 2010). For this reason, we allowed a higher
flexibility and chose the annotation with the highest BLAST
score as long as the span of the alignment was greater than
80% of the length of the gene under query. For genes that
did not report any hits, we lowered the minimum span to
40% of the length, choosing the annotation with the high-
est BLAST score, having Expected value,1.00! 10"5. The
GOstat package (Beissbarth and Speed 2004) was used to
identify overrepresented GO categories in groups of tran-
scripts (P , 0.01). InterProScan version 4.8 (Hunter et al.
2009) was used to identify functional conserved domains of
reproductive and ubiquitination genes.

Sequence Polymorphism Analysis
Representative transcript sequences were identified using
a global multiple sequence alignment of all contig sequen-
ces for each node. For each sample, SNPs were identified
with reference to the de novo assembled reference
sequence, using SAMtools (Li et al. 2009). Given the
nature of the assembly, the SNP data were calculated in

a conservative and parsimonious way: Sites with less than
5! coverage were discarded, positions with a phred score
lower than 15 were excluded, and indels were not taken
into account. All assembled sequences were then aligned
and analyzed with the VariScan 2.0 software (Hutter
et al. 2006) in order to compute polymorphism data. A
block data file was generated to specify gene boundaries
in the alignment in order to calculate the statistics for each
gene. The program was run under the following settings:
RunMode5 12, UseMuts5 1, CompleteDeletion5 0, Fix-
Num5 1, NumNuc 5 9, SlidingWindow 5 0. This config-
uration reported the number of segregating sites (S), total
number of mutations (g), the number of singletons, nucle-
otide diversity (p), Watterson’s estimator of nucleotide di-
versity per site (h), Tajima’s D statistic, Fu & Li’s D* and F*.
Sequence polymorphism was analyzed between the follow-
ing differentially expressed gene categories: family-biased
genes versus family-unbiased genes, sex-biased genes versus
sex-unbiased genes, male-biased genes versus female-biased
genes, and reproductive genes versus male-biased genes.
The reproductive gene group included genes annotated by
Blast2GO under the ‘‘Reproduction’’ category. We used R

Table 3. Mean Expression of Genes.

Sex-Biased
Genes (6SE)

Male-Biased
Genes (6SE)

Female-Biased
Genes (6SE)

Sex-Unbiased
Genes (6SE)

Family-Biased
Genes (6SE)

Family-Unbiased
Genes (6SE)

Males 84.194 (65.710) 126.805 (69.234) 21.941 (62.315) 18.222 (60.878) 77.417 (613.971) 22.366 (60.914)
Females 58.088 (66.437) 16.264 (62.879) 119.189 (614.954) 20.220 (60.600) 63.317 (613.790) 22.533 (60.714)
Family 1 72.297 (64.893) 70.964 (65.358) 74.245 (69.154) 19.068 (60.817) 59.587 (612.199) 22.465 (60.838)
Family 2 69.984 (64.632) 72.106 (65.865) 66.885 (67.524) 19.374 (60.550) 81.147 (616.323) 22.435 (60.601)
Males Family 1 84.599 (65.797) 127.661 (69.365) 21.689 (62.445) 18.431 (61.378) 60.684 (611.410) 22.712 (61.355)
Males Family 2 83.788 (65.740) 125.949 (69.296) 22.193 (62.288) 18.013 (60.557) 94.150 (617.838) 22.021 (60.652)
Females Family 1 59.995 (67.040) 14.267 (62.341) 126.801 (616.643) 19.705 (60.609) 58.491 (614.307) 22.217 (60.747)
Females Family 2 56.18 (65.926) 18.262 (63.450) 111.576 (613.392) 20.735 (60.615) 68.144 (615.402) 22.849 (60.702)
Number of genes 1,575 935 640 21,311 165 22,721

SE, standard error.

FIG. 2. Radar plots of mean gene expression. (A) Sex-biased genes are more highly expressed in males than in females (P, 2.2 ! 10"16; table 4).
In males, sex-biased genes are 4.7 times more expressed than unbiased genes, whereas in females, the ratio is 2.9 (see table 3). Male-biased genes
in females of Family 2 (which produces more males) show higher transcription in comparison to females of Family 1 (which produces more
females) (P5 7.9 ! 10"3; table 4). Males show higher transcription of female-biased genes than females of male-biased genes (P, 2.2 ! 10"16;
table 4). (B) Family-biased transcripts are more highly expressed in males and females of Family 2, with males having a higher expression than
females. In Family 1, the ratio between family-biased and family-unbiased genes is 2.6, whereas it is 3.6 in Family 2 (see table 3).
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ubiquitination process. Genes containing female- or family-
specific SNPs do not show any obvious direct involvement
in reproduction.

Discussion

Sex-Biased and Family-Biased Gene Expression
We found 1,575 genes showing a significant differential ex-
pression between sexes. This is a substantial number con-

sidering the lack of secondary sexual characters and sexual
dimorphism in bivalves, and that sex-specific function of
reproductive genes in these organisms is limited to gonad
development, gametogenesis, and fertilization.

As reported for other species (Meiklejohn et al. 2003;
Ranz et al. 2003; Ellegren and Parsch 2007), most of the
genes contributing to differential expression are male-
biased. Males show a higher expression of sex-biased genes
(male-biasedþfemale-biased) than females (P , 0.001, ta-
ble 4; fig. 2A), and the expression of female-biased genes in
males is higher than the expression of male-biased genes in
females (P, 0.001, table 4). This is consistent with female-
biased genes having a higher proportion of essential func-
tions (thus shared by the two sexes) than male-biased
genes (Zhang et al. 2004; Proschel et al. 2006; Clark
et al. 2007; Ellegren and Parsch 2007; Larracuente et al.
2008).

In order to find genes involved in the skewed sex ratio,
we investigated the differences in gene expression between
families showing an opposite sex bias (85% of females in
Family 1; 82% of males in Family 2) and identified 165 genes
with a distinct family-biased expression. We also found in-
teractions between sex and family, meaning that being
a male (female) in one family is not the same as being male
(female) in the other family, from a transcriptional point of
view. Transcriptional activity of family-biased genes seems
to follow the trend of the sex towards which expression is
biased, with the male-biased family being more transcrip-
tionally active than the female-biased family (P , 0.001,
table 4; fig. 2B), suggesting that upregulation of transcrip-
tionally biased genes is a typical male feature (see also
Connallon and Knowles 2005). The most interesting obser-
vation is that females of the male-biased family express
more male-biased genes than females of the female-biased
family (P , 0.01, table 4); if their eggs contain a greater
amount of male-biased transcripts, a role in male embryo
development could be proposed. The process by which
maternal factors in the egg influence the early embryonic
stages of the progeny is called preformation (reviewed in
Extavour and Akam 2003). Preformation was observed in
R. philippinarum germ line-specific RNA helicase Vasa
(Milani et al. submitted) and in the bivalve Crassostrea gigas
(Fabioux et al. 2004).

