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CHAPTER 1 

REVIEW OF GENOME SEQUENCING AND DE NOVO ASSEMBLY  

Introduction to genome sequencing 

Genome sequencing is the process by which the sequence of deoxyribonucleic 

acid (DNA) residues that compromise the genome, or complete set of genetic materials of 

an organism or individual, is determined. Early genome sequencing efforts sequenced in 

an ordered fashion and required extensive laboratory work [1]. Next-generation 

sequencing (NGS) methods employ a different method that requires substantially less 

laboratory work, but demand great computational resources (Marguiles 2005). NGS is a 

high-throughput process that begins with fragmenting DNA so it can be sequenced in a 

massively parallel manner. The result is billions of short DNA sequences that must be put 

back together, or assembled. These methods can be applied to ribonucleic acid (RNA) 

after using the RNA to synthesize complementary DNA (cDNA), which is double-

stranded, to determine the sequence of the transcriptome. 

Down-stream analysis of NGS data requires that short reads be compiled into 

contiguous sequences either using de novo or reference-guided assembly, often referred 

to as read alignment [2]. For organisms like cattle with a mature reference genome, reads 

generated in the sequencing process are usually matched to the reference genome with a 

variety of alignment algorithms [3]. This is currently the most efficient way of 

transforming raw sequence reads from an individual animal into a whole genome 

consensus sequence or variant genotypes. However, one blatant limitation of this 

approach is that genetic differences are only detected with respect to the reference 
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genome. In addition, the analysis of the sequences is only as good as the reference to 

which the reads are mapped. This has led many projects to de novo genome assembly 

methods, which do not require any previous knowledge about the genome. 

Elements of de novo genome assembly 

A de novo genome assembly aims to create full length sequences of species or 

individuals that have not previously had their genome assembled. The overarching goal 

of de novo assembly is to overlap sequencing reads to construct contiguous sequences, 

also known as contigs or scaffolds, representing the genome [4]. Improvements in NGS 

technology over the last decade have enabled inexpensive deep sequencing of non-model 

organisms and facilitated many de novo genome assembly projects. However, despite 

significant technological advances in sequence and assembly technology, de novo 

assembly algorithms are often unable to construct long sequences with chromosome-level 

contiguity [5]. This is largely due to the impediments of graph theory and the inability to 

routinely determine a unique, correct path through the graph. 

The quality of an assembly is often difficult to determine, but is generally 

measured by the length of the contigs that are assembled using a statistic called N50. The 

N50 is the length at which all of the contigs of that length or greater contains at least half 

of the total sum of the contig lengths [6]. By definition, this means that 50% of the 

assembled genome is found in contigs that are at least as large as the N50 value. One 

disadvantage of the N50 evaluation method is that this statistic only weights the 

contiguity of the assembly and does not consider the quality of the assembly or the 

probability of misassembly. The quality and contiguity of a de novo assembly can be 

affected by many factors including: efficiency of the assembly algorithm, library 
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construction, read quality and pre-processing, genome architecture, and depth of 

coverage [7–12].  

Several bioinformatics algorithms have been developed for efficient and accurate 

de novo genome assembly. These algorithms are based on two primary methods: de 

Bruijn graph (DBG) and overlap layout consensus (OLC). The DBG method utilizes the 

compact representation of k-mers (short sequences of length k) to construct and traverse 

through a graph to infer the genome sequence [13]. The OLC method first finds overlaps 

between all the reads and then creates a graph of these overlaps where the nodes 

represent the reads and the edges represent overlaps [14]. From the traversal of this 

graph, the algorithm infers a consensus sequence. 

 Before assembly algorithms can be applied, each de novo genome project must 

start with the construction of high quality sequencing libraries. Sequencing libraries are 

constructed from DNA extracted from blood or tissue from the individual of interest [15]. 

Libraries are generally created by fragmenting the DNA to a specific average length and 

attaching oligonucleotide adapters to the ends of the fragments [16]. The size of the 

fragments is crucial for constructing a good library. The size of the library is determined 

by the average insert size, or the distance between the adapter sequences. Common insert 

sizes of paired end libraries range from 200 to 700 bp [17], while mate pair libraries 

generally range from 2 to 5 kilobases (kb) [18,19], and larger protocols, such as fosmid 

libraries, can hold DNA inserts up to 40 kb [20,21]. The insert size is important because 

it gives the assembler information about the physical distance between two sequences in 

the genome. 

The most common types of libraries for short read sequencing are paired end and 
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mate pair. Paired end reads are sequenced from the same strand of DNA, but one read is 

sequenced in the forward direction and one in the reverse direction. Each read in the pair 

starts from an end of the fragment and is sequenced toward the center of the fragment. 

Mate pair reads are also sequenced from the same strand and in the opposite direction, 

but the sequencing starts in the middle of the fragment and goes outward due to a 

circularization step in the library preparation [18,19]. As sequencing technologies 

continue to be developed, there is a shift towards using longer reads to assemble 

genomes. These technologies can generate reads upwards of 10,000 bp in length, which 

improves the contiguity of assemblies, especially in repetitive regions of the genome 

[22,23]. 

 One characteristic of the sequencing process is a probability of error, which is 

relayed to the user as a quality score. The quality score gives the probability that a base is 

incorrectly called. In sequencing-by-synthesis data, the quality tends to decrease at the 3’ 

end of the read [24]. Therefore, the ends of the reads are often trimmed before being 

used. Sequencing errors can also be detected and reduced using k-mer frequency metrics 

where low depth k-mers are assumed to be erroneous [5,25]. Reads should also be pre-

processed to trim off the adapters that were ligated to the DNA fragments in library 

construction. Failure to trim adapters will confuse the assembly algorithm leading to 

contaminated and poorly constructed contigs and will decrease the computational 

efficiency of the assembler [26]. 

Genome architecture also plays a large role in determining the quality of an 

assembly, primarily due to repeats. In organisms with large genomes like mammals, this 

presents a problem because upwards of 50% of the genome is generally comprised of 
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repetitive sequence [27,28]. This issue is often even more severe in plant genomes. 

Repetitive and low-complexity DNA in the genome complicate the assembly of short 

reads, especially when the size of the repeat is greater than the length of the read [29]. 

These repeats create ambiguity in the assembly graphs by creating branches or forks. If 

the assembler follows the incorrect branch, sequences will be falsely joined, creating a 

chimera. Many chimeras can be detected in post-processing stages of assembly by 

assessing characteristics such as mate-pair spacing and orientation, read coverage, and 

read breakpoints [30].  

Genome assembly requires each segment of the genome to be sequenced multiple 

times. It has been demonstrated that an average of 24.2X coverage is required to cover 

99.5% of a mammalian genome with at least one NGS read [31]. High depth of coverage 

is necessary to obtain coverage across the entire genome due to biases in the NGS 

chemistry. For example, GC rich regions are prone to low coverage with NGS techniques 

[32]. Increasing the depth of coverage also enhances the quality of an assembly around 

complex and heterozygous regions and is beneficial in determining whether a 

heterozygous site is due to actual genetic variation or a sequencing error. Therefore, 

24.2X serves as a minimum for de novo assembly and coverage of approximately 50X is 

optimal [33,34]. 

Applications of de novo assembly 

 Once a high quality de novo assembly has been constructed, it is often used to 

determine variation in the genome or simply as a reference for future resequencing 

projects. However, the nature of de novo assembly algorithms lends the method to 

contribute information about other characteristics of an individual’s genome. The 
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research presented in this dissertation aims to maximize the use of de novo assemblies 

from both RNA and DNA sequencing to answer questions about animal genomics in the 

absence of other established genomics or bioinformatics tools designated for that 

purpose. The following chapters present three publications to address these uses in detail. 

