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Abstract

Genomic information has become a ubiquitous and almost essential aspect of biological research. 

Over the last 10–15 years, the cost of generating sequence data from DNA or RNA samples has 

dramatically declined and our ability to interpret those data increased just as remarkably. Although 

it is still possible for biologists to conduct interesting and valuable research on species for which 

genomic data are not available, the impact of having access to a high quality whole genome 

reference assembly for a given species is nothing short of transformational. Research on a species 

for which we have no DNA or RNA sequence data is restricted in fundamental ways. In contrast, 

even access to an initial draft quality genome (see below for definitions) opens a wide range of 

opportunities that are simply not available without that reference genome assembly. Although a 

complete discussion of the impact of genome sequencing and assembly is beyond the scope of this 

short paper, the goal of this review is to summarize the most common and highest impact 

contributions that whole genome sequencing and assembly has had on comparative and 

evolutionary biology.
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Introduction

One basic distinction is critical at the outset. In many circumstances, the phrase “sequencing 

a new genome” refers to the analysis of an individual, including the subsequent comparison 

of that one individual’s genome to a reference genome assembly meant to represent that 

species. When the genome of a human patient with an undiagnosed clinical disorder is sent 

for “sequencing,” the typical procedure is to generate sufficient raw read data to compare 

some (the protein coding exome) or (nearly) all of the patient’s genome to a standard human 

reference and look for differences that may be pathogenic and hence clinically relevant. 
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Although it is likely that in the future it will be possible, and maybe even routine, to produce 

de novo whole genome assemblies for individual patients at acceptable cost this is not now 

practical. However, the re-sequencing of individuals (i.e. the analysis of a given individual 

by comparing that individual’s DNA sequence to a curated and annotated reference genome) 

is not the focus of this review. Rather, we discuss the methods for and impact of producing 

de novo whole genome assemblies for species for which such information is not currently 

available. Thus, the question at issue is not “what do we learn about a specific individual 

from sequencing the genome of that specific individual” but rather “what do we learn about 

species X from sequencing an individual or pool of individuals that represent species X.” 

Producing a new reference genome facilitates analyses of other individuals from the same or 

closely related species, and this wider meaning and impact is our topic here.

How does one produce a new reference genome assembly?

The technology for sequencing DNA and assembling the raw sequence read data into a 

continuous representation of chromosomes continues to improve at a rapid pace. For this 

reason, any review of genomic methods and anticipated results will have a short shelf-life. 

Nevertheless, some general principles are likely to remain relevant for the foreseeable future. 

The current methods for producing the raw sequence data from which de novo whole 

genome assemblies can be constructed fall into two categories. The dominant short read 

technology comes from Illumina, Inc. and uses well-established chemistry to identify the 

sequence of nucleotides present in a given short segment of DNA. Current Illumina 

sequencing platforms produce basepair sequences of lengths up to 250 bp in a given DNA 

segment, and generally are used to read those sequences from both ends of a DNA fragment. 

This “next generation” technology was a dramatic improvement over older Sanger 

sequencing methods that produced longer reads but at much higher cost. The Illumina 

platforms have become the workhorses of genome sequencing but “third generation” 

technologies from Pacific Biosciences, Oxford Nanopore and other companies are gaining 

users and making impact. These “third generation” methods generate longer reads, up to tens 

of thousands of basepairs per read, but with higher error rates and other disadvantages.

The field of de novo whole genome assembly is currently grappling with the challenges of 

determining the optimal use of these various and constantly changing data types. As the 

methods for generating the raw sequence read data have evolved, so have the analytical 

strategies and software tools designed to assemble the large number of short or long reads 

into continuous sequences millions of bases (megabases) in length. The ultimate goal of 

genome assembly is production of error-free continuous sequences that span entire 

chromosomes. In contrast, currently attainable genome assemblies have tens to hundreds of 

thousands of gaps, though much of the genome is represented with good sequence quality in 

the assembled regions. Progress has been rapid and it is not outrageous to envision that 

essentially complete, highly accurate whole genome assemblies will be practical in the near 

future.