Having obtained the expression patterns, we proceeded
with annotation. Thirty-seven percent (8,473) of all genes
was annotated with GO, and the proportion of identified
transcripts increased to 75% (17,186) when the BLASTX an-
notation was included. Considering the absence of a refer-
ence genome and the lack of genetic information from
species related to R. philippinarum, we find these results
gratifying. The highest proportion of GO-annotated sex-
biased genes is among female-biased transcripts (44%),
whereas male-biased ones have the lowest (32%) (fig. 3).
This could be explained by the faster evolution of
male-biased genes (thus, the lower percentage of orthologs
found through Blast2GO). Quite surprisingly, the opposite
situation is observed with nonannotated genes: 20% of
female-biased genes are unidentified, against 13% of the

FIG. 4. Distribution of GO terms (Level 2). Biological process domain:
The most represented terms are cellular process (23%), metabolic
process (17%), and biological regulation (10%), whereas developmental
process constitutes 7% and reproduction 1.5%. Molecular function
domain: Binding (53%) and catalytic activity (34%) are the principal
terms. Cellular component domain: An abundance of the organelle
term is present (32%).
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Abstract

Comparative genomics has become a central tool for evolutionary biology, and a better knowledge of understudied taxa repre-
sents the foundation for futurework. In this study, we characterized the transcriptome of male and female mature gonads in the
European clamRuditapes decussatus, comparedwith that in theManila clam Ruditapes philippinarumproviding, for the first time
in bivalves, information about transcription dynamics and sequence evolution of sex-biasedgenes. In both the species,we founda
relatively low number of sex-biased genes (1,284, corresponding to 41.3% of the orthologous genes between the two species),
probably due to the absence of sexual dimorphism, and the transcriptional bias is maintained in only 33% of the orthologs. The
dN/dS is generally low, indicating purifying selection, with genes where the female-biased transcription is maintained between
the two species showing a significantly higher dN/dS. Genes involved in embryo development, cell proliferation, andmaintenance
of genome stability show a faster sequence evolution. Finally, we report a lack of clear correlation between transcription level
and evolutionary rate in these species, in contrast with studies that reported a negative correlation. We discuss such discrepancy
and call into question some methodological approaches and rationales generally used in this type of comparative studies.

Key words: RNA-Seq, transcription level, evolutionary rate, gametogenesis, embryo development, E–R correlation.

Introduction

Despite the differences in terms of sexual dimorphism and
behavior, males and females share almost the same genome,
especially in species lacking heteromorphic sex chromosomes.
Therefore, the vast majority of sex-specific characters and
traits are the result of differential expression of the so-called
“sex-biased genes” (Ranz et al. 2003; Ellegren and Parsch
2007; Parsch and Ellegren 2013). The study of sex-biased
gene expression is crucial for understanding the mechanisms
of gene regulation and evolution (Grath and Parsch 2016):
several works investigated the amount of sex-biased genes
among animals, showing that the proportion of these genes
is extremely variable, depending on the organism, analyzed
tissue, developmental, and reproductive stage. It has been

reported that the number of transcribed sex-biased genes is
higher in gonads, since most of them are involved in sexual
dimorphism and competition (Parisi et al. 2003; Mank et al.
2010; Harrison et al. 2015). Also, genes that are more or
exclusively transcribed in males (male-biased genes) show a
higher rateofproteinevolution—calculatedas the ratioofnon-
synonymous to synonymous nucleotide substitution (dN/dS)—
as reported in many organisms such as insects, nematodes,
birds, and mammals (Meiklejohn et al. 2003; Khaitovich et al.
2005; Pröschel et al. 2006; Zhang et al. 2007;Assis et al. 2012;
Grath and Parsch 2012; Harrison et al. 2015; Wang et al.
2015). Even if female-biased genes did not receive the same
attention of male-biased genes, some studies conducted in
mammals, birds, fish, and insects reported evidence of high

VC The Author(s) 2018. Published by Oxford University Press on behalf of the Society for Molecular Biology and Evolution.
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detail, 435 orthologs are unbiased in one species and male-
biased in the other, 402 are female-biased in one species
and unbiased in the other, 330 are male-biased in both the
species, 100 are female-biased in both the species, while in
17 genes the sex bias is reversed (supplementary table 5,

Supplementary Material online). Figure 2 shows the distri-
bution of dN/dS among orthologous genes between the
two species, grouped according to the above-mentioned
sex-bias categories. We found that the dN/dS distribution
of orthologous genes with unbiased transcription in both
the species (N¼ 1,818) is not statistically different from
that of genes with an unbiased transcription in one species
and a sex-biased transcription in the other, and the median
dN/dS is always included between 0.043 and 0.047 (supple-
mentary table 6, Supplementary Material online). On the
contrary, when orthologs have a sex-biased transcription
in both the species, the distribution of dN/dS is statistically
different from that of other groups of ortholog genes (Dunn
test P value¼ 0). In particular, orthologs with male-biased
transcription in both the species (N¼ 330) are characterized
by a lower dN/dS (median¼ 0.036), with GO term annota-
tions mostly consisting in metabolic process, transport,
oxidation–reduction process, and regulation of transcription
(supplementary table 7 and fig. 7, Supplementary Material
online). Differently, orthologs with a female-biased tran-
scription in both the species show a higher dN/dS
(median¼ 0.067). This group (N¼ 100) is characterized by
a first peak of density corresponding to dN/dS¼ 0.05 and a
second peak at 0.2 (fig. 3, red line). Supplementary table
8 and fig. 8, Supplementary Material online, reports a list of
GO terms associated with orthologous genes with female-
biased transcription in both the species. A BLASTP annota-
tion of female genes with dN/dS> 0.1 (N¼ 25) shows that
several genes are involved in cell differentiation and embryo
development, andmaintenance of genome stability (supple-
mentary table 9, Supplementary Material online). Genes
with a reversed sex-bias between the two species show a
median dN/dS of 0.046, but given the low sample size
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FIG. 1.—Volcano plot of the transcription of orthologous genes in