In chapter 2, de novo assembly methods are used to assemble RNA and DNA 

reads sequenced from tissues from the bovine reference individual that did not map to the 

reference assembly. The assembly of these unmapped reads allowed insight into what 

regions of the genome were absent or misassembled. Particularly, by using both DNA 

and RNA, several thousand genes that were not correctly assembled in the reference were 

identified and constructed via de novo assembly. In addition, many sequences were found 

in the unmapped reads from DNA and RNA that were not of cattle origin. Once 

assembled, many of these sequences could be identified as arising from a particular 

species and gave insight into the pathogenic and commensal organisms using the cow as 

their host. Other sequences with a high similarity, but not identical, to known species, but 

likely representing a previously unsequenced or unidentified organism, were also 

detected. Based on the conclusions of this research, it is recommended that the unmapped 

reads of all animals sequenced be assembled and analyzed both to identify and construct 

sequence not represented in the reference genome and to classify pathogens that may 

contribute to subclinical illness in the animal [35]. 

 In chapter 3, de novo assembly methods are used to help elucidate the genetic 

cause of a birth defect in water buffalo. Using the properties of assembly by traversal 

through a graph, contigs that are positive outliers for length were used to determine 

regions of the genome that were uniform and highly homozygous in affected animals. 



7 

Runs of homozygous can be determined by the largest contigs because they are the 

easiest to assemble. Along with other genomic data, these runs of homozygosity helped 

determine candidate regions for the causal disease loci [36]. 

In chapter 4, an extension of the De Bruijn graph method simultaneously 

assembles the genomes of multiple individuals to discover variants in a threatened 

species with no previous knowledge of genetic composition. The utility of de novo 

assembly is also explored in a more traditional sense in this chapter to assemble the 

genome of a threatened catfish species, but a novel statistical method is employed to 

analyze the conservation of genome sequence across closely related species. From these 

analyses, genes that contribute to important phenotypes can be coordinated with one 

another, either because they are significantly conserved or significantly diverged [37]. 
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Abstract 

Background:  Next-generation sequencing projects commonly commence by aligning 

reads to a reference genome assembly. While improvements in alignment algorithms and 

computational hardware have greatly enhanced the efficiency and accuracy of 

alignments, a significant percentage of reads often remain unmapped.  

Results:  We generated de novo assemblies of unmapped reads from the DNA and RNA 

sequencing of the Bos taurus reference individual and identified the closest matching 

sequence to each contig by alignment to the NCBI non-redundant nucleotide database 

using BLAST. As expected, many of these contigs represent vertebrate sequence that is 

absent, incomplete, or misassembled in the UMD3.1 reference assembly. However, 

numerous additional contigs represent invertebrate species. Most prominent were several 

species of Spirurid nematodes and a blood-borne parasite, Babesia bigemina. These 

species are either not present in the US or are not known to infect taurine cattle and the 

reference animal appears to have been host to unsequenced sister species. 

Conclusions: We demonstrate the importance of exploring unmapped reads to ascertain 

sequences that are either absent or misassembled in the reference assembly and for 

detecting sequences indicative of parasitic or commensal organisms. 

Keywords: DNA sequencing, RNA sequencing, unmapped reads 

Background 

Next-generation sequencing technology has vastly increased the dimensionality of 

sequencing projects and routinely allows the generation of hundreds of millions or even 

billions of short reads. Analysis of these data requires that the short reads be assembled 
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into contiguous sequences either using de novo or reference-guided assembly. For 

organisms with a reference genome, reads generated in the sequencing process are 

usually matched to the reference sequence with a variety of alignment algorithms. This is 

currently the most efficient way of transforming the raw sequence reads into a consensus 

sequence. However, there are several limitations inherent to the alignment process, 

including alignment to repetitive regions, absent or misassembled sequence in the 

reference genome, and individual genetic divergence between the subject organism’s 

genome and the reference genome [38]. Despite these challenges, the majority of reads 

produced from a sequencing experiment will adequately align to a reference assembly. 

Nevertheless, a small but significant fraction of reads frequently remain unmapped.  

Unmapped reads have generally been disregarded and these data are often 

discarded. However, recent work has begun to focus on the development of bioinformatic 

tools for detecting pathogens in human sequence data by the computational subtraction of 

known human sequences [39–41]. Application of these pipelines in other recent studies 

has suggested that potentially biologically relevant information can be extracted from the 

unmapped reads [42,43]. Using an original alignment, assembly, and identification 

pipeline that can be applied to data from any species, we took advantage of a unique 

opportunity to explore the unmapped reads from the DNA and RNA sequencing of L1 

Dominette 01449, the Bos taurus reference individual [44]. These data had not previously 

been used in the creation or annotation of the reference assembly. 

Using sequence data produced from the reference individual, we minimized 

alignment challenges that are due to genetic variation among individuals. Thus, we 

expected to encounter meaningful biological information pertaining to sequences poorly 
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represented in the bovine reference assembly and sequences indicative of parasitic or 

commensal non-vertebrate organisms. We identified DNA and RNA contigs that were 

assembled de novo from unmapped reads that could generally be classified into one of 

three categories: 1) sequence from bovine; 2) sequence from other vertebrate species that 

was homologous to bovine; and 3) sequence from non-vertebrate species. This analysis 

unequivocally demonstrates that the unmapped reads contain important data pertaining to 

sequences from the organism that are missing from the reference assembly, represented 

by categories 1 and 2, and sequences that can be used to identify microbiota members, 

putatively represented by category 3.  

Results 

De novo assembly of unmapped reads 

 Approximately 111.7 million DNA sequence reads, 7.2% of the total, remained 

unmapped after alignment to the reference genome. A fraction of those reads could be 

used for assembly, due to a large number of sequences with low quality (https://static-

content.springer.com/esm/art%3A10.1186%2Fs12864-015-2313-

7/MediaObjects/12864_2015_2313_MOESM1_ESM.xlsx; Supplementary Table 1). 

However, approximately 1.4 million reads were incorporated into 69,230 contigs with an 

N50 of 737 bp. Overall, the contigs comprised approximately 46.6 Mb. Additional 

assembly statistics are provided in Supplementary Table 1 (https://static-

content.springer.com/esm/art%3A10.1186%2Fs12864-015-2313-

7/MediaObjects/12864_2015_2313_MOESM1_ESM.xlsx). 
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A median of approximately 6.7% of RNA-seq reads remained unmapped across each of 

the 17 tissue samples. De novo assembly of these reads yielded a total of 43,961 contigs, 

with a median of 1,792 contigs per tissue and an N50 of 324.5 bp. Overall, the contigs 

spanned 14.8 Mb with a median of 603 Kb per tissue. Assembly statistics for each tissue 

are in Supplementary Table 2 (https://static-

content.springer.com/esm/art%3A10.1186%2Fs12864-015-2313-

7/MediaObjects/12864_2015_2313_MOESM1_ESM.xlsx). 

Pairwise alignment of contigs assembled from unmapped DNA reads to the non-

redundant nucleotide database 

 Approximately 51% of the contigs generated from the unmapped DNA reads 

produced a significant alignment when queried against the non-redundant nucleotide (nt) 

database. The most common alignment was to other Bos taurus sequences (Figure 2.1). 

This result was expected given the draft quality of the bovine reference assembly and 

considering that we assembled paired reads if either one or both of the reads were 

unmapped to the reference assembly. However, the second most common alignment for 

these DNA contigs was to Onchocerca ochengi, a nematode known to infect indicine 

cattle that has been heavily researched due to its similarity to the parasite that causes 

African River Blindness in humans. We simulated paired-end sequence read data from 

the O. ochengi genome assembly by randomly shearing the genome and then aligned the 

produced paired-end reads to the bovine reference assembly and concluded that the O. 

ochengi assembly is contaminated with cattle sequences (Supplementary Note 1). 

