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Introduction

Domesticated farm animals are of the highest importance for
human food supply. This implies a need for optimized pro-
ductivity while demanding healthy animals living under jus-
tifiable ethical conditions. Some of the domestic animals are
also used as model organisms for human diseases, eg, pig as a
model for obesity, cardiovascular disease, gastroenteropathy,
and immunological diseases, as well as a pharmacology and
toxicology model.I"® Variations in the genomic sequence are
gaining increasing importance for improving strategies for
domestic animal studies. However, the assembled genomes
are of highly diverse assembly quality. High-quality genome
assemblies are a prerequisite for high-quality genomic and
transcriptomic analyses, while in contrast, poor genome assem-
bly qualities increase the risk of poor transcriptome assem-
blies, which highly impact the value of any next-generation
sequencing (NGS) experiment. In recent years, various NGS
strategies are widely used to address a wide range of differ-
ent questions from differential expression to epigenetic marks
such as methylation signatures of RNA transcripts. Although
the creativity in the ways to use NGS seems to be unlimited,
the usage of NGS often requires a good reference genome
to start with. Unfortunately, there are seemingly not many

recent advances in improving the reference genome sequences
accordingly, although ongoing development in the field such
as PacBio holds the potential for a paradigm shift, pending on
the overall costs.” Currently, genomes such as pig (susScr10.2)
and dog (canFam3) have not been improved since 2011, and the
horse genome has not been improved since 2007. This leaves
an apparent imbalance and a potential waste of resources by
generating the data meant for genome-wide comparison that
cannot be mapped. It also influences proper and full analyses.
In the best case, this will result in an incomplete analysis, but
in the worst case, it will lead to misinterpretation of the data.

We briefly outline some of the genome assemblies in
Figure 1A. Most of the species considered were sequenced
using a hybrid approach, combining whole-genome shot-
gun sequencing (WGS) with a hierarchical BAC clone
approach, and only a few of them solely relied on WGS (for
example, dog, sheep, and goat). Organisms sequenced in the
early 2000s benefit from the integration of Sanger-based
sequencing, which is characterized by longer read length
and better sequence quality, while more recently, sequenced
organisms are mainly based on short-read NGS.® The dog
genome assembly is based on WGS with Sanger sequencing.
CanFam2, on which the current canFam3 is based, was at its
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susScr102 and in the phylogenetic subtree around dog, but the gene is conserved in the phylogenetic subtree of pig and even in the more distant birds.
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Figure 1. Discrepancy between phylogeny and gene annotation.
Notes: (A) The phylogenetic tree of the 21 investigated species is shown, with a clear separation between placental mammals and birds. The tree is a subset
of the UCSC-generated 100-way tree. (B) A UCSC genome browser view in human of the genomic region around PROZ. PROZ is missing in the pig assembly
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time of release (2004) much better than most other assemblies
(eg, the mouse genome), due to high sequence coverage and
good data quality in terms of read length or library insert
sizes (up to 200 kb insert length).” The horse genome, also
known to be of high quality, is based on Sanger sequencing
as well, but supplemented with BAC and fosmid clone maps,
for better contiguity.m 'The cow genome was sequenced using
the Sanger method and incorporates BAC clones, account-
ing for a large proportion of the genome coverage.!! In cow,
special attention was given to the genome assembly method,
by using improved postprocessing algorithms that took into
account synteny with the human genome, among others.! On
the other hand, the pig genome is mainly based on sequences
from BAC clones obtained back in the 2000s, to which WGS
Illumina sequences are added for resolving gaps.!?

The sheep and goat assemblies were obtained by short-
read NGS. The sheep genome was iteratively improved with
new sequencing data produced in different rounds, produced
by Illumina and 454 technologies, in an attempt to cover the
numerous gaps in the assembly.!® For the goat assembly based
on Illumina reads, the newer optical mapping technology
was employed,'* instead of radiation-hybrid or fluorescence
in situ hybridization maps used in most other assemblies for
the alignment of chromosomes. The chicken genome was ini-
tially sequenced in 2004 using the Sanger technology" with
the support of BAC clone physical maps for assembly scaf-
folding. The first version was updated with new 454 sequenc-
ing data, genetic maps, and better assembly algorithms. The
genome assembly of turkey was obtained using Illumina and
454 sequencing and makes use of a BAC clone-based physical
map for aligning to chromosomes only.!® Being less than half
the size of mammalian genomes, but with a higher number of
chromosomes, both chicken and turkey genomes showed par-
ticular assembly challenges in certain genomic regions, mainly
due to repeats specific to the small chromosomes in birds.!*1