Ruditapes decussatus (top) and R. philippinarum (bottom). Male-biased

transcripts are represented in blue, female-biased transcripts in red, unbi-

ased transcripts in gray. Dashed lines: log2(fold change)¼"1, 1 (fold

change¼"2, 2).
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(N¼ 17) we did not include this group in the statistical anal-
ysis. The analysis of the coefficient of variation of gene ex-
pression (CVE) reveals that a higher dN/dS is associated with
a higher CVE in sex-biased genes (supplementary fig. 9 and
table 10, Supplementary Material online), but the same

pattern is not present in unbiased genes. The distribution
of amino acid p-distance (supplementary fig. 10,
Supplementary Material online) shows that orthologous
genes between R. decussatus and R. philippinarum are char-
acterized by a median divergence of 6.99%. In only 1.9% of
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FIG. 3.—(a) Relationship between dN/dS and amino acid p-distance of all orthologous genes between Ruditapes decussatus and R. philippinarum. A

linear function (black dashed line) describes the relationship between dN/dS and p-distance in genes with lower p-distance. In genes with p-distance>40%,

the relationship is better explained by an exponential function (red dashed line). (b) unbiased genes in both the species (green); (c) genes that are unbiased in

one species and male-biased in the other (blue); (d) genes that are unbiased in one species and female-biased in the other species (pink); (e) genes where a

male-bias is maintained (black); (f) genes where a female-bias is maintained (red). Dashed lines in (b–f): regression lines calculated for all genes; solid colored

lines in b–f represent the regression lines calculated for the specific subset of genes.
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genes the p-distance is! 60%. We investigated the rela-
tionship between dN/dS and the amino acid p-distance in
both unbiased and sex-biased orthologous genes. Among
orthologs with lower amino acid divergence, approximately
<40%, the relationship between dN/dS and p-distance
shows a linear trend (fig. 3a, black dashed line). Instead,
when the amino acid divergence is higher, the trend is
better described by an exponential function (fig. 3a, red
dashed line). This pattern is particularly evident in unbi-
ased genes (fig. 3b). On the contrary, we found that
among sex-biased categories, genes with a p-distance
>40% are rare, a linear model fits the data best (fig. 3c–
f, colored solid lines), and the trend for each sex-biased
category is comparable to the linear trend of unbiased
genes (fig. 3b–f, black dashed lines). Among the genes
following an exponential relationship between dN/dS
and amino acid p-distance (fig. 3a, red dashed line), we
focused on two clusters: one includes orthologs with a p-
distance included between 40% and 60% and a dN/
dS< 0.2, the other includes orthologs with a p-distance-
> 60% and a dN/dS> 0.2. We refer to the orthologs be-
longing to the above-mentioned clusters as “fast-
mutating” and “fast-diverging,” respectively (see
Discussion).

Finally, we show that transcription level (FPKM) of orthol-
ogous genes in the two species is correlated (Spearman’s rank
correlation q¼ 0.71; P value< 2.2E-16; supplementary fig.
11, Supplementary Material online). By analyzing the relation-
ship between dN/dS of orthologous genes and FPKM in
R. decussatus (fig. 4), we found a slightly negative correlation
between rate of protein evolution and transcription level
(Spearman’s rank correlation q¼#0.16; P value< 2.2E-16).
On the contrary, no correlation was detected between dN/dS

and FPKM in R. philippinarum (Spearman’s rank correlation
q¼#0.06; P value¼ 0.0001).

Discussion

In this work, we obtained the transcriptome of mature
gonads in male and females of R. decussatus, and performed
a comparative analysis with the related species R. philippina-
rum. Since gonads are known to be the tissue with the higher
transcription of sex-biased genes (Torgerson et al. 2002;
Reinke et al. 2004; Zhang et al. 2004, 2007; Good and
Nachman 2005) this experiment gave the opportunity to in-
vestigate the evolution of sex-biased genes in two bivalve
species, both in terms of protein sequence and transcription
level. Also, we report here an analysis of the relationship be-
tween transcription level and rate of protein evolution.

Comparative analysis of transcription level and rate of pro-
tein evolution of sex-biased orthologous genes between
R. decussatus and R. philippinarum.

In R. decussatus and R. philippinarum, $30% and 20% of
the assembled contigs show a sex-biased transcription. These
values are lower compared with what reported in other taxa,
even when detection of sex-biased genes was performed in
somatic tissues: >81% of genes showed a sex-biased tran-
scription in frogs (Malone et al. 2006),$75% inwasps (Wang
et al. 2015), up to 57% in Drosophila (Ranz et al. 2003), 50%
in Daphnia pulex (Eads et al. 2007), and similar patterns were
found in copepods (Poley et al. 2016), Anopheles (Papa et al.
2017), fish (Small et al. 2009), birds (Mank et al. 2010), and
mammals (Yang et al. 2006). Nevertheless, it should be con-
sidered that the amount of sex-biased genes increases with
the number of tissues analyzed (Yang et al. 2006; Ellegren
and Parsch 2007), while only gonads were investigated in this
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FIG. 4.—Relationship between the rate of amino acid sequence evolution, indicated as log2 (dN/dS), and transcription level, indicated as log2 (FPKM), in

Ruditapes decussatus (left), and R. philippinarum (right). Black lines: regression lines corresponding to the linear model.
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Comparative Genomics

Compares the genomic features (DNA sequence, genes, gene order, 
regulatory sequences, and other genomic structural landmarks) of different 
organisms.  

Whole or large parts of genomes resulting from genome projects are 
compared to study basic biological similarities and differences as well as 
evolutionary relationships between organisms. 

The major principle of comparative genomics is that common features of two 
organisms will often be encoded within the DNA that is evolutionarily 
conserved between them. 

Comparative genomic approaches start with making some form of alignment 
of genome sequences and looking for orthologous sequences (sequences that 
share a common ancestry) in the aligned genomes and checking to what 
extent those sequences are conserved. Based on these, genome and 
molecular evolution are inferred and this may in turn be put in the context of, 
for example, phenotypic evolution or population genetics.