Consequently, we excluded the O. ochengi assembly from any further analyses. 
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With subsequent analyses preventing alignment to O. ochengi, approximately 

44% of the contigs produce a significant alignment against the nt database. A fraction of 

the contigs originally identified as O. ochengi were unambiguously matched to bovine 

sequences. However, the number of alignments to other filarial nematode sequences also 

increased. These included hundreds of contigs aligned to Gonglyonema pulchrum and 

Wuchereria bancrofti, and a few to Parascaris equorum. G. pulchrum and W. bancrofti 

belong to the order Spirurida, as does O. ochengi, but that are known to only infect 

humans. The alignments to each of these species had a percent identity of approximately 

82% (Table 2.1), which is consistent with cattle not being a host for these nematodes and 

indicating that these alignments represent sequences from unsequenced sister species of 

G. pulchrum and W. bancrofti.  

Also detected were sequences with high percent identities to Babesia bigemina, a blood-

borne parasite known to cause bovine babesiosis, or Texas fever in cattle. While only 190 

contigs aligned to B. bigemina, significantly less than the combined number of 

alignments to nematode species, ten were larger than 1,000 bp and the median identity 

was 91.10% (Table 2.1). A complete summary of significant alignments, both vertebrate 

and non-vertebrate, is presented in Supplementary Table 3 (https://static-

content.springer.com/esm/art%3A10.1186%2Fs12864-015-2313-

7/MediaObjects/12864_2015_2313_MOESM1_ESM.xlsx). 

Alignments to other vertebrates represent cattle sequences that are not currently 

well represented in the Bos taurus database. Thus, the number of alignments to these 

organisms is a function of the completeness of the available data for each species and the 

phylogenetic relationship between the species and cattle. For example, human (Homo 
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sapiens), being the most complete, has the largest number of alignments of the other 

vertebrate species, followed by pig (Sus scrofa), and while bison (Bison bison bison) and 

water buffalo (Bubalus bubalis) are more closely related to cattle than human or pig, 

these bovids have less sequence data available and thus do not produce as many 

alignments.  

Pairwise alignment of contigs assembled from unmapped RNA-seq reads to the non-

redundant nucleotide database 

The pairwise alignment of the de novo assembled contigs generated from the 

unmapped RNA-seq reads to the nt database produced similar results to the alignment of 

the DNA contigs. Overall, 81% of the RNA-seq contigs had significant alignments to 

sequences in the nt database. Across all tissues, Bos taurus produced the most largest 

number of alignments. Also prominent were alignments to Bison bison bison, Bubalus 

bubalis, and Bos mutus, all species that are closely related to cattle (Figure 2.2). 

Significant BLAST alignments of the RNA-seq unmapped read contigs to cattle or these 

other closely related species indicates the existence of coding regions that are missing or 

misassembled in the reference assembly. By mapping the GI number of the most 

significant BLAST alignment to a gene symbol, we detected alignments to 4,412 B. 

taurus and 4,029 B. bison bison, B. bubalis, or B. mutus genes. As the total number of 

Bos taurus genes reported by Ensembl is 19,994 [45], this suggests that as many as 

42.2% of the bovine protein coding genes are misassembled (although these 

misassemblies likely represent a small fraction of total transcriptome base pairs). 

Additionally, approximately 5% of RNA alignments failed to map to a gene with an 
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assigned symbol, likely corresponding to unannotated structural or regulatory RNAs. 

Further results and discussion of these analyses are included in Supplementary Note 2.  

As was the case for the pairwise alignment of unmapped DNA contigs, there were also 

numerous alignments to other vertebrate and non-vertebrate species. The most common 

alignments to non-vertebrate species included uncultured bacterium, bovine herpesvirus 

6, Onchocerca flexuosa and B. bigemina (Table 2.2). Bovine herpesvirus 6 was 

previously discovered as a contaminant in the UMD3.1 build by Merchant et al. [46], 

who concluded that Dominette must have been host to the virus. Alignments to O. 

flexuosa and B. bigemina support the hypothesis generated from the analysis of the 

unmapped DNA read contigs that Dominette was also host to a nematode of the Spirurida 

order and an unsequenced relative of B. bigemina. Several additional fungal and bacterial 

species were also detected in the unmapped read RNA-seq contigs at low levels. Nearly 

all of the detected non-vertebrate organisms had alignments from multiple tissues, which 

would be expected for blood-borne parasites. The number of alignments for each tissue 

was a function of the total number of sequencing reads from that tissue. A complete 

summary of alignments from all 17 tissues is presented in Supplementary Tables 4 and 5 

(https://static-content.springer.com/esm/art%3A10.1186%2Fs12864-015-2313-

7/MediaObjects/12864_2015_2313_MOESM1_ESM.xlsx). 

No evidence of horizontal gene transfer 

With deep sequencing, it is possible to expose rare horizontal gene transfer 

events. To address this possibility, we searched for mate-pair reads from the large insert 

DNA libraries where one mate was uniquely mapped to the cattle reference genome and 

the other mate mapped uniquely to a non-vertebrate sequence. No such mate-pairs were 
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identified that met these criteria. Additionally, in our BLAST results we also searched for 

chimeric contigs (contigs that partially mapped uniquely to cattle and partially mapped 

uniquely to a non-vertebrate species). Again, no such contigs were identified that met 

these criteria. 

Discussion 

To our knowledge, this is the first formal investigation into the nature and identity 

of unmapped reads from the resequencing of an individual used for the generation of a 

reference genome assembly. These data allowed us to directly compare reads to the 

reference assembly without alignment challenges due to genetic variation between the 

reference and the resequenced genome. Second, the opportunity to compare 

independently generated datasets from the same individual provided unequivocal support 

for our discovery of concordant non-vertebrate sequences within the whole genome and 

transcriptome sequences of the bovine host. In addition to our sequencing of cDNA 

generated from RNA isolated from 17 tissues, we also sequenced genomic DNA that had 

been isolated from both liver and white blood cells at three separate facilities. 

Endogenous contaminants were detected in the reads that were generated from all three 

sequencing runs. Nearly all of the contigs assembled de novo from unmapped reads that 

were identified as representing a non-vertebrate species were comprised of reads that 

originated from multiple libraries sequenced at separate facilities. These attributes 

facilitated both the discovery and validation of the parasitic and commensal species 

sequences found in this study. 

Despite the continuing exponential increases in sequences submitted to NCBI’s 

databases, the number of represented species still comprises only a small proportion of 
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existing species. While we detected several sequence alignments to spirurid nematodes in 

both the DNA and RNA sequence data, none of these species are known to be present in 

the US or to infect taurine cattle. Therefore, we postulate that the actual species present 

within the tissues of Dominette either represent undiscovered species or a previously 

recognized, but unsequenced, organism such as Onchocerca gutturosa or Onchocerca 

lienalis from the Spirurida order. Both O. gutturosa and O. lienalis are known to infect 

taurine cattle in various parts of the United States [47]. However, these species have not 

been sequenced other than for a few selected genes used to generate data for phylogenetic 

analyses [48–56]. In this study, we assembled nearly 1,000 contigs that we believe 

represent novel sequence from a Spirurid nematode that infects taurine cattle in North 

America.  

The precise identity of the species generating the sequence matching B. bigemina 

in both the RNA-seq and genomic DNA data is also ambiguous. As no fever like 

symptoms were reported in this cow who spent her life at a USDA research facility near 

Miles City, Montana and babesiosis has been reported to have been eradicated in the 

United States with vaccination no longer being required [57], we suspect that Dominette 

was asymptomatically infected with a non-pathogenic strain of Babesia spp., as has 

previously been reported in Turkey [58], Syria [59] and Thailand [60]. Although it is 

currently not possible to determine the exact species of parasite, we can estimate the 

animal’s parasite burden via deep sequence data by evaluating the number of species to 

which the contigs of unmapped reads align and the number of contigs that align to each 

species. Parasite burden negatively impacts animal health and profitability [61,62] and 

can serve as a reservoir for later infections [59]. Although symptoms were not visible and 
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the animal appeared healthy, the detection of subclinical parasite burden, even from non-

pathogenic parasites, is important because a physiological response to the infection from 

the host must still occur. This response reduces fitness, causes a decrease in production 

traits such as feed intake and feed efficiency [62,63] and can also influence the 

interpretation of RNA-seq experiments. 