When conducting comparative genome analysis of spe-
cific regions of domesticated animal genomes in, eg, the Uni-
versity of California Santa Cruz (UCSC) genome browser, it
is apparent that regions with some frequency are missing. For
example, vitamin K-dependent plasma glycoprotein (PROZ),
a gene encoding for a protein with a role in regulating blood
coagulation in human, has annotated orthologs in cow, sheep,
and horse, as well as mouse, and even xenopus and some
birds, but orthologs are missing in pig and dog, among others
(see Fig. 1B). However, it is not clear if this gene is missing
because it is simply not in the genome assemblies or whether
it was indeed lost in some of the lineages. Elucidation of these
loci is highly relevant, so that it can be determined why the
gene is missing in the genome. For example, if the missing
genome sequence is a protein-coding gene highly conserved
over mammals, one would also expect to find it in the syntenic
region and a naive first approach is to look for the correspond-
ing protein isoforms in the relevant databases. However, less
conserved genomic loci will leave further analyses open for

future considerations, or they would demand large resources
to solve a local genomic region experimentally.

To investigate the extent of this problem, we assessed the
quality of the most recent genome assemblies of 20 domes-
tic animals and related species and compared to the human
genome (hgl19), which we define as the gold standard assem-
bly. The assembly quality is measured considering a range of
parameters, as follows: nucleic acid conservation of highly
conserved protein-coding and ultraconserved elements (UCs);
amino acid homology of universal single-copy orthologs; struc-
ture conservation of housekeeping RNAs; assembly sequence
quality; and assembly contiguity. With this information, we
can further quantify the imbalance between NGS applications
and genome assembly quality.

Methods

Genomes. The genomes investigated in this study are
listed in Table 1. We focused on domesticated animals that
are part of either the Laurasiatheria or the Aves. We supple-
mented the domesticated animal genomes with other species
within these two phylogenetic classes based on the criteria of
maturity of the assembly and the existence of genomic annota-
tion. For comparison, the well-assembled genomes of human
(hgl9/GRCh37) and mouse (mm10/GRCm38) were added.
The genomic sequence was downloaded from the UCSC
webservers as so-called 2 bit files.

Genome assembly quality features. Genome assembly
quality has previously been assessed in many different ways
with focus on methodologies (eg, insert size distributions and
sequence coverage), genome biases (eg, £-mer distributions), or
fragment length distributions (eg, N50).11® Additionally, the
completeness of highly conserved orthologous genes in genome
assemblies has been investigated to reflect the expected gene
content.'*29 In the current study, we combine a number of
these previously proposed features along with nucleic acid
conservation and synteny of highly conserved genomic loci.

Analysis of conserved genomic features. The analysis of
highly conserved genomic features (conserved protein-coding
genes and UCs) is based on pairwise sequence alignments of
human and the 20 vertebrates. The pairwise alignments were
built by lastz?! and the UCSC toolkit?? for chains and nets
with human as query. We used the UCSC tool 1iftOver
(parameter minMatch = 0.8) to convert genomic coordinates
in human to the other species based on the pairwise align-
ments. We investigated the conservation of the union of 32
universal genes (COGs) described by Ciccarelli et al.?* and

444 conserved core eukaryotic genes!

with an ortholog
in human. The majority of COGs are ribosomal proteins.
'The 4,856 merged exons from these 463 protein-coding genes
were classified as deleted, partially deleted, split, or being in
the wrong order compared with the exon order in human.
Furthermore, we checked for the presence of 473 UCs (200 bp
long loci of 100% identity in rat, mouse, and human),?* which

were classified as deleted, partially deleted, or split. Note that
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these highly conserved genomic features cover both coding
and noncoding intergenic regions which is in contrast to what
is done in Benchmarking Universal Single-Copy Orthologs
(BUSCOs; see below).