Genome anatomy
Genome

(from Wikipedia, the free encyclopedia)

In the fields of molecular biology and genetics, a genome is all genetic information 
of an organism.[1] It consists of nucleotide sequences of DNA (or RNA in RNA 
viruses). The genome includes both the genes (the coding regions) and the 
noncoding DNA, as well as mitochondrial DNA and chloroplast DNA.

therefore the genome is plenty of genes...

https://en.wikipedia.org/wiki/Molecular_biology
https://en.wikipedia.org/wiki/Genetics
https://en.wikipedia.org/wiki/Genome#cite_note-Roth_p.-1
https://en.wikipedia.org/wiki/DNA
https://en.wikipedia.org/wiki/RNA
https://en.wikipedia.org/wiki/RNA_virus
https://en.wikipedia.org/wiki/RNA_virus
https://en.wikipedia.org/wiki/Gene
https://en.wikipedia.org/wiki/Coding_region
https://en.wikipedia.org/wiki/Noncoding_DNA
https://en.wikipedia.org/wiki/Mitochondrial_DNA
https://en.wikipedia.org/wiki/Chloroplast_DNA
https://en.wikipedia.org/wiki/Molecular_biology
https://en.wikipedia.org/wiki/Genetics
https://en.wikipedia.org/wiki/Genome#cite_note-Roth_p.-1
https://en.wikipedia.org/wiki/DNA
https://en.wikipedia.org/wiki/RNA
https://en.wikipedia.org/wiki/RNA_virus
https://en.wikipedia.org/wiki/RNA_virus
https://en.wikipedia.org/wiki/Gene
https://en.wikipedia.org/wiki/Coding_region
https://en.wikipedia.org/wiki/Noncoding_DNA
https://en.wikipedia.org/wiki/Mitochondrial_DNA
https://en.wikipedia.org/wiki/Chloroplast_DNA


mtDNA             vs              nDNA

more variable less variable

no recombination (?) recombination

haploid di(n)ploid

half of the story!!!

compact genome a mess!

Genome anatomy



Mitochondrial genome anatomy

Metazoan mtDNA 
12-20 kb 

13 Protein Coding Genes 
2 rRNA genes 
22 tRNA genes 
Control Region



Mitochondrial genome comparison: 

gene order

match any known protein (not shown) [40]. Anostracan
mitogenome does not vary among the five species ana-
lyzed, although it showed a tRNA rearrangement with
respect to the ancestral Pancrustacea model (Fig. 3).
Generally speaking, therefore, branchiopod mitogen-
omes appear well conserved, although showing a certain
degree of structural variability.

Nucleotide variability and phylogenetic analyses
The nucleotide divergence within genera observed
among PCGs and rRNAs of newly sequenced mitogen-
omes ranged from 0.18%, in a comparison between

Italian and Spanish T. cancriformis, to 20.25%, as scored
between the two Lepidurus taxa. Moreover, with respect
to the Japanese T. cancriformis, the Italian and Spanish
T. cancriformis sequences diverge by 0.24 and 0.32%, re-
spectively (Table 3). These estimates are in line with pre-
vious mitochondrial survey between Triops cancriformis
populations and between Lepidurus species [22, 24]. An
overall evaluation among Notostraca (Additional file 4:
Figure S3) revealed that the least variable genes are the
rRNAs (divergence rrnL = 17.3% and rrnS = 17.5), while
the most variable ones resulted the nad6 (37.6%) and
the atp8 (37.9%). On average, rRNA genes are the less

Fig. 3 Gene arrangement in analyzed branchiopod mitogenomes. The yellow and cyan colours indicate genes on the H and L
strand, respectively

Table 3 Sequence divergence (%) between Notostraca taxa based on PCG and rRNA gene sequences. Species with newly
sequenced mitogenomes are marked in bold

1 2 3 4 5 6 7 8 9 10

1. L. arcticus

2. L. apus lubbocki 20.25

3. T. cancriformis (Italy) 26.77 26.13

4. T. cancriformis (Spain) 26.80 26.19 0.18

5. T. cancriformis (Japan) 26.78 26.17 0.24 0.32

6. T. longicaudatus “l” 26.16 25.66 22.06 22.11 22.09

7. T. longicaudatus “s” 26.03 25.55 22.04 22.09 22.06 3.84

8. T. longicaudatus 1 26.23 25.74 22.26 22.30 22.25 4.08 2.04

9. T. longicaudatus 2 26.12 25.69 22.14 22.16 22.14 4.16 1.73 2.54

10. T. newberry 26.12 25.66 22.03 22.08 22.03 3.75 1.83 0.72 2.17

11. T. australiensis 25.50 24.73 22.02 22.08 22.03 15.37 15.39 15.57 15.29 15.33

Luchetti et al. Zoological Letters            (2019) 5:15 Page 7 of 13
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Assembly size 811,852,226 bp

Number of scaffold (N50) 63,275 (30,597 bp)

Number of contigs (N50) 135,150 (10,077 bp)

Mapping rate 98%

k-mer completeness 97%

G+C content 39.6%

BUSCO (N=1,013) C:84.2%[S:83.1%,D:1.1%],F:12.9%,M:2.9%

N. of predicted genes 17.407

N. of highly supported genes 
(AED < 0.5)

16.535

Proportion of repeats coverage 44.53%

LINE 13.12%

SINE 9.96%

LTR 4.33%

DNA 12.67%

MITE 3.74%

Genome anatomy
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“The Ortholog Conjecture”

 According to the "ortholog conjecture", or standard model of phylogenomics, 
protein function changes rapidly after duplication, leading to paralogs with 

different functions, while orthologs retain the ancestral function

Resolving the Ortholog Conjecture: Orthologs Tend to Be
Weakly, but Significantly, More Similar in Function
than Paralogs
Adrian M. Altenhoff1,2, Romain A. Studer2,3,4, Marc Robinson-Rechavi2,3, Christophe Dessimoz1,2,5*
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Abstract

The function of most proteins is not determined experimentally, but is extrapolated from homologs. According to the
‘‘ortholog conjecture’’, or standard model of phylogenomics, protein function changes rapidly after duplication, leading to
paralogs with different functions, while orthologs retain the ancestral function. We report here that a comparison of
experimentally supported functional annotations among homologs from 13 genomes mostly supports this model. We show
that to analyze GO annotation effectively, several confounding factors need to be controlled: authorship bias, variation of
GO term frequency among species, variation of background similarity among species pairs, and propagated annotation
bias. After controlling for these biases, we observe that orthologs have generally more similar functional annotations than
paralogs. This is especially strong for sub-cellular localization. We observe only a weak decrease in functional similarity with
increasing sequence divergence. These findings hold over a large diversity of species; notably orthologs from model
organisms such as E. coli, yeast or mouse have conserved function with human proteins.
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Introduction