An alternate explanation for the identification of non-vertebrate sequences in a 

vertebrate animal is the actual integration of these DNA sequences into the animal’s 

genome. Recently, horizontal gene transfer has been reported to occur at a low level in 

many animal species [64–66]. It has also been reported that there can be integration of 

foreign DNA released by dead cells into healthy host cells [67]. However, we were 

unable to find evidence for the integration of non-vertebrate DNA into this animal’s 

genome and must exclude horizontal gene transfer based on our data. 

Conclusions 

In conclusion, we alert researchers that many sequences of interest may be found 

in the reads that fail to align to a reference assembly. We demonstrate that the unmapped 

reads contain biologically significant information relative to genes that are either partially 

or completely missing from the reference assembly, as well as information regarding the 

identity and magnitude of commensal or parasitic organisms. The large number of 

missing or misassembled bovine protein coding genes must significantly impact the 

interpretation of RNA-seq studies, warrants further research, and is likely more severe in 

the less complete reference genomes of other livestock species. Continuation of 

unmapped read mining will also expand our knowledge of the extent of internal parasitic 

infections and may lead to the discovery of previously unknown symbiotic relationships. 
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These metagenomic inferences are an additional source of information from whole-

genome sequencing data that can be used as phenotypes or covariates in downstream 

analyses. As the quality of reference assemblies improves and the scope of sequenced 

microorganisms broadens, the detection of parasitic infections and other symbiotic 

relationships will become more explicit. 

Methods 

Ethics statement 

Tissues from L1 Dominette 01449 were sampled according to IACUC No. 081711-1, 

which was approved by the USDA-ARS Fort Keogh Livestock and Range Animal Care 

and Use Committee. 

DNA and RNA sequencing 

 DNA was extracted from liver and whole blood samples from L1 Dominette 

01449 (referred to here as “Dominette”), a Hereford cow used to generate the Bos taurus 

Sanger reference assembly [44], and was sent to three separate facilities for sequencing. 

Paired-end and mate-pair libraries were constructed and DNA was 2 x 100 bp sequenced 

to an average coverage of approximately 55X. Further details regarding the sequencing of 

each library is provided in Supplementary Table 6 (https://static-

content.springer.com/esm/art%3A10.1186%2Fs12864-015-2313-

7/MediaObjects/12864_2015_2313_MOESM1_ESM.xlsx). 

 RNA was extracted using Trizol Reagent (Invitrogen, Carlsbad, CA) as described 

elsewhere [68] from 17 tissue samples including ampula, blood, cerebral cortex, 

endometrium sampled from caruncular regions contralateral (car con) and ipsilateral (car 
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ips) to the corpeus luteum, gallbladder, heart, ileum, infundibulum, jejunum, kidney, 

liver, mesenteric lymph nodes, pons, ribeye muscle, semitendinosus muscle, and spleen. 

Preparation of the mRNA samples for sequencing was performed by Global Biologics 

(Columbia, MO) using the TruSeq Stranded mRNA Library Prep Kit (IlluminaÒ, San 

Diego, CA) and sequenced 2 x 100 bp using Illumina technology, with the exception of 

blood which used the TruSeq RNA Sample Preparation Kit and was sequenced 1 x 100 

bp.  

Pre-processing and alignment of reads 

Error correction was performed on DNA sequence reads using the QuorUM error 

correction algorithm [25]. After filtering duplicate and low quality reads, 1,622,097,087 

unique reads remained. Paired reads were aligned to the UMD3.1 cattle reference 

assembly using NextGENe 2.4.1 (SoftGenetics, LLC, State College, PA) requiring at 

least 35 contiguous bases with ≥95.0% overall match, up to 2 allowable mismatched 

bases, and up to 100 allowable alignments of equal probability genome-wide.  

  RNA sequence reads were filtered for quality and adapter sequences and were 

then trimmed using a custom Perl script already described [68]. Computations were 

performed on the HPC resources at the University of Missouri Bioinformatics 

Consortium (UMBC). TopHat v2.0.6 [69] was used to map the reads to the Bos taurus 

UMD3.1 reference genome. A total of 2 mismatches and up to 3 bp indels were allowed 

in alignment.  

De novo assembly of unmapped reads 

 Reads from DNA sequencing that remained unmapped following alignment to the 

reference genome were assembled using MaSuRCA 2.3.2 [70]. Reads from RNA 
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sequencing that remained unmapped following alignment were assembled using Trinity 

version r20140717 [71]. To maintain a paired read file structure, reads where both the 

forward and reverse read were unmapped or where one of the reads was unmapped but 

the other was mapped were collectively used for assembly. 

Pairwise alignment of unmapped contigs to the nt database 

 Prior to pairwise alignment, contigs assembled from the unmapped DNA reads 

were sorted by size and only contigs greater than 500 bases were aligned (n = 42,086). 

Due to the smaller size of the RNA contigs, they were not filtered by size prior to 

pairwise alignment. Using the blastn algorithm of BLAST+ 2.2.30 [72,73], each DNA 

and RNA contig was aligned to the NCBI non-redundant nucleotide database and the 

most significant alignment was returned. The BLAST output was then parsed to 

determine the subject species, percent identity, length of match, number of mismatches, 

number of gaps, E-value, and overall score. Significant alignments were declared only if 

the length of the alignment was ≥150 bp for DNA or ≥50 bp for RNA. Only the best 

match for each aligned contig was reported. This output was summarized according to the 

total number of alignments per species, mean, median, and maximum percent identity, 

mean, median, and maximum length of match, and mean and median e-value 

(https://static-content.springer.com/esm/art%3A10.1186%2Fs12864-015-2313-

7/MediaObjects/12864_2015_2313_MOESM1_ESM.xlsx; Supplementary Tables 3 and 

5).  

Quantification and identification of coding regions within unmapped reads 

Contigs from unmapped RNA-seq reads were aligned to contigs from unmapped DNA 

reads using NextGENe 2.4.1 requiring ≥98% overall match to declare a match. 
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Additionally, for the significant RNA alignments, the gene symbol corresponding to the 

GI accession number for the alignment was captured where possible and recorded using 

the db2db tool in bioDBnet [74]. A unique list of gene symbols was constructed and the 

number of significant alignments to each gene was tallied (https://static-

content.springer.com/esm/art%3A10.1186%2Fs12864-015-2313-

7/MediaObjects/12864_2015_2313_MOESM1_ESM.xlsx; Supplementary Tables 7 and 

8). 
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Figures 

 

 

Figure 2.1. Most common alignments from DNA. Bar chart of the ten most common 

species with significant alignments from the pairwise alignment of de novo assembled 

contigs from unmapped DNA reads. Trend line represents the median percent identity for 

each species. 
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[Fig. 1 in publication.] 
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Figure 2.2. Most common alignments from RNA. Bar chart of the ten most common 

species with significant alignments from the pairwise alignment of de novo assembled 

contigs from unmapped RNA-seq reads by tissue. Trend line represents the overall 

median percent identity for each species across tissues. 

[Fig. 2 in publication.] 
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Tables 

 

Table 2.1. Top four non-vertebrate alignments to de novo assembled contigs from 

unmapped DNA sequence reads. 