The data, problem and current results are illustrated in Figure 1 where the size of elements 

are represented on the logarithmic scale range from 100 basepairs to 100 billion basepairs 

(100 Gb). At the top in Figure 1 are the sizes of the targets of genome assembly (genomes 
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and chromosomes). The sequence read lengths and mate-pair distances for the different 

technologies are on the bottom.

In the middle of Figure 1, the lengths of the pieces in a de novo assembly are indicated using 

the contig N50 values. Contig N50 is a statistic commonly used to compare different 

genome assembly results in terms of their contiguity (the length of continuous DNA 

sequences without gaps, called contigs). Contig N50 is calculated by sorting all the contigs 

within an assembly from largest to smallest, then determining the size of the contig at which 

half of the total genome is in pieces bigger than that N50 value. Larger contig N50 values 

correlate with improved recovery of genomic features (see below). Note that the genome 

sizes and chromosome sizes are 10 to 1,000 times longer than the contig N50 values of 

current de novo assemblies. Improving the contiguity by adding some long read data to an 

NGS assembly or using a de novo long read method is beneficial. Often it is genomic 

features such as repeats that limit the contiguity attained in a genome assembly and these 

methods resolve many of these repeats and recover missing data. As an example, the de novo 
PacBio gorilla genome recovered 87% of the exons missing in earlier assemblies[1]. There 

remains room for improvement, because even easier to assemble haploid samples need 

directed finishing efforts to address the last difficult regions[2, 3], and the extensively 

studied “finished” human reference genome is still being improved[4]. Despite this potential 

for further progress, changing reference genome versions is a painful process of transferring 

genome analysis coordinates (the basepair locations) from the old version to the new, and 

there will always be sequences that are altered during this transfer that someone prefers as 

the old version. So even as genomic sequencing costs drop and de novo genome assemblies 

becomes more achievable, researchers should plan to use the current genome iteration for 

several years.

Genome Analysis Wish Lists

As a foundational biological tool there are many analyses possible with a new genome 

(Table 1). We present here a short list of the most common analyses with example results 

leading to biological insight. First and foremost on this wish list is identification of the 

protein-coding genes in that genome and the comparative analysis of gene families. Gene 

family analyses begin with identifying the collection of protein coding genes in the 

organism, which is compared to the gene complement from other species already sequenced. 

Differences in the number and types of genes present as well as differences in the sequences 

of orthologous genes are evaluated.

The genome assemblies first produced by large-scale sequencing efforts allowed 

investigation of lineage-specific gene duplication and gene loss[5]. Expanding gene families 

are thought to be a birthplace for molecular innovation[6] and have repeatedly provided 

biological insight into for example photoreception[7] and rumination[8]. The sheep genome 

highlighted genes in the epidermal development complex involved in keratinized structures, 

expressed in the rumen in sheep and cattle, and that appear to function in this ruminate-

specific adaptation. Gene losses can also be important. The T1R1 gene is inactivated in the 

panda, creating an inactive umami taste receptor, which may be related to this carnivore’s 

herbivorous diet[9]. These innovations may be targets for therapeutics or pesticides, such as 
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the secreted proteins in blood feeding pests [10, 11]. The list of genes may be interesting for 

what is missing, suggesting that the organism can do without some genes that are required in 

similar organisms. For example, in the pea aphid, a number of metabolic pathways were 

incomplete because the functions were carried out by its intracellular mutualistic 

bacterium[12]. More commonly, there will be gene families that are expanded or present in a 

lineage where they were not anticipated. In the honey bee and other eusocial bees genetic 

pathways that control DNA methylation are found that are not present in drosophila, and 

DNA methylation is used to regulate the reproductive suppression of worker bees[13–15]. 

Combinations in these innovations may indicate a shift in species ecology such as the kiwi, 

where opsin genes related to color vision are inactivated and the odorant receptor repertoire 

is expanded, consistent with increased reliance on olfaction for nocturnal foraging[16]. 