Understanding the relation between gene evolution and
function is perhaps our only hope of bringing functional
annotation in line with the furious pace of genomic sequencing.
Indeed, despite developments in high-throughput experimental
techniques, propagation of functional knowledge from evolution-
arily related genes remains the procedure that scales best and
appears most dependable [1]. The simplest model for this assumes
that function is conserved among homologs, which motivates a
process that assigns function by sequence similarity. A canonical
refinement of this model distinguishes orthologs from paralogs
[2,3]. As gene duplication is considered an important source of
functional innovation, the ‘‘standard model’’ posits that orthologs
tend to have a conserved function, whereas paralogs tend to
diverge in function [4].
Yet, large-scale studies corroborating this standard model are

surprisingly scarce [5]. Furthermore, sequence similarity seems to
be a better predictor of function conservation than orthology [6].
This suggests an alternative model, that orthologs versus paralogs
might not be the primary clue to functional similarity. With the
recent availability of genome-wide reliable orthology predictions
on the one hand, and systematic, standardized functional
annotations on the other, we now have the ability to test these
models on a broad and representative sample of biological data.

Recently, Nehrt et al. [7] have proposed such a test of the
‘‘ortholog conjecture’’ (i.e., the ‘‘standard model’’), using human
and mouse functional annotations. Surprisingly, they find that
paralogs appear more functionally similar than orthologs.
In the present study, we investigated the functional similarity of

395,328 pairs of orthologs and paralogs with experimental GO
annotations [8] for both genes, from 13 genomes (see Materials and
Methods). After controlling for confounding factors which we
describe in detail below, we find that—contra Nehrt et al. [7]—
current experimental annotations do support the ‘‘ortholog
conjecture’’, albeit not as strongly as might have been expected.

Results

Controlling confounding factors in the comparison of GO
annotations
GO annotations—even restricting to experimentally supported

ones—are heterogeneous in many ways, such as type of function
described, level of specificity, applicable species, method of
investigation, or curation practices [9]. Therefore, to meaningfully
compare GO annotations, it is essential that potential confounding
factors be controlled. In this section, we describe and address four
confounding factors (Fig. 1): (i) authorship bias, (ii) variation of GO
term frequency among species, (iii) variation of background
similarity among species pairs, and (iv) propagated annotation

PLoS Computational Biology | www.ploscompbiol.org 1 May 2012 | Volume 8 | Issue 5 | e1002514
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Abstract

Crustaceans of the order Notostraca (Branchiopoda) are distributed worldwide and

are known for the remarkable morphological stasis between their extant and Per-

mian fossil species. Moreover, these crustaceans show relevant ecological traits and

a wide range of reproductive strategies. However, genomic studies on notostracans

are fairly limited. Here, we present the genome sequences of two notostracan taxa,

Lepidurus arcticus and Lepidurus apus lubbocki. Taking advantage of the small genome

sizes (~0.11 pg) of these taxa, genomes were sequenced for one individual per spe-

cies with one run on the Illumina HiSeq X platform. We finally assembled 73.2 Mbp

(L. arcticus) and 90.3 Mbp (L. apus lubbocki) long genomes. Assemblies cover up to

84% of the estimated genome size, with a gene completeness >97% for both gen-

omes. In total, 13%–16% of the assembled genomes consist of repeats, and based

on read mapping, L. apus lubbocki shows a significantly lower transposable element

content than L. arcticus. The analysis of 2,376 orthologous genes indicates an ~7%

divergence between the two Lepidurus taxa, with a nucleotide substitution rate sig-

nificantly lower than that of Daphnia taxa. Ka/Ks analysis suggests purifying selection

in both branchiopod lineages, raising the question of whether the low substitution

rate of Lepidurus is correlated with morphological conservation or is linked to speci-

fic biological traits. Our analysis demonstrates that, in these organisms, it is possible

to obtain high‐quality draft genomes from single individuals with a relatively low

sequencing effort. This result makes Lepidurus and Notostraca interesting models for

genomic studies at taxonomic, ecological and evolutionary levels.

K E YWORD S

Arthropoda, genome sequencing, living fossils, tadpole shrimps

1 | INTRODUCTION

The order Notostraca (Branchiopoda) comprises globally distributed

crustaceans, commonly known as tadpole shrimps, ascribed to the

two monophyletic genera Triops Schrank, 1803, and Lepidurus Leach,

1816 (Longhurst, 1955).

Tadpole shrimps can be found mainly in freshwater temporary

ponds, where they are adapted to live. In fact, the drought‐resistant,
diapausing eggs of these shrimps will hatch only in favourable condi-

tions, and since the eggs do not all hatch simultaneously, they con-

stitute a cyst bank composed of eggs from different generations and

genotypes over time (Brendonck, 1996; Brendonck & De Mesteer,

2003). Although the ecological factors triggering hatching are still

poorly understood, egg banks hold a biodiversity that could enable†These authors contributed equally to this work.
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The problem of missing data

(b) Gene subsampling comparisons: large, sparse

matrices versus smaller, denser matrices

We analysed the complete 1487-gene matrix with 19 per
cent gene occupancy, and three nested subsamples with
25, 33 and 50 per cent occupancy (figure 1). These subsets
were constructed from the best-sampled genes and had
844, 330 and 53 genes, respectively. The RTREV model,
with empirically estimated amino acid frequencies (F
option; for details, see RAXML manual) was selected for
all four matrices and used in all analyses. Partitioned ana-
lyses that apply a different model to each gene were not
possible owing to load balancing problems in the likelihood
kernel that resulted in severely decreased computational
efficiency. The load balance problem is due to a strong
variation in per-partition pattern numbers.