Species No. of 
Alignments 

Median 
Identity 

(%) 

Max. 
Identity 

(%) 

Median 
Length 

(bp) 

Max. 
Length 

(bp) 

Median E-
Value 

Gongylonema pulchrum 516 82.33 100 641.0 1,008 2.00E-134 
Wuchereria bancrofti 273 81.35 98.82 640.0 1,607 1.53E-143 
Babesia bigemina 206 91.10 100.00 505.0 2,078 3.50E-179 
Parascaris equorum 11 81.17 100 206.0 1,008 4.00E-41 
 

[Table 1 in publication.] 
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Table 2.2. Top four non-vertebrate alignments to de novo assembled contigs from 

unmapped RNA-seq reads. 

Species 
No. of 

Alignment
s 

Median 
Identity 

(%) 

Max. 
Identity 

(%) 

Median 
Length 

(bp) 

Max. 
Length 

(bp) 

Median E-
Value 

Uncultured 
bacterium 34 97.11 100.00 274.0 1,381 2.01E-116 

Bovine herpesvirus 6 22 99.18 100.00 294.5 933 1.00E-143 

Onchocerca flexuosa 13 87.74 89.12 224.0 510 3.00E-57 

Babesia bigemina 12 94.35 99.51 379.5 926 1.00E-151 

 
[Table 2 in publication.] 
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Supplementary Material 

Supplementary Note 1: The Onchocerca ochengi reference assembly is contaminated 

with bovine genomic sequence. 

After detecting a significant number of alignments to O. ochengi and B. bigemina, 

both known to be bovine endosymbionts, we generated pseudo paired-end read data from 

the O. ochengi (GenBank accession number GCA_000950515.1) and B. bigemina 

(GenBank accession number GCA_000723445.1) reference assemblies deposited in 

NCBI’s assembly database. One hundred bp paired-end reads were generated with a 

random library DNA fragment size distribution between 200 and 500 bases (mean of 350 

bases) by stepping through the genome in 1 bp steps. A total of 100X coverage of each 

genome was simulated. The same procedure was used to generate pseudo reads for five 

other genomes that were not detected in the unmapped read contigs and also for O. 

volvulus, the human counterpart of O. ochengi (GCA_000499405.1, GCA_000001215.4, 

GCA_000002985.3, GCA_000469785.1, GCA_000612645.1, and GCA_000816705.1). 

The alignment of the O. ochengi pseudo reads to the bovine reference genome 

produced significantly more mapped reads than did the alignments for the other species, 

including O. volvulus, a very closely related species (https://static-

content.springer.com/esm/art%3A10.1186%2Fs12864-015-2313-

7/MediaObjects/12864_2015_2313_MOESM1_ESM.xlsx; Supplementary Table 9). 

Read mapping rates were significantly different (Χ2= 16,714,393, df = 7, p-value ≈ 0) 

and read mapping was significantly different for O. ochengi (Χ2 = 16,417,090, df = 1, p-

value ≈ 0). Less than 0.004% of the O. ochengi reads that were aligned to the cattle 

reference assembly could be aligned to O. volvulus, while over 97% of the O. ochengi 
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reads that did not align to the cattle assembly could be aligned to O. volvulus. 

Furthermore, when the aligned reads were individually aligned to the nt database the 

most significant alignment was always to O. ochengi, but all other significant alignments 

were to Bos taurus or other mammals. The O. ochengi sample originated from cattle skin, 

and when we downloaded the raw FASTQ files used to generate this assembly and 

aligned them to the cow reference, over 33% of the reads aligned. While the majority of 

the cattle sequences were filtered from the dataset, the O. ochengi genome assembly 

contains contamination from cattle sequence. Therefore, we excluded this genome from 

further BLAST searches because we could not distinguish alignments to this genome 

being due to the presence of nematode sequence in our data or cattle sequence in the 

nematode assembly. This resulted in an increase in the number of alignments to other 

nematodes from the order Spirurida. All species that were subsequently detected are only 

known to infect humans. Thus, they were presumably detected due to the presence of a 

genetically similar, but unsequenced, nematode(s) in our sample. 

Supplementary Note 2: Estimation of the number of protein coding genes missing or 

misassembled in the UMD3.1 bovine reference assembly. 

To arrive at an estimate of the quantity and types of genes that may be missing or 

misassembled in the UMD3.1 reference assembly, we mapped the GI number from the 

most significant BLAST alignment of each RNA contig to a gene symbol. Based on this 

mapping, we estimate that 4,412 annotated bovine genes were represented in the 17,856 

alignments to Bos taurus sequences. A complete list of the affected genes can be found in 

(https://static-content.springer.com/esm/art%3A10.1186%2Fs12864-015-2313-

7/MediaObjects/12864_2015_2313_MOESM1_ESM.xlsx; Supplementary Table 7). Of 
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the 13,769 significant alignments to bison (Bison bison bison), water buffalo (Bubalis 

bubalus), or yak (Bos mutus), 4,029 genes were represented. Only one gene was found in 

common between the 4,412 detected from alignments to Bos taurus sequences and the 

4,029 detected from alignments to bison, water buffalo, or yak. A complete list of these 

genes is presented in (https://static-

content.springer.com/esm/art%3A10.1186%2Fs12864-015-2313-

7/MediaObjects/12864_2015_2313_MOESM1_ESM.xlsx; Supplementary Table 8). We 

also aligned the RNA-seq contigs to our set of DNA contigs and found that 

approximately 21% aligned with greater than 98% identity. Of the 46,690,692 bases 

represented in the DNA contigs, the RNA contigs covered 1,232,501 bases. This is 

equivalent to 2.6% of the bases which is slightly greater than the genome-wide estimate 

of coding regions, which has been estimated to be less than 2% of the genome in 

mammals [75,76]. 

Based on these analyses, it is apparent that there is a large amount of coding 

sequence that is either absent or misassembled in the UMD3.1 bovine reference 

assembly, resulting in the matching of these unmapped contigs to other vertebrate or Bos 

taurus sequences. The extent to which the bovine coding sequences are affected by 

misassembly is difficult to determine. Florea et al. indicated that the UMD3 assembly, 

although generally superior, does not contain 660 genes that are present in UMD2 [77]. 

We detected significant alignments to 8,440 unique genes suggesting that as much as 

42% of the bovine protein coding genes 

(http://useast.ensembl.org/Bos_taurus/Info/Annotation?redirect=no) are misassembled. In 

terms of total nucleotides, we assembled approximately 9.5 million bases of unmapped 
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reads from RNA sequencing data that aligned to cattle, bison, water buffalo, or yak. 

Given that the coding regions represent around 2% of the genome, the total number of 

coding nucleotides is approximately 53 million. 

Based on the lengths of the transcripts assembled (median N50 of 334 bp across 

tissues), we predict that many of these may be minor misassemblies, such as a missing 

exon. However, transcripts as large as 6,591 bp were also assembled from the unmapped 

reads, indicating that there are large portions or even entire genes missing as well. 

Clearly, improvement of the bovine reference assembly is essential to correctly interpret 

genome resequencing and RNA-seq data and maximize progress from sequencing efforts. 

This conclusion has now been reached by several research efforts [78–83], and new long 

read sequencing technology will likely play a significant role in reference assembly 

improvement [23]. 
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Abstract 

Recent strong selection for dairy traits in water buffalo has been associated with 

higher levels of inbreeding, leading to an increase in the prevalence of genetic diseases 

such as transverse hemimelia (TH), a congenital developmental abnormality 

characterized by the absence of a variable distal portion of the hindlimbs. The limited 

genomic resources available for water buffalo required an original approach to identify 

genetic variants associated with the disease. The genomes of 4 bilateral and 7 unilateral 

affected cases and 14 controls were sequenced. A concordance analysis of SNPs and 

INDELs requiring homozygosity unique to all unilateral and bilateral cases revealed two 

genes, WNT7A and SMARCA4, known to play a role in embryonic hindlimb 

development. Additionally, SNP alleles in NOTCH1 and RARB were homozygous 

exclusively in the bilateral cases, suggesting an oligogenic mode of inheritance. 