Perhaps the most dramatic example of massive expansion and diversification is that of 

animal parasitic effector genes to avoid recognition by the plant immune system. There are 

more than1,000 effector genes in the gall forming pest Hessian fly [17] and similar massive 

expansions are in the infamous Irish potato famine pathogen [18]. Independent gene family 

expansions of three gene families in the mammalian platypus and the reptile snake lineages 

have led to the convergent development of venoms[19]. The convergence of similar genomic 

strategies across such divergent taxa is remarkable.

Each new genome identifies genes that are very similar to genes in other sequenced species. 

Genes involved in fundamental highly conserved cellular functions such as DNA and RNA 

processing are commonly in this category. Analysis also identifies genes that are more 

divergent, often genes involved in interactions with the environment such as detoxification 

genes, immunobiology and sexual selection. Gene family analyses often focus on these 

genes that are rapidly evolving, and show signatures of positive selection. In the giraffe, over 

half of the genes identified as showing multiple signs of adaption are involved in 

developmental patterning functional pathways. These include unique changes predicted to be 

functional in homeobox genes consistent with the growth required to produce and support 

the long giraffe neck[20]. Killer whale ecotypes show positively selected genes associated 

with cold adaptation and feeding behavior (mammal or fish predation)[21].

Genes identified as having been subjected to positive selection on the lineage being studied 

are found to have associations with diseases, or are enriched in pathways related to 

phenotypes of the species under study. For example, a quarter of the positively selected 

genes in the genome of the nocturnal, large-eyed tarsier have been implicated in eye 

development or visual disorders[22]. And the genome of the sheep identified a gene found in 

wool follicles positively selected in the sheep vs. cattle lineages that is potentially associated 

with wool development[8].

As more genomes become available, it is becoming possible to predict the ancestral gene 

content of a clade of species and to analyze the biology of that ancestor by genomic proxy. 

The report of two acorn worm genomes identified shared traits inherited from the last 

common deuterostome ancestor such as transcription factor genes associated with gill slits, 

as well as potential lateral gene transfer from marine microbes[23].
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A related important focus of attention is the identification of the complement of non-coding 

genes including miRNA, lncRNA, and other regulatory RNA genes. These are also often 

different between closely related species. The analysis of the marmoset genome sequence 

discovered differences in miRNA genes and targets relative to human orthologs that raised 

more questions then could be immediately answered, primarily because these genes had not 

been extensively studied[24]. In bumblebee genomes, miRNAs appear to have a role in their 

social behavior[14].

The analysis of a new whole genome assembly inevitably provides new insights into 

repetitive elements and sequences within genomes. Retrotransposons, pseudogenes, 

segmental duplications and other repeated sequences make up a large fraction of eukaryotic 

genomes and hence are an important aspect of comparative genomic analysis. The 

movement and duplication of transposable elements can generate copies of genes or parts of 

genes and creating substrates for gene innovations. An extreme example is found in the 

gibbon, where the gibbon-specific LAVA element inserted in a number of genes involved in 

chromosome segregation. This appears to disturb the gene regulation enough to drive the 

excessive chromosome rearrangements in the genome[25]. Gene families can be expanded 

via retrotransposition duplication as in in the dinoflagellate coral endosymbiote [26]. And 

changes in low copy repeats can increase risk of disease-causing deletions[27].

The evolutionary insertion of new mobile elements allows researchers to distinguish 

ancestral from derived haplotypes, and this information about ancestral states has also been 

used to investigate population history[28]. An improved tarsier genome assembly was 

recently published [22] and allowed comparisons between this primate and other species 

phylogenetically closer to humans including the New World monkeys, Old World monkeys, 

and the great apes (which include humans). The new genome sequence allowed a more 

complete description of the history of the repeat elements showing when different types of 

elements were active in the different lineages.

Sex chromosomes[29], centromeres[30], telomeres, and segmental duplications are all 

technically difficult to sequence and assemble and contain functional elements that have 

interesting biology[3, 5, 6, 28–38]. Such recently or repeatedly duplicated sequences are 

hotbeds for gene family expansions. Hominoid lineage specific gene expansions are 

frequently found in pericentromeric and subtelomeric genomic regions[5].