The optimal trees across analyses (figures 2–4) are in
broad agreement with most recent phylogenomic and
targeted-gene analyses in depicting, for example, mono-
phyly of Protostomia and Deuterostomia as the
fundamental bilaterian clades, and the division of proto-
stomes into Ecdysozoa and Spiralia (the latter
sometimes referred to as Lophotrochozoa; but see Giribet
et al. 2009). The analyses consistently resolve Spiralia into
two major clades: Trochozoa, which unites Mollusca and
Annelida with a nemertean–brachiopod group recently
named Kryptrochozoa (Giribet et al. 2009); and a group-
ing of Platyzoa together with an ectoproct–entoproct–
cycliophoran clade that we discuss below under the
name Polyzoa, introduced by Cavalier-Smith (1998).
A more contentious issue is the base of the metazoan
tree, and, after the addition of new ctenophore and
sponge ESTs (compared with Dunn et al. 2008), and
the complete genome of T. adhaerens, our most inclusive
datasets support ctenophores as sister to all other metazo-
ans. The positions of sponges and T. adhaerens relative to
each other varied across matrix subsamples as described
in the electronic supplementary material.

Analyses of the 53-gene subset were largely unresolved,
with little convergence even between ML replicates (not
shown) and poor bootstrap support at almost all deep
nodes (electronic supplementary material, fig. S2).
Differences between ML analyses of the 1487-, 844- and
330-gene matrices were restricted to the placement of a
small number of taxa (see electronic supplementary
material for details). Analyses of the 330-gene matrix
recovered most of the relationships found from the 844-
gene and 1487-gene matrices, many of which were not
recovered in the 150-gene matrix from a previous study
(electronic supplementary material, fig. S1) or the 53-
gene matrix (electronic supplementary material, fig. S2).
Bootstrap support values for many relationships were simi-
lar in the 330-gene and 844-gene analyses (figures 2–4;
electronic supplementary material, fig. S3). Bootstrap
support for the 1487-gene matrix was not evaluated
owing to computational limitations.

(c) Taxon subsampling: stability and the

visualization of phylogenetic relationships

Different taxa within the same phylogenetic analysis can
have widely disparate stability (Thorley & Wilkinson
1999). In the present analyses most taxa are quite
stable (leaf stability; electronic supplementary material,
table S2)—their relationships with each other are consist-
ent and well supported across bootstrap replicates. Other
taxa, however, have inconsistent relationships across and
within analyses. These unstable taxa tend to be poorly
sampled in the matrix generated here, as for Phoronis
and some molluscs.

A small number of unstable taxa can obscure
strongly supported relationships between stable taxa,
even if they have no effect on those relationships.
Unless visualization tools are used that can identify
stable relationships that are not affected by unstable
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taxa and assess support for these relationships directly,
strong signals present in the data may not be discern-
ible. We have addressed this issue by looking at
support for relationships between nested subsamples
of the most stable taxa, as assessed by leaf stability

indices (Thorley & Wilkinson 1999; Smith & Dunn
2008). Three different leaf stability cutoffs were used
(see electronic supplementary material for details on
cutoff selection): 0 per cent (figure 2, i.e. no threshold),
87 per cent (figure 3) and 90 per cent (figure 4).
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Evolution of gene families

A gene family is a set of several similar genes, formed by duplication of a single original gene, and 
generally with similar biochemical functions. One such family are the genes for human hemoglobin 
subunits

https://en.wikipedia.org/wiki/Gene
https://en.wikipedia.org/wiki/Hemoglobin
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were analyzed. Both lineages showed a single gene with ω > 1.0, but 
they also showed approximately the same average ω (ESP, ω = 0.594 ±
0.226; ITA + JAP, ω = 0.425 ± 0.06; paired Wilcoxon test, p = 0.562) 
(Suppl. Fig. S5). 

The divergence among Lepidurus genomes was estimated on 4195 
orthologs, selected as for Triops samples. Lepidurus arcticusand L. couesii 
resulted the most similar, with an observed divergence of 2.28% ±
0.03%, while L. apus lubbocki was the most differentiated, with diver-
gence ranging from 6.05% ± 0.05% (vs L. apus apus) to 6.55% ± 0.06% 
(vs L. arcticus; Fig. 4b). 

Since L. arcticus and L. couesii are sister species but were collected in 
completely different environments (Iceland vs Southern Italy), we tested 

for possible selective events along the respective branches. Of the 
analyzed OGs, 117 fitted the model with branch-specific ω and, after 
filtering, a data set of 22 OGs was retained. Although, L. arcticus showed 
a single gene with ω > 1.0, the average ω values on the two branches 
resulted nearly identical (L. arcticus ω = 0.369 ± 0.060; L. couesii, ω =
0.394 ± 0.050; paired Wilcoxon test, p = 0.074) (Suppl. Fig. S5). 

4. Discussion 

In this work, we report the sequencing of five draft genomes from the 
four tadpole shrimp taxa L. apus apus, L. couesii, T. longicaudatus and 
T. cancriformis. Moreover, to enrich the Branchiopoda genomic 

Fig. 1. Phylogenomics and transposable elements content. (a) Time-calibrated phylogeny based on 1001 ortholog groups. Outgroups are omitted for graphical 
purposes. Newly sequenced genomes are indicated in bold. All nodes received maximum support (sh-aLRT = 100; UFBoot = 100). Branches are coloured according to 
the relative nucleotide substitutions rate (number of substitutions/site/Million year), as indicated in the upper left legend. Black dots indicate age calibration points. 
Numbers at nodes and tips represent estimated gene families' expansions (red), contractions (blue), and the number of estimated rapidly evolving families (between 
parentheses). (b) Transposable elements landscapes and their occupancy in the respective genomes. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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A B S T R A C T   

This analysis presents five genome assemblies of four Notostraca taxa. Notostraca origin dates to the Permian/ 
Upper Devonian and the extant forms show a striking morphological similarity to fossil taxa. The comparison of 
sequenced genomes with other Branchiopoda genomes shows that, despite the morphological stasis, Notostraca 
share a dynamic genome evolution with high turnover for gene families' expansion/contraction and a trans-
posable elements content comparable to other branchiopods. While Notostraca substitutions rate appears similar 
or lower in comparison to other branchiopods, a subset of genes shows a faster evolutionary pace, highlighting 
the difficulty of generalizing about genomic stasis versus dynamism. Moreover, we found that the variation of 
Triops cancriformis transposable elements content appeared linked to reproductive strategies, in line with theo-
retical expectations. Overall, besides providing new genomic resources for the study of these organisms, which 
appear relevant for their ecology and evolution, we also confirmed the decoupling of morphological and mo-
lecular evolution.   