Homozygosity mapping by whole genome de novo assembly also supported oligogenic 

inheritance; implicating 13 genes involved in aberrant hindlimb development in bilateral 

cases and 11 in unilateral cases. A genome-wide association study (GWAS) predicted 

additional modifier genes. Although our data show that the inheritance of TH is complex, 

we predict that homozygous variants in WNT7A and SMARCA4 are necessary for the 

expression of TH and selection against these variants should eradicate TH. 
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Introduction 

 Water buffalo were domesticated approximately 5,000 years ago on the Indian 

subcontinent [84]. Today, there are over 130 million domesticated water buffalo 

worldwide that serve as an important component of agriculture through both milk and 

meat production [85]. In many developing countries, water buffalo account for more than 

50% of the milk production and are relied upon more than any other domesticated species 

[86,87]. Recently, a genetic disease called transverse hemimelia (TH) has appeared in 

Italian Mediterranean River buffalo, most likely as an indirect result of strong selection 

for dairy production traits and an accompanying increase in the rate of inbreeding. 

Transverse hemimelia causes unilateral or bilateral hindlimb malformation and is defined 

by the lack of development of distal hindlimb structures, which manifests as the loss of 

one or both hindlimbs at a distal point that is variable among cases [88] (Figure 3.1A, 

3.1B) . It was first reported in water buffalo in 2008 after the conclusion of a study of 

buffalo with limb malformations from farms in the southern Italian region of Campania 

[89]. In severe cases with bilateral hindlimb malformation, one or both forelimbs may 

also be affected. Involved limbs appear as to be amputated with the exception of the fact 

that there are sketches of claws in the terminal part [90]. The prevalence of the disease 

has been estimated to be between two and five percent in some populations of 

Mediterranean Italian River buffalo [91]. Unfortunately, because record keeping is poor 

and pedigrees are often unknown or incomplete, the mode of inheritance of TH in water 

buffalo has not been established. 

Other types of hemimelia, a generalized developmental anomaly resulting in the 

absence of the distal portions of one or more limbs, have been reported in domestic 
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species including goats, lambs, cattle, dogs, and cats [92–96]. In goats, lambs, and cattle, 

hemimelia has been shown to be heritable, but it can also be caused by environmental 

exposures to teratogenic plants, parasites, and drugs [97]. The increase in hemimelia in 

livestock species has been blamed on high levels of inbreeding due to selection for 

economically valuable traits resulting in increased homozygosity of recessive deleterious 

mutations. Pedigree analyses of dogs and Shorthorn cattle have revealed hemimelia to be 

inherited as an autosomal recessive disorder [94,95]. Hemimelia has also been reported in 

humans, but occurs either due to autosomal recessive inheritance or sporadically, 

suggesting a polygenic mode of inheritance [98]. 

Despite several recent research efforts to elucidate the molecular mechanisms 

involved in hemimelia, the causal mutations in water buffalo and many other species are 

currently unknown. However, the genetic mechanisms responsible for embryonic 

hindlimb morphogenesis have been extensively studied in model species and over 30 

genes have been implicated in hindlimb development [99–102]. Furthermore, many genes 

involved in embryonic morphogenesis have been suggested to play roles in the 

manifestation and inheritance of TH and could be candidates for the causal mutation 

[103,104]. To elucidate the genes involved in the inheritance of TH in water buffaloes, 

we sequenced 11 affected buffaloes (4 with bilateral TH and 7 with unilateral TH) and 

obtained sequences for 14 control buffaloes from the International Water Buffalo 

Genome Consortium. Our analyses of these data suggest an oligogenic inheritance 

pattern, and implicate variants in SMARCA4 and WNT7A as the main drivers necessary 

for the manifestation of TH. The accumulation of homozygous mutations in modifier 

genes appears to impact the severity of the TH phenotype, resulting in animals that vary 
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from the lack of a single transverse bone in one limb to the complete lack of both 

hindlimbs with malformation of one forelimb. The analyses leading to these conclusions 

describe a novel method for detecting the loci underlying an oligogenic disease in a non-

model organism that lacks refined genomic resources such as a completed reference 

genome or annotated gene models. 

Results 

Alignment and variant calling 

 Alignment of DNA sequences from 11 cases and 14 controls to the 

UMD_CASPUR_WB_2.0 water buffalo reference assembly resulted in an average 

mapping rate of 99.17% and average coverage of 9.15X (http://www.nature.com/article-

assets/npg/srep/2017/170103/srep39719/extref/srep39719-s1.pdf; Table S1). Initial 

variant calling identified approximately 21.7 million SNPs and 2.8 million INDELs. 

After filtering on quality, 19.8 million SNPs and 2.7 million INDELs remained for 

analysis. The overall genotype call rate was 98.02% in the cases and 90.99% in the 

controls; consistent with the reduced depth of sequence coverage and older Illumina 

chemistry version used to sequence the controls (http://www.nature.com/article-

assets/npg/srep/2017/170103/srep39719/extref/srep39719-s1.pdf; Table S2). 

Case versus control concordance analysis 

 SNP and INDEL concordance analyses were performed to identify variants for 

which all cases were homozygous for an allele that was never homozygous in the 

controls. In total, 1,741 SNPs and 793 INDELs met this criterion 

(http://www.nature.com/article-
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assets/npg/srep/2017/170103/srep39719/extref/srep39719-s2.xls; 

http://www.nature.com/article-assets/npg/srep/2017/170103/srep39719/extref/srep39719-

s3.xls). Nine hundred seventy-one of the SNPs were not in genes, but the 770 remaining 

SNPs were located in 451 unique genes. Two of the genes, SMARCA4 and WNT7A, were 

associated with the GO term “embryonic hindlimb morphogenesis” (GO:0035116). 

Furthermore, when only the bilaterally affected cases were analyzed for SNP 

concordance two additional genes, NOTCH1 and RARB, which are also associated with 

embryonic hindlimb morphogenesis, were detected. When only the three most severely 

affected bilateral cases, with the complete loss of both hindlimbs, were analyzed one 

additional hindlimb morphogenesis related gene, TFAP2B, was detected. These findings, 

along with the fact that no additional associated genes were detected when the 

unilaterally affected cases were analyzed, present the first genomic evidence for an 

oligogenic mode of inheritance for TH in water buffalo. However, by aligning the 

available cattle gene models for these genes to the water buffalo genome assembly, we 

predicted that all of the disease-associated mutations were located in introns. 

 Despite the challenge of calling INDEL genotypes with high accuracy from low 

coverage sequence data, we also analyzed the detected INDELs for their concordance 

with TH phenotype. Of the 793 concordant INDELs, 222 were located in genes, but only 

one was found in a gene associated with hindlimb morphogenesis. This INDEL was 

found in WNT7A, a gene also identified by the SNP analysis, and occurs as a 3 bp 

insertion (C -> CCCG). Based on aligning to the WNT7A gene annotation in bovine, this 

variant appears to be located in intron 3. Unlike the concordance analysis performed for 

SNPs, no additional concordant INDELs were detected as the cases were further 
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restricted according to the severity of the TH phenotype. We interpret the results of the 

INDEL analysis cautiously because, even after filtering for quality, a large proportion of 

the remaining INDELs appear to have been identified because of homopolymer repeat 

errors.  

Homozygosity mapping by de novo assembly 

 Large runs of homozygosity (ROH) are common in inbred animals, which have 

an increased risk for genetic diseases because the deleterious effects of recessive alleles 

are expressed when they are found in a homozygous state [105]. However, with the 

exception of selective sweep regions that affect all animals, runs of homozygosity should 

not be shared across large numbers of unrelated individuals. Thus, homozygosity 

mapping is a powerful method to identify loci responsible for autosomal recessive traits 

[106]. Assuming a common origin for all cases, ROH should capture the loci that cause 

TH in distantly related affected animals (see Methods). However, because the water 

buffalo reference assembly currently exists as an early draft with more than 367,000 

unplaced sequence scaffolds, we used a novel approach for homozygosity mapping that 

was not limited by the reference assembly scaffold lengths.  