Comparisons to other sequenced genomes are used to identify syntenic relationships as well 

as population history, introgression and admixture. Introgression has been identified in a 

number of species complexes including mosquitos[39] and butterfly mimics[40]. Moreover, 

recent introgression can complicate the analysis of older introgression events as in the 

diversity study of Darwin’s finches with evidence of both ancient and modern 

hybridization[41]. And of course, there has been substantial interest in the finding that the 

modern human genome contains significant amounts of DNA sequence introgressed from 

both Neanderthals and Denisovans[42, 43].

Although we think of genomic history as being from inherited sequence, either 

chromosomal or mitochondrial, genomic studies have highlighted the role of lateral gene 
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transfer. This includes insertions from mitochondrial genomes already present in the species 

(numts), and lateral gene transfer (LGT) from symbiotic bacteria. The latter can include 

almost the entire bacterial genome as in the case of Wolbachia in Drosophila ananassae [44]. 

In some cases such as the bedbug, the genome seems to contain the degraded remains of 

older bacterial LGTs from multiple sources [45]. LGTs can lead to ecologically important 

functional innovation as in the Asian Longhorned beetle genome which harbors bacterially 

derived glycoside hydrolases enabling the lignin and cellulose digestion that makes it a 

serious pest of forests[46]. Finally, genome references can also show where LGTs have not 

occurred. The pea aphid symbiont Buchnera has a dramatically reduced genome size due to 

loss of genes that are functionally replaced by the host aphid. This is in contrast to the 

functions that have been transferred to the aphid genome from other bacterial species[12]. 

Overall LGT is a significant evolutionary force.

Complementary Genomic Data that synergistically enhance the analyses

Other types of genomic data have been used to study new genomes, either as a cost-saving 

approach or to provide added dimension to the genome that allows better interpretation. 

These data include expressed sequences, genomic DNA sequences from related individuals 

[47], and sequencing data that samples epigenetic regulation[48] and three-dimensional 

chromatin structure[49]. Expressed RNA sequences were initially used as a cost-saving 

method to assess the gene complement without sequencing the rest of the genome. As 

sequencing costs have dropped these analyses have become integral analyses to improve the 

identification of genes in the genome sequence[8]. Gonadal and brain tissue expression are 

often the first sequenced as these tissues are richer in expressed sequences that are not found 

in other tissues. Using RNAseq data from a number of different tissues is necessary to more 

completely sample the genes that are not universally expressed[50]. The GC content of the 

honey bee genome is bimodal and the initial annotation was more complete in regions with 

higher GC content. Once additional RNAseq data became available from different tissues, it 

became clear that this was an annotation bias and not due to gene deserts or regions where 

genes were not found[51]. More recently RNAseq data has been used to sample a variety of 

tissues and developmental states to understand genome regulation and function[52].

Beyond understanding the gene changes described above, comparisons to the genomes of 

other species that are closely or distantly related will produce novel insights[53]. 

Comparisons among individuals within the same species are used to understand the extent of 

variation within the species[54, 55]. The data for these analyses can be WGS or sample 

sequences like genotyping assays using chips designed for other species. The deeper 

sequencing data improves the resolution, but the sampling methods can provide an initial 

interpretation that can be expanded and refined in subsequent studies. The amount of 

variation between individuals within a species varies widely[56]. An extreme example is the 

cheetah with very low single nucleotide variation [57]. The type of variation can include 

larger events such as chromosome inversions, which in stickleback play a role in the 

repeated evolution of marine and freshwater adaptations[58].
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Finally, in addition to the expressed data and other genomes, epigenetic data from 

methylation sequencing or chromatin conformation studies can enhance the understanding 

of genomic regulation. A comprehensive review of these types of data is available [59].

Resources are always limited so one must set priorities and decide what is most important 

when approaching a genome sequencing project. Associated data such as RNA-seq and data 

to support annotation can compensate for a lower quality genome assembly. In some 

situations, additional data to study within species variability may be more important than a 

more complete and accurate reference genome assembly. Initial directed efforts to capture 

and sequence protein sequences similar to those in the genome of a sequenced related 

species or to limit de novo genome analyses to protein coding genes can conserve resources. 