1. Introduction 

The class Branchiopoda consists of small crustaceans distributed 
world-wide and living in fresh waters, including extreme habitats like 
temporary ponds and hypersaline lakes, with few species inhabiting 
marine environment [8,20,67]. One of the most interesting aspects of 
these crustaceans is found in their adaptations to ephemeral environ-
ments, such as resting-eggs: these are drought-resistant and can survive 
years before hatching. As they usually do not hatch at the same time, 
they constitute an egg bank composed by different generations and ge-
notypes: the diversity retained by these egg banks could, therefore, 
facilitate their resilience to environmental changes [7]. 

The deep phylogeny and the systematics of the class are the subject of 
a long-standing debate: although recent phylogenomic analyses allowed 
to draw a clearer picture of the relationships among major clades, with 
Anostraca sister to all other branchiopod taxa and Notostraca sister to 
Diplostraca (which includes Laevicaudata, Spinicaudata and 

Cladoceromorpha; [71]), the higher order systematics of Branchiopoda 
is far from being clearly established. Four major monophyletic taxa are 
currently ascribed to this class: the Anostraca (fairy shrimps), Laevi-
caudata (clam shrimps), Onychocaudata (Spinicaudata, clam shrimps, +
Cladoceromorpha, water fleas), and Notostraca (tadpole shrimps) 
[60,71]. Their origin dates back to the Middle Cambrian, ~500 million 
years ago (Mya), and the four main lineages were already established by 
the Early Silurian (~450 Mya; [76]). The order Notostraca includes the 
two extant genera Triops and Lepidurus and, together with the fossil 
group Kazacharthra, they form the Calmanostraca: despite the apparent 
simplicity of their relationship, the consideration of fossil taxa compli-
cates the phylogeny of the group [86]. Overall, Notostraca is known to 
be an ancient lineage as suggested by the analysis of Permian 
(~300–250 Mya) fossils Triops cancriformis permiensis (recently elevated 
to the species status as Triops permiensis [24] [stat. nov.]; [39]) and 
Lepidurus occitaniacus [24], and of the Upper Devonian (~420–360 Mya) 
taxon Strudops goldenbergi [43]. 

* Corresponding author. 
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precursors of eshark_NOVEL_211 and eshark_NOVEL_234 (acc.
nos. JX994610, JX994511; identity¼ 76.5% and 78.9%, re-
spectively) (fig. 5). The extent of similarity includes the SINE HCD
(CORE in the CmiSINE and Deu in SacSINE1-CM) and, in two
instances, part of the tRNA-related head. The predicted mature
miRNA sequence resulted homologous to a fragment either of
the tRNA-related head or of the HCD itself (fig. 5).

We then checked the presence of SINEs within C. milii
messenger RNAs (mRNAs). BLAST search retrieved 104 posi-
tive hits for CmiSINE and 34 for SacSINE1-CM: all hits are
located within the 30 UTR (supplementary tables S1 and S2,
Supplementary Material online).

Discussion

Short interspersed elements are almost ubiquitous, fast evolv-
ing components of the eukaryotic genome that may have a

profound impact on the host genome (reviewed in Schmitz
2012). In the present analysis, we describe the life-cycle and
genome biology of two SINEs (SINE2-1_CM and SINE2B-
1_CM, here collectively referred to as CmiSINEs) within the
genome of the elephant shark Callorhinchus milii, and their
relationships with pre-existing SINEs.

Evolutionary History and Genome Invasion of CmiSINEs

We found CmiSINEs only in the C. milii genome, coexisting
with the newly discovered element SacSINE1-CM. This SINE
has homologs distributed in the genome of other cartilagi-
nous fishes (SacSINE1 family in S. acanthias, R. typus, and
L. erinacea) and, although with a quite divergent sequence,
in the coelacanth (LmeSINE1 family).

We discovered that CmiSINEs belong to the CORE-SINE
superfamily, as they show similarity with the CORE domain,
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Abstract

Short interspersed elements (SINEs) are non-autonomous retrotransposons. Although they usually show fast evolutionary
rates, in some instances highly conserved domains (HCDs) have been observed in elements with otherwise divergent se-
quences and from distantly related species. Here, we document the life history of two HCD-SINE families in the elephant
shark Callorhinchus milii, one specific to the holocephalan lineage (CmiSINEs) and another one (SacSINE1-CM) with homol-
ogous elements in sharks and the coelacanth (SacSINE1s, LmeSINE1s). The analyses of their relationships indicated that these
elements share the same 30-tail, which would have allowed both elements to rise to high copy number by exploiting the
C. milii L2-2_CM long interspersed element (LINE) enzymes. Molecular clock analysis on SINE activity in C. milii genome
evidenced two replicationbursts occurring right after twomajor events in theholocephalan evolution: the end-Permianmass
extinction and the radiation of modern Holocephali. Accordingly, the same analysis on the coelacanth homologous elements,
LmeSINE1, identified a replicationwave close to the split age of the two extant Latimeria species. The genomic distribution of the
studied SINEs pointed out contrasting results: some elementswere preferentially sorted out fromgene regions, but accumulated
inflanking regions,whileothersappearmoreconservedwithingenes.Moreover, data fromtheC.milii transcriptomesuggest that
these SINEs could be involved in miRNA biogenesis and may be targets for miRNA-based regulation.

Key words: CORE domain, Deu domain, miRNA, SINEs, SINE highly conserved domain, SINE replication waves.

Introduction

Transposable elements (TEs) are DNA sequences that multiply
either by producing copies that will insert in different genomic
locations or by simply repositioning themselves elsewhere in
the genome. TEs can be grouped into twomajor classes: Class
I includes all elements replicating via an RNA intermediate
(retrotransposons), and Class II comprises elements that
move via DNA intermediates (transposons; Wicker et al.
2007). In both classes, autonomous and non-autonomous
elements occur. The autonomous elements encode all the
enzymes that are required for their retrotransposition, while
non-autonomous elements are basically molecular parasites.
In fact, for their mobilization, they exploit the enzymatic ma-
chinery encoded by autonomous TEs (Ohshima and Okada
2005; Yang et al. 2009).