Three whole genome de novo assemblies were performed from the sequence data, 

which were pooled separately from four bilaterally affected cases, four unilaterally 

affected cases, and four controls. Regions of the genome with lower heterozygosity in 

sequence reads pooled from multiple individuals should be assembled into longer contigs, 

due to reducing forking in the assembly graph. Overall, the contig N50 statistics achieved 

for the bilaterally affected and unilaterally affected cases were much larger than for the 

controls (http://www.nature.com/article-
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assets/npg/srep/2017/170103/srep39719/extref/srep39719-s1.pdf; Table S3) and 

contained contigs that were approximately 0.75 orders of magnitude larger than those 

assembled for the controls (Figure 3.2). We were also able to assemble nearly the entire 

water buffalo genome (~2.64 Gb) in 218,053 contigs in the bilaterally affected cases and 

in 221,020 contigs in the unilaterally affected cases, both significantly fewer than for the 

current reference assembly, compared to 541,203 contigs for the controls. Estimated from 

a negative binomial generalized linear model, the mean contig lengths of the bilateral 

(12,140.04 bp) and unilateral (11,957.47 bp) assemblies were significantly longer than 

the mean contig length from the assembly of the control samples (4,738.88 bp), which is 

most likely due to the higher coverage for these samples (http://www.nature.com/article-

assets/npg/srep/2017/170103/srep39719/extref/srep39719-s1.pdf; Table S3). Further, the 

mean contig length from the assembly of the bilateral cases was significantly longer than 

from the assembly of the unilateral cases (Z-score = -4.08, p-value = 4.6e-05). Overall, 

these results clearly indicate an increase in genome-wide homozygosity in the TH 

affected buffaloes.  

We annotated the gene content of the contigs from each assembly that were 

significantly larger than average by aligning them to the water buffalo reference genome. 

Following false discovery rate (FDR) correction with q < 0.10, the assembly produced for 

the controls had 354 contigs significantly larger than the average, the assembly for the 

unilateral cases had 194 contigs significantly larger than average, and the assembly for 

the bilateral cases had 365 contigs significantly larger than average. The large contigs 

identified following FDR correction contained 5, 2, and 0 hindlimb morphogenesis genes 

for the bilateral cases, the unilateral cases and the controls, respectively 
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(http://www.nature.com/article-

assets/npg/srep/2017/170103/srep39719/extref/srep39719-s4.xls). None of these genes 

were in common with those detected from the SNP and INDEL concordance analyses. 

However, homozygosity mapping by de novo assembly is impacted by the presence of 

repetitive elements in the genome that are larger than the sequencing library fragment 

size and terminate contig assembly. The distribution of these elements in the water 

buffalo genome is unknown as the reference assembly is not of high quality. Therefore, 

the effect of repetitive elements on disrupting the assembly of long contigs could not be 

assessed. To compensate for this and include regions that may be largely homozygous but 

poorly assembled, contigs in the 99th percentile for size from each of the assemblies were 

also aligned to the water buffalo reference genome to assess their gene content. Analysis 

of the longest 1% of contigs assembled for the controls, unilaterally and bilaterally 

affected cases revealed 2, 11, and 13 genes associated with hindlimb morphogenesis, 

respectively (http://www.nature.com/article-

assets/npg/srep/2017/170103/srep39719/extref/srep39719-s5.xls). Six of these genes – 

SMARCA4, NOTCH1, CHD7, MSX1, SALL1, and TBX3 – were detected in both the 

bilaterally affected and unilaterally affected cases. The SMARCA4 locus, which was also 

identified in the SNP and INDEL analyses, was of particular interest because this gene 

and its flanking regions were assembled into a single contiguous sequence approximately 

140 kb in length in both the bilaterally and unilaterally affected cases, but in the controls 

was placed on over 40 disjoint contigs (Figure 3.3). 
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Genome-wide association study 

Association analyses using both binary and semi-quantitative phenotypes were 

used to discover additional candidate loci (Figure 3.4). Binary phenotypes were simply 

coded as case versus control. Semi-quantitative phenotypes were calculated for each 

animal based on the number of major distal bones present in each limb ranging from 0 

(complete loss of both hindlimbs) to 10 (unaffected control) 

(http://www.nature.com/article-

assets/npg/srep/2017/170103/srep39719/extref/srep39719-s1.pdf; Table S1). While the 

binary trait GWAS primarily identified regions on small contigs with no nearby genes, 

markers near CHAMP1 and three uncharacterized predicted coding regions exceeded the 

genome-wide significance threshold (Bonferroni correction) 

(http://www.nature.com/article-

assets/npg/srep/2017/170103/srep39719/extref/srep39719-s1.pdf; Table S4). CHAMP1 

was also detected by the homozygosity mapping analysis and was on a contig 

significantly larger than average in both the bilateral and unilateral cases, however, no 

concordant SNPs or INDELs were identified. GWAS using semi-quantitative phenotypes 

revealed 15 additional significantly associated genes. These included FZD4, a Wnt 

receptor, and FGFR1, a fibroblast growth factor receptor (http://www.nature.com/article-

assets/npg/srep/2017/170103/srep39719/extref/srep39719-s1.pdf; Table S5). The GWAS 

results also suggested an oligogenic mode of inheritance because numerous loci rose to 

the same level of significance, in contrast to a GWAS for a Mendelian trait, where one 

primary peak would be expected in a large sample case versus control analysis. 
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Although the GWAS failed to identify any genes related to hindlimb 

morphogenesis, several potential modifier genes were detected. This may be due to the 

nature of the GWAS, which assumed an additive model underlying the severity 

(expressivity) of the phenotype. The concordance and homozygosity mapping analyses, 

however, suggested that the phenotype is influenced by epistatic interactions among 

driver and modifier genes. A further limitation of the GWAS was that SNPs with one or 

more missing genotypes were either ignored by the analysis algorithm or had association 

effects estimated by assigning the mean genotype (2 × allele frequency) to missing 

genotypes. This was particularly problematic here, because of the higher rate of missing 

genotypes in the controls versus cases, due to the lower sequencing depth. Consequently, 

we filtered results for loci with one or more missing genotypes, resulting in only about 

15% of the loci being analyzed for association with the TH phenotypes 

(http://www.nature.com/article-

assets/npg/srep/2017/170103/srep39719/extref/srep39719-s1.pdf; Table S6).  

Although several loci rose to genome-wide significance, we recognize that a 

larger sample size could provide greater power to detect associated variants. However, it 

is difficult to estimate the number of samples required to achieve a predetermined power 

when the trait is oligogenic or polygenic, because the power calculation requires the 

number of causal loci to be known beforehand. While the mode of inheritance of TH in 

Italian Mediterranean River buffalo was initially unknown, it was suspected to be a fully 

penetrant Mendelian defect. With a disease prevalence of ~4%, 11 cases are sufficient to 

detect a recessive Mendelian disease locus at a significance level of 0.001 with 80% 

power [107]. While future research will require obtaining and evaluating additional data 
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from affected animals and their parents, we analyzed sequence data for every available 

case. 

Candidate region mapping 

 To overcome the challenge of harmonizing significant associations with TH from 

the variety of performed analyses considering that the water buffalo scaffolds are not 

assigned to chromosomes, we mapped all of the buffalo genomic regions containing 

candidate loci to the UMD3.1 bovine reference assembly. While this identified candidate 

regions on all 29 bovine chromosomes, several chromosomal regions were identified as 

being significantly associated with TH in all of the performed analyses (Figure 3.5). This 

again suggests an oligogenic mode of inheritance since loci involved in determining TH 

are spread throughout the buffalo genome and are not concentrated in a single region as 

would be expected if TH was inherited as a simple Mendelian.  