Wider scope with analyses including non-coding RNAs, regulatory sequences, methylation 

and other epigenetic marks are more resource intensive than just the sequencing required to 

sample the genome.

The Larger Audiences for Genomes

There are a number of constituencies beyond genomics researchers with different 

requirements for genome analysis. Researchers working on the physiology or metabolism of 

a given species want a catalog of protein-coding genes and noncoding RNAs with complete 

and accurate sequences for each. These resources are also required to define peptide mass 

expectations for proteomics mass spec assays. In addition, researchers working on cellular 

and molecular mechanisms of gene regulation want high quality sequences of upstream and 

downstream regulatory elements and a deep transcriptome to allow analysis of tissue-

specific expression. For evolutionary genomics, well-justified orthology lists are also needed 

to know which genes in a given species are orthologous to what genes in another species. 

Population geneticists need whole genome sequences and variant lists from additional 

individuals in the species. Phylogenetics studies require whole or partial genome sequences 

to compare sequence divergence among groups of species. Microbiome metagenomic 

studies leverage existing genome sequences to interpret the functional capacity and 

composition of the populations they study.

Biomedical researchers do not necessarily require information for all of the genes in a model 

organism, sequence and expression data for genes known or suspected to be involved in a 

particular human disease may suffice. Getting the genomic structure information needed for 

these studies may still be difficult, particularly for genes in regions such as segmental 

duplications[33]. Association studies designed to locate the relevant genes also benefit from 

a well-annotated genome[60]. Often a research inquiry starts with a less expensive technique 

and then when the answer proves elusive, the analysis expands to more extensive (and 

usually more expensive) methods.

Despite the expectation that having a genome sequence will improve many future analyses, 

the translational impact of a genome sequence may be hard to predict. One unexpected 

finding in the bovine genome, is how much it changed production agricultural practice. Prior 

to the genome sequence, there were prize bulls (chosen based upon the milk production of 

their daughters) that contributed large fractions of the chromosome complement of the 
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Australian Holstein population. More recent methods have been developed to make genomic 

predictions using DNA marker information early in the life of an animal, thus avoiding the 

need to wait until a sire can be evaluated based on his daughter’s phenotype[61].

Genome engineering is no longer limited to a few model organisms [62]. RNA interference 

has been used for agricultural pest control[63]. As CRISPR genome editing techniques move 

genetic modification to the individual instead of requiring breeding experiments, these 

methods are becoming ubiquitous. Combining these modifications with gene drive 

mechanisms proposed to control mosquito vectors for infectious diseases[64]. Genomic 

sequence is the necessary substrate for these experiments.

Concluding Thoughts

In conclusion, a whole genome reference assembly is foundational to biological studies. 

With the newer genomic techniques for studying gene expression and function, genome 

regulation and for engineering genomes, this is more true today than when the earlier 

Sanger-based genome assemblies were published. Any genome sequence assembled today 

will be used to open up new avenues of research, even in well-studied species.
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Figure 1. 
This figure shows the challenges of creating complete genome representations.

The relative sizes of different genomes, genome assembly contigs, and sequencing 

technologies are shown with the logarithmic scale across the bottom. At the top in blue are 

the sizes of genomes for different clades of organisms. Vertebrate genome sizes vary over 5 

orders of magnitude, while mammalian genome sizes are more similarly sized (~3Gb). In 

the middle, in red, are the size ranges for the contigs (measure by contig N50) for current 

sequencing technologies (Illumina next generation or NGS assemblies, NGS assemblies 

with PacBio improvement, and PacBio de novo assemblies). The lengths of sequence reads, 

mate-pair distances and mapping fragments of different technologies are shown in the green 

bars at the bottom.
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Table 1

Genome Analysis Wish List

Protein coding genes Structure and complete sequence

Gene families Expansions and contractions

Rapidly evolving genes Positively selected

Non-coding RNA genes Structure and complete sequence

Ancestral gene content

Repetitive elements Transposable elements

Segmental duplications

Population history Phylogenetics, population size

Genomic history Lateral gene transfer, admixture
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