Benchmarking Universal Single-Copy Orthologs. Sets of
BUSCOs are orthologous groups of single-copy genes described
by Simio et al.?> Any BUSCO in vertebrates can be expected
to be found as a single-copy ortholog in any genome from the
phylogenetic clade of vertebrates. In short, for each BUSCO
group, an amino acid consensus sequence is generated from its
respective hidden Markov model profile, and a block profile is
built to guide automated gene predictions with AUGUSTUS.?
During genome assessment, regions in a genome that are likely
to encode BUSCO-matching genes are identified by tBLASTn
searches, then genes are predicted in these candidate regions
using the corresponding BUSCO group’s block profile and
default gene finding parameters. Successful AUGUSTUS gene
prediction for each BUSCO group produces an initial BUSCO
gene set whose protein sequences are then evaluated using the
BUSCO-specific cutofts to determine true orthology and com-
pleteness. Finally, significant matching protein sequences are
tested to be likely orthologous or just homologous by applying
the BUSCO group’s hidden Markov model profile. We were
running the BUSCO version 1.1b1 in genome mode with the
lineage specific profile libraries of vertebrata and used the pre-
computed metaparameters of human for placental mammals
and chicken for birds (parameter -species human/chicken).

45S ribosomal DNA cluster. Ribosomal RNAs (rRNAs)
are the primary structural components of the ribosome. The
rRNA species 28S and 5.8S from the large ribosomal subunit
and 18S rRNAs from the small subunit are encoded by the 45S
ribosomal DNA (rDNA) cluster. Transcription by RNA poly-
merase | yields a primary transcript (455 pre-rRNA), which is
processed into the mature 28S, 18S, and 5.8S rRNAs found
in cytoplasmic ribosomes. The rRNAs reciding in a single
458 transcription unit are separated by spacers and are always
arranged in the same 5" to 3" order: 185, 5.8S, and 28S. rDNA
silencing is mediated through methylation of the rDNA pro-
moter via DNMT3B and pRNA, a noncoding RNA which
has been shown to originate from a spacer promoter located
upstream of the pre-rRNA transcription start site.? We pre-
dicted the 28S and 18S rRNAs with RNAmme r?” and searched
the 5.8S rRNA Rfam family RF00002 and the pPRNA Rfam
family RF01518 with Infernal.?® We defined the rRNA
score to describe the completeness of the 455 rDNA cluster as
2X R -8, where R is the count of pRNA, 18S, 18S, or 5.8S
rRNA in the correct order on the same chromosome or scaf-
fold 2 < R < 4), and § is 1 if not all items are located on
the same strand and 0 otherwise. The cluster with the highest
rRNA score was reported.

Additional features. We counted the presence of
tRNAs coding for each of the 20 standard amino acids and
selenocysteine and required at least one tRNA coding for
each. tRNAs are predicted with tRNAscan-SE.? Assembly

sequence quality was measured by counting gaps of 10 or more
nucleotides in the genome assemblies. The assembly contigu-
ity was described by the scaffold N50 metrics as documented
in the NCBI Assembly database (http:/www.ncbi.nlm.nih.
gov/assembly). Scaffold N50 is a scaffold size such that scaf-
folds of this length or longer include half of the bases of
the assembly.

Genome assembly quality ranking. A quality score for
genome assemblies has been previously suggested by combin-
ing normalized feature scores.’® Besides using some of their
presented features, we decided to rank the genome quali-
ties without weighting each of the features used to analyze
the genomes. The impact of each feature for describing the
assembly quality is unknown, and a perfect vertebrate genome
assembly to train the weighting parameters does not exist (even
the human assembly is still incomplete). Hence, model training
would necessarily result in a biased score toward the defined
standard. Instead, we decided to measure the differences
between the assembly qualities of studied species by reducing
the variances of the applied features. This was done by a princi-
pal component analysis (PCA) of the features (princomp func-
tion from the built-in R stats package). Each genome assembly
was represented by a vector consisting of 15 z-score normalized
features (see Table 1): highly conserved protein-coding exons
(PCE; 4 features), ultraconserved elements (UC; 3 features),
universal single-copy orthologs (BUSCO; 4 features), 45S
rDNA cluster (fRNA; 1 feature), tRNAs (1 feature), assembly
size normalized gap count (1 feature) and contiguity (scaffold
N50; 1 feature). Then, the ranking of assembly qualities was
quantitatively measured in comparison to the human genome
assembly that has been the most intensively investigated of all
vertebrate genomes. We calculated the Euclidian distances of
the first three principal components (PCA score) between each
species and human and ranked the genome qualities accord-
ingly. The number of principal components chosen for the dis-
tance measure explained most of the feature variances.