The best-known representatives of such quasi-parasitic re-
lationships are the non-autonomous short interspersed ele-
ments (SINEs) and their partners, the long interspersed

elements (LINEs; Ohshima and Okada 2005). LINEs are ubiq-
uitous Class I elements which code for a polyprotein with a
reverse transcriptase (RTase) domain, responsible for the re-
verse transcription of the RNA intermediates and the integra-
tion of cDNA into chromosomal locations. SINEs are small
elements with a well-defined modular structure: a small
RNA-derived head, an anonymous body (i.e., a sequence
without any relationship with known protein-coding do-
mains) and a tail terminating with an oligo-(A) or a micro-
satellite motif (Kramerov and Vassetzky 2011). In SINEs, the
functionally relevant modules are the head and the tail. The
former contains the promoters for the RNA polymerase III
(pol-III) and is thus responsible for the transcription of the
SINE-derived RNA that will constitute the template for the
reverse transcription. The tail module, on the other hand, is
homologous to the tail of the partner LINE. It is this region of
the SINE RNA that binds the LINE-encoded protein (Ohshima
and Okada 2005). The replication rate and survival of a SINE is

! The Author 2017. Published by Oxford University Press on behalf of the Society for Molecular Biology and Evolution.
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were analyzed. Both lineages showed a single gene with ω > 1.0, but 
they also showed approximately the same average ω (ESP, ω = 0.594 ±
0.226; ITA + JAP, ω = 0.425 ± 0.06; paired Wilcoxon test, p = 0.562) 
(Suppl. Fig. S5). 

The divergence among Lepidurus genomes was estimated on 4195 
orthologs, selected as for Triops samples. Lepidurus arcticusand L. couesii 
resulted the most similar, with an observed divergence of 2.28% ±
0.03%, while L. apus lubbocki was the most differentiated, with diver-
gence ranging from 6.05% ± 0.05% (vs L. apus apus) to 6.55% ± 0.06% 
(vs L. arcticus; Fig. 4b). 

Since L. arcticus and L. couesii are sister species but were collected in 
completely different environments (Iceland vs Southern Italy), we tested 

for possible selective events along the respective branches. Of the 
analyzed OGs, 117 fitted the model with branch-specific ω and, after 
filtering, a data set of 22 OGs was retained. Although, L. arcticus showed 
a single gene with ω > 1.0, the average ω values on the two branches 
resulted nearly identical (L. arcticus ω = 0.369 ± 0.060; L. couesii, ω =
0.394 ± 0.050; paired Wilcoxon test, p = 0.074) (Suppl. Fig. S5). 

4. Discussion 

In this work, we report the sequencing of five draft genomes from the 
four tadpole shrimp taxa L. apus apus, L. couesii, T. longicaudatus and 
T. cancriformis. Moreover, to enrich the Branchiopoda genomic 

Fig. 1. Phylogenomics and transposable elements content. (a) Time-calibrated phylogeny based on 1001 ortholog groups. Outgroups are omitted for graphical 
purposes. Newly sequenced genomes are indicated in bold. All nodes received maximum support (sh-aLRT = 100; UFBoot = 100). Branches are coloured according to 
the relative nucleotide substitutions rate (number of substitutions/site/Million year), as indicated in the upper left legend. Black dots indicate age calibration points. 
Numbers at nodes and tips represent estimated gene families' expansions (red), contractions (blue), and the number of estimated rapidly evolving families (between 
parentheses). (b) Transposable elements landscapes and their occupancy in the respective genomes. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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A B S T R A C T   

This analysis presents five genome assemblies of four Notostraca taxa. Notostraca origin dates to the Permian/ 
Upper Devonian and the extant forms show a striking morphological similarity to fossil taxa. The comparison of 
sequenced genomes with other Branchiopoda genomes shows that, despite the morphological stasis, Notostraca 
share a dynamic genome evolution with high turnover for gene families' expansion/contraction and a trans-
posable elements content comparable to other branchiopods. While Notostraca substitutions rate appears similar 
or lower in comparison to other branchiopods, a subset of genes shows a faster evolutionary pace, highlighting 
the difficulty of generalizing about genomic stasis versus dynamism. Moreover, we found that the variation of 
Triops cancriformis transposable elements content appeared linked to reproductive strategies, in line with theo-
retical expectations. Overall, besides providing new genomic resources for the study of these organisms, which 
appear relevant for their ecology and evolution, we also confirmed the decoupling of morphological and mo-
lecular evolution.   

1. Introduction 

The class Branchiopoda consists of small crustaceans distributed 
world-wide and living in fresh waters, including extreme habitats like 
temporary ponds and hypersaline lakes, with few species inhabiting 
marine environment [8,20,67]. One of the most interesting aspects of 
these crustaceans is found in their adaptations to ephemeral environ-
ments, such as resting-eggs: these are drought-resistant and can survive 
years before hatching. As they usually do not hatch at the same time, 
they constitute an egg bank composed by different generations and ge-
notypes: the diversity retained by these egg banks could, therefore, 
facilitate their resilience to environmental changes [7]. 

The deep phylogeny and the systematics of the class are the subject of 
a long-standing debate: although recent phylogenomic analyses allowed 
to draw a clearer picture of the relationships among major clades, with 
Anostraca sister to all other branchiopod taxa and Notostraca sister to 
Diplostraca (which includes Laevicaudata, Spinicaudata and 

Cladoceromorpha; [71]), the higher order systematics of Branchiopoda 
is far from being clearly established. Four major monophyletic taxa are 
currently ascribed to this class: the Anostraca (fairy shrimps), Laevi-
caudata (clam shrimps), Onychocaudata (Spinicaudata, clam shrimps, +
Cladoceromorpha, water fleas), and Notostraca (tadpole shrimps) 
[60,71]. Their origin dates back to the Middle Cambrian, ~500 million 
years ago (Mya), and the four main lineages were already established by 
the Early Silurian (~450 Mya; [76]). The order Notostraca includes the 
two extant genera Triops and Lepidurus and, together with the fossil 
group Kazacharthra, they form the Calmanostraca: despite the apparent 
simplicity of their relationship, the consideration of fossil taxa compli-
cates the phylogeny of the group [86]. Overall, Notostraca is known to 
be an ancient lineage as suggested by the analysis of Permian 
(~300–250 Mya) fossils Triops cancriformis permiensis (recently elevated 
to the species status as Triops permiensis [24] [stat. nov.]; [39]) and 
Lepidurus occitaniacus [24], and of the Upper Devonian (~420–360 Mya) 
taxon Strudops goldenbergi [43]. 
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