Transcriptome data and processing. For comparison
of the read mappability to the genome assembly quality, we
downloaded paired-end libraries of polyA-selected RNA and
total RNA from the sequence read archive.3! All libraries were
sequenced on an Illumina HiSeq 2000. Only species with at
least three libraries were considered. The applied libraries are
listed in the Supplementary File 1. For 11 species, we found
polyA-selected RNA libraries, and for 4 species, we found total
RNA libraries. For human, mouse, and sheep, we studied both
polyA-selected and total RNA libraries. We processed the raw
reads by removing low-quality reads and adapter sequences
with cutadapt (version 1.8.3; parameter -m 30 -q 20).%?
Cleaned reads were aligned to their reference genome, which
was built without annotations using STAR (version 2.4.0 j).33
After aligning, we removed rRNAs from the mapped tran-
scriptomic data based on the rRNA predictions from RNAm-
mer (8S, 18S, and 28S) and Infernal (Rfam families
RF00001:5S and RF00002:5.8S). We counted uniquely and
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multimapped reads as mapped reads. For each organism, we
documented the mean and standard deviation of mapped reads

in the applied libraries.

Results

In this study, we analyzed the genome quality of the latest
assemblies (September 2015) of 20 domesticated and phy-
logentically related animals from the classes Laurasiatheria
(placental mammals) and Aves (birds), including several farm
animals. As a gold standard assembly, the human genome
(hgl9) has been included. The phylogenetic relationship
between the species is shown in Figure 1A.

Genome assembly quality features. The analyzed genome
assembly quality features of all 21 species are summarized in
Table 1. At a first glance, we see that most of the applied fea-
tures have their best values for the human and mouse genome
assemblies, which is in agreement with the extensive efforts
undertaken to study these organisms. The efforts to complete
the genomes are especially reflected in the gap content, which
is much lower for human and mouse than in the other species.
Another strong signal is that, in general, features for UCs,
conserved PCEs, and universal single-copy orthologs (BUS-
COs) are of lowest quality for the bird genome assemblies,
which may be partly explained by the evolutionary distance
to mammals. However, chicken has arguably an assembly
quality better than that of many mammals, and this is likely
due to the usage of the Sanger sequencing technology. Nine
genome assemblies are still at the scaffold level; however, we
do not see a clear quality difference to the assemblies at the
chromosome level.

Strikingly, all genome assemblies lack a significant
amount of the 3,023 BUSCOs. Human, mouse, dog, and fer-
ret have the largest number of complete BUSCOs (89%-91%).
The least complete genomes in terms of BUSCOs are those of
pig, dolphin, mallard duck, turkey, zebra finch, and domes-
tic goat (69%-79%). The sequence conservation and synteny
of 4,856 PCEs generally agree with the BUSCO assessment.
However, an exception is cow, which performs very well in
terms of PCEs but less well in BUSCOs. The genome-wide
alignment based comparisons to human (PCEs) are likely to
perform better than BUSCOs because synteny with human
had been used in the built of the cow assembly.!! The 473 UCs
are well covered by all genomes. An exception of this trend is
the pig assembly with 8% incomplete UCs, which is more than
that for the genomes of birds. It has been suggested that dur-
ing the initial pig genome project, only about 90% of the pig
genome was accessible in BAC clones,'? which could explain
the incomplete set of intergenic elements in our study.

Extreme cases of assembly contiguity are the sheep, pig,
and dolphin assemblies. The scaffold N50 of sheep is very
high (100,080 Kbp), whereas the contig N50 is much lower
(40,376 Kbp), suggesting issues in the scaffolding. In con-
trast, the scaffold N50 of pig and dolphin is very low, which

is in agreement with the low quality of these two assemblies

described by the other features. The 455 rDNA cluster is a
highly repetitive genomic region that makes it hard to assemble
in the correct order without very long reads. Besides human,
only the genome assemblies of dog and horse have a complete
455 rDNA cluster. All the other genomes completely lack
the cluster or contain only a part of it. All genomes have a
complete set of standard tRNA codons and only part of them,
including human, miss a codon for selenocysteine.

The pig genome is clearly the least complete assembly of
all placental mammals. It misses a substantial number of UCs
and a large fraction of PCEs. On the other hand, it is one of
the few genomes with a (almost) complete 45S rDNA cluster.
28S, 5.8S, and 18S are located in a tandem on chromosome 6,
but the rDNA silencing mediator pPRNA is positioned almost
100 kb upstream on the opposite (positive) strand. This suggests
that the pig genome has been exhaustively assembled on highly
incomplete genomic sequencing. The dolphin genome assembly
represents another extreme with almost 10% of the PCEs in a
rearranged order in comparison to human, which may be partly
explained by the large amount of scaffolds (240,901; see also low
scaffold N50). The genome assembly of panda illustrates that the
features of genome sequence quality and gene content do not
agree in all cases. Whereas the low scaffold N50 and the large
number of gaps suggest a low quality, the gene content-based
metrices are among the best of all examined assemblies (except
of the rRNA feature). Hence, in the following, we propose a
ranking of genome assembly quality combining all features.

Quantitative ranking of genome assembly qualities.
For the 15 quality features, the first three principal components
(PCs) account for 75% of their variance. Figure 2 illustrates
important relationships between the assessed features and the
three PCs. Almost 50% of the information in the features is
reduced into the first PC (PC1), which is primarily composed
of features describing misassembled protein-coding genes or
UCs (fragmented, split, wrong order). Features describing
missing genomic information are primarily represented by
PC2 (deleted, partially deleted), and this accounts for 17.2%
of the variance. PC3 describes another 10.8% of the feature
variance that originates mostly from the complete duplicated
BUSCO and the 45S rDNA cluster. The assembly contiguity
(N50) cannot be grouped with the other features and, hence,
contributes equally to all three PCs.

Based on these three PCs, we quantitatively rank the
species by their Euclidian distance to human in the three-
dimensional space, see PCA score in Figure 3. The PCA score
can be interpreted as an assembly quality score. The genome
assemblies of dog and mouse are of highest quality followed
by cow, horse, cat, ferret, and microbat. The genomes of sheep,
megabat, hedgehog, shrew, panda, alpaca, and chicken are
all of medium quality, and the genomes of dolphin, mallard
duck, pig, turkey, zebra finch, and domestic goat have the
lowest PCA scores. Figure 3A shows a weak positive correla-
tion between the PCA score and the divergence time between
human and the compared species (Pearson’s correlation
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Figure 2. Relationship between principal components and quality features.

Notes: The first three principal components (PCs) account for 75% of the feature variance (PC1: 47.1%, PC2: 17.2%, and PC3: 10.8%). Rectangular
nodes describe the 15 quality features. The edge weight describes how much variance of a feature is explained by the principal component. Green edges
connect features negatively related to genome quality, and purple edges connect features positively related to genome quality. Relations (edges) are
shown if greater than 0.3 or smaller than —0.3. See Table 1 for abbreviations of the quality features. Gaps are normalized by assembly size. The figure

was made using the R qgraph package.
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Figure 3. Correlation of genome assembly quality to (A) phylogenetic distance to human and to (B) frequency of mapped reads from RNAseq experiments.
Notes: The genome assembly quality (PCA score) is measured as the Euclidian distance of principal component 1 (PC1), PC2, and PC3 between human
and 20 other species. The human genome serves as reference and has a Euclidian distance of zero. RNAseq experiments are divided into polyA-selected
RNA (blue circle) and total RNA (green diamond), and the mean and standard deviation of mapped reads are shown. After removing human (reference)
and bird genomes (large phylogenetic distance), the Pearson’s correlation coefficient between assembly quality and phylogenetic distance is 0.26,
between assembly quality and polyA-selected RNA mapped reads is 0.91, and between polyA-selected RNA mapped reads and phylogenetic distance is
0.43. Only the correlation between assembly quality and polyA-selected RNA mapped reads is significant (P < 0.005).
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coeflicient p=0.54). However, after removing human (gold
standard) and the bird genomes (which have large phylogenetic
distance to the placental mammals), the correlation disappears
(=0.26). Given that the mouse is more evolutionarily dis-
tant to human than any of the other mammals considered,
and its genome assembly is of high quality, we note that the
presented quality score is not biased by phylogeny.

Mappability of sequencing data. Herein, we address
how strongly the genome assembly quality impacts the mappa-
bility of RNAseq data to the reference genome (see Supplemen-
tary File 1). That is, we are interested in knowing how much
information we loose in NGS studies merely due to a subopti-
mal genome assembly quality. In Figure 3B, we show a positive
correlation between assembly quality (measured by the PCA
score) and the percentage of mapped reads from polyA-selected
RNA libraries (Pearson’s correlation coefficient p = 0.86; #test
P <0.001), which indicates the importance of high-quality
genome assemblies for maximal gain from NGS data. With-
out the human and the bird genomes, the Pearson’s correlation
coefficient between mapped reads (polyA RNA) and assembly
quality is even higher (p=0.91; #test P < 0.005), whereas the
correlation between mapped reads (polyA RNA) and the evo-
lutionary distance to human is not significant (p=0.43). The
trend for total RNA is similar, but a correlation analysis was not
possible due to the small number of total RNA libraries in this
study. However, the data suggest that the number of mapped
reads depends even more on assembly quality for total RNA
libraries in comparison to polyA-selected RNA libraries.

Cases of missing genotypes in pig. The varying assem-
bly quality of domesticated animals may have a large impact
on pathway reconstruction due to the missing genes. Below,
we describe two examples in pig, which is an important pro-
duction animal as well as a useful model organism.

The first example is the DGAT?2 gene, which codes for
an enzyme that catalyzes triglyceride synthesis** in eukaryo-
tes. The gene does not have an annotated ortholog in pig. In
our study, the lastz pairwise alignment to human aligns
four exons of the human DGAT2 homolog to the DGAT2-
like 6 gene in pig, but in the 5" end of the gene, three of the
exons are aligned to three different chromosomes. However,
the gene has been isolated in pig by cDNA cloning proce-
dures.® The polymorphisms of the gene play a role in backfat
tissue quality, which is an important trait for the meat product
industry.3*3¢ DGAT? is also of interest in the study of obe-
sity in humans, and it has been shown to be upregulated in
obese pigs, which are used as model organisms for obesity.*
Hence, missing this gene in systems biology analyses could
have unfortunate consequences.

The second example is the cholesteryl ester transfer
protein (CETP), a protein playing a central role in athero-
sclerosis, the chronic inflammatory condition causing most
cardiovascular diseases* and therefore a leading cause of death
worldwide.?® High levels of low-density lipoproteins (LDL)
and low levels of high-density lipoproteins (HDL) play a

main role in atherosclerosis,?’ and the cholestryl ester transfer
protein is specifically the one responsible for controlling HDL.-
to-LDL ratios.*® Pig is a suitable model organism in the study
of atherosclerosis, due to the spontaneous occurrence of the
disease, size, and its human-like cardiovascular anatomy.>*
However, the CETP gene is not annotated in pig, and it is not
clear whether this is a genome assembly issue, or whether the
gene is really not present in the animal. The gene is known to
be naturally lacking in mouse,* despite being present in other
mammals such as rabbit or dolphin. A genome analysis study
performing de novo genome assembly in mini pig concluded
that CETP was among the genes lost in the lineage,*! while the
authors of a previous study have supposedly cloned the gene in
pig.** The low levels of the protein, detected in pig by antibody
designed against the human CETP,® could be explained by
the presence of an inhibitor of the protein, a hypothesis sup-
ported by a study where a human CETP inhibitor was isolated
from pig plasma.** Due to the low quality of the pig genome,
we cannot draw final conclusions about the existence or about
the genotypes of these obviously important genes for meat
production and disease modeling. In addition, genetic analy-
ses of the respective epigenetic and regulatory marks of these
genes are, therefore, not possible to be performed in pig.

Discussion
A key result of our study is the urgent need to reinforce the
efforts for improving genome assembly quality in domesti-
cated animals. Using a variety of different quality features,
we show that many of the investigated genome assemblies
are far from perfect, characterized by missing or fragmented
vertebrate-wide conserved genomic loci and low scaffold con-
tiguity. The low cost of short-read NGS-based sequencing
has boosted the sequencing of domesticated animal genomes
and transcriptomes, among other species. The consequences
of poor genome assembly quality become most obvious in
the mappability of NGS reads. While we lack enough total
RNA-sequencing data for domesticated animals, we observe a
clear trend of lower mappability of polyA-selected RNAseq in
lower quality assemblies. Genome and transcriptome annota-
tions are largely affected by missing or fragmented genomic
content that may lead to wrong conclusions about the genes or
transcripts present in the organism. Also comparative genetics
relies on correctly sequenced, aligned, and annotated genomes,
and we have shown the possible issues in two pig examples.
The presented quality measure focuses on contiguity and
completeness of genome assemblies. The human genome is the
most studied, and hence, we used its assembly as a gold standard
for characterizing the completeness of the other assemblies.
Ideally, the genome quality should be exclusively based on inde-
pendent features without a gold standard genome because the
genomic difference between human and the analyzed species
may introduce a phylogenetic bias. To increase the feature space
in this study, we decided to include human-based completeness
measures, and the high-quality score we obtained for the mouse
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genome illustrates the usability of the presented approach to
quantify assembly quality. In addition, we used the human
assembly to rank the quality of the species assemblies, which,
however, has no impact on the measured quality features.

We showed that traditional Sanger sequencing, charac-
terized by longer read length and better quality, led to better
assembly quality than short-read NGS-based sequencing. Dog,
horse, or cow, all three Sanger based, are top scoring accord-
ing to our ranking, while sheep and goat, based on short-read
NGS, are of worse quality. The BACs used in the pig genome
assembly, another assembly of low quality, were sequenced
using Sanger technology, whereas the gaps between BACs
were closed using short-read NGSs. Sheep has very high NGS
coverage and its genome has been iteratively refined, which is
reflected by higher scoring than both goat and pig. However,
high coverage of short-read NGS is rare enough to achieve
high-quality assemblies. This is primarily due to the repetitive
content of the genomes, including repetitive DNA near cen-
tromeres and telomeres, large paralogous gene families, and
retrotransposons such as LINEs and SINEs.

An important step toward increased quality and usability of
the genomes is the incorporation of new data based on long-read
sequencing and mapping technologies. Most recently, long-range
sequencing has been dramatically improved by Pacific Biosci-
ences (PacBio) Single Molecule Real Time and Oxford Nano-
pore, and mapping by the Dovetail Genomics Chicago protocol
and the 10X Genomics Chromium instrument. For example, the
PacBio RS II technology updated in 2014 is advertised as pro-
ducing raw reads with mean lengths of 15 kb at the cost of error
rates as high as 15% and about 100-fold higher expenses than
short-read NGS.* However, per-nucleotide accuracy of 99.99%
can be achieved through algorithmic techniques and sufficient
coverage.” Not surprisingly, several genome assemblies are cur-
rently complemented with PacBio sequencing, such as chicken
(galGal5) and sheep (oviAri4). Mapping technologies improve
scaffold contiguity and synteny by determining the long-range
information on the arrangement of DNA without sequencing
every base. For example, the Dovetail Genomics Chicago pro-
tocol,* introduced in spring 2015, studies the 3D contacts of
in vitro reconstituted chromatin through an optimized Hi-C
approach. It can achieve DNA spanning up to ~150 kb length
and has been successfully applied to improve the existing assem-

bly of the American alligator.

Conclusion

The genomes and transcriptomes of domestic animals deserve
optimal exploration for making improvements in productivity
without compromising animal welfare, as well as for studying
human genetics and diseases. The analyses of a comprehensive list
of genome assembly features of domesticated animals and related
species illustrate the large discrepancy between their assem-
bly quality and NGS efforts. Especially the farm animals pig,
chicken, sheep, and cow, which are of high economical and eco-
logical importance, lack a significant number of core eukaryotic

and universal genes in their current genome assemblies. Our
study presents a novel way of ranking the assembly qualities in
comparison to a gold standard. The data and pipeline presented
in this study can be applied to judge the assembly quality and the
number of unmapped reads in a NGS study. We show that the
exploitation rate of RNAseq data is correlated with the genome
assembly quality. We conclude that more efforts are needed to
improve the genome assemblies of domestic animals. Especially
due to the affordable access to the aforementioned new tech-
nologies, we expect a significant improvement in the quality of
domesticated animal genomes in the near future.
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