Rudimentary gene enrichment analyses from the mapping of candidate regions to 

the bovine reference genome also indicated oligogenicity. From the SNP concordance 

mapping, a total of 769 candidate genes were discovered. This corresponds to 

approximately 3.85% of the total number of annotated genes in the genome (n = 19,994; 

http://useast.ensembl.org/Bos_taurus/Info/Annotation?redirect=no) but 6.06% of the total 

number of hindlimb morphogenesis genes (n = 31; GO:0035137). When only the 

bilaterally affected cases were analyzed for SNP concordance, two additional hindlimb 

morphogenesis genes were detected, but when only the unilaterally affected cases were 

analyzed no additional genes were associated with the GO term hindlimb morphogenesis. 

Similarly, from the homozygosity mapping by de novo assembly analyses, contigs in the 

99th percentile for size from the unilaterally affected cases contained 20.35% of all 
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annotated bovine genes but 33.33% of all hindlimb morphogenesis genes. Large, 

homozygous contigs assembled from the pooled sequences from the bilaterally affected 

cases contained 21.36% of all annotated bovine genes but 39.39% of all hindlimb 

morphogenesis genes. Contigs assembled from the sequences for controls contained 

9.70% of all annotated bovine genes but only 6.06% of all hindlimb morphogenesis 

genes. These results consistently demonstrate an enrichment of hindlimb morphogenesis 

genes in the larger contigs assembled for the cases compared to the controls with a 

greater enrichment in the bilaterally versus unilaterally affected cases. They also validate 

the oligogenic mode of inheritance of TH in Italian Mediterranean River buffalo. 

Gene ontology enrichment 

 Taking into account all 3,988 loci identified as candidates for TH by the various 

performed analyses, we queried all GO terms to determine sets which may be enriched. 

The GO term embryonic hindlimb morphogenesis was not significantly enriched (p-value 

< 0.05). However, the collective list of genes identified by SNP concordance, GWAS, 

and homozygosity mapping was significantly enriched for embryo development 

(GO:0009795; p-value = 0.0163), developmental processes (GO:0032502; p-value = 

7.04E-9), and anatomical structure development (GO:0048856; p-value = 1.57E-9) 

among others (http://www.nature.com/article-

assets/npg/srep/2017/170103/srep39719/extref/srep39719-s1.pdf; Table S7).   

Network analysis 

 Network analysis of all hindlimb morphogenesis genes (n = 16) detected by the 

SNP concordance and homozygosity mapping analyses and all potential modifier genes 

identified by the GWAS (n = 15) was performed to understand how these genes may 
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interact. Of these 31 genes, 23 formed an exclusive network based on functional 

association data including genetic interactions, pathways, co-expression, co-localization, 

and protein domain similarity (Figure 3.6). In this network, SMARCA4 is directly 

associated with 12 other genes while WNT7A is directly associated with 13 other genes. 

The remaining 8 genes were not directly associated with any of the other detected genes, 

and they did not have biological functions that were consistent with the disease 

phenotype. 

Discussion 

 We used several tactics to identify the genes involved in TH, a congenital limb 

abnormality resulting in the loss of transverse elements of the hindlimbs in Italian 

Mediterranean River buffalo. Although the inheritance pattern of TH was initially 

unknown, we present evidence for an oligogenic mode of inheritance and identify two 

primary driver genes and several modifier genes. While mutations in both of the driver 

genes, SMARCA4 and WNT7A, appear to be necessary for the disease, mutations in the 

modifier genes contribute to the severity of the expressed phenotype. The SMARCA4 

chromatin remodeling factor is required for normal embryonic development and 

SMARCA4 knockouts are lethal [108,109]. However, SMARCA4 expression knockdowns 

in mice have a large effect on embryonic hindlimb and tail development [102]. These 

knockdowns produce a phenotype that is very similar to that of the TH affected water 

buffalo, where the development of the rest of the body and forelimbs is normal and the 

embryo is viable, but the hindlimbs are extremely underdeveloped.  

Several signaling pathways are also required for normal hindlimb development. 

For example, Wnt signaling has been recognized as important for multiple aspects of 
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mammalian embryonic development [110], and mutations in WNT7A have been reported 

in hindlimb malformation studies in human and mouse [100,111,112]. In this research, 

the identification of two of the three known retinoic acid receptors (RARG and RARB) 

from the homozygosity mapping and SNP concordance analyses suggests that the retinoic 

acid signaling pathways also play a role in embryonic hindlimb development and, 

subsequently, TH. The role of retinoic acid in limb development is controversial: while 

previous research has reported an association between hindlimb development and retinoic 

acid levels [113–115], a recent study found that hindlimb budding and patterning do not 

explicitly require retinoic acid signaling [116]. Our data support a role for retinoic acid 

receptor genes in hindlimb development as the severity of the TH phenotype appears to 

increase when mutations are also present in these modifier genes. The data also support a 

role for Notch signaling, as NOTCH1 was detected both in the SNP concordance analysis 

and the de novo assembly homozygosity mapping. NOTCH1 and its ligand, JAG2, have 

repeatedly been implicated in hindlimb development [117,118]. 

We predict that modifier genes interact with SMARCA4 and WNT7A and underlie 

the oligogenic inheritance pattern and subsequent variable phenotype. This hypothesis is 

supported by the structure of the network that was generated from the genes identified 

from the concordance mapping, GWAS, and homozygosity mapping analyses. However, 

the complex mode of inheritance of TH and the limited data available on both TH 

affected and control buffaloes preclude identification of the causal mutations, and the 

molecular mechanism by which the involved genes regulate hindlimb development 

remains unclear. The variants identified here in SMARCA4 and WNT7A appear necessary 

for the expression of TH, but are located in introns based on computational predictions. It 
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is possible that these variants are in complete linkage disequilibrium with other variants 

on the same haplotype that are causal but were not detected in this study, either due to 

low sequence coverage or gaps in the reference assembly. For example, there are four 

gaps in SMARCA4 in the current buffalo reference assembly and there is a large gap just 

upstream of the gene. The WNT7A gene is more completely assembled, but also has one 

gap within the gene and three gaps in the upstream region. These gaps may contain 

genomic variants that alter the protein encoded by each gene or that alter gene expression 

through enhancers, promoters, or transcription factor binding sites. Likewise, the 

identified intronic variants may themselves disrupt unidentified regulatory elements. 

Variation in regulatory elements likely contributes to the expression of TH as the down-

regulation of the expression of SMARCA4 produces a similar phenotype in mice [102]. 

We predict that selection against the variants found to be homozygous in 

SMARCA4 and WNT7A in all cases but not in the controls and the avoidance of mating 

carriers of these variants would quickly eradicate the disease. This hypothesis could be 

tested by the targeted genotyping of these loci in buffalo affected by TH and their parents 

to confirm that the loci are reliably predictive of the disease phenotype. The molecular 

dissection of the effects of mutations in SMARCA4 and WNT7A could then be performed. 

However, this will likely require the collection of tissues from developing fetuses and 

possibly also significant improvements in the water buffalo reference genome and its 

annotation. Nevertheless, we hypothesize that eradication of the disease is now possible 

by selecting against the disease associated alleles for any of the concordant SNPs 

detected in SMARCA4 and/or WNT7A.  
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Methods 

Sample collection 

DNA was collected from 4 bilaterally affected and 7 unilaterally affected TH 

cases and sequenced on an Illumina HiSeq 2500 at the Parco Tecnologico Padano in 

Milan, Italy. DNA sequences from 14 control buffaloes were provided by the 

International Water Buffalo Genome Consortium and were sequenced on an Illumina 

Genome Analyzer at the USDA Beltsville Research Center, USA. Although the pedigree 

of all sampled individuals was unknown, a principal component analysis conducted with 

smartPCA from the EIGENSOFT package [119] subsequent to variant calling indicated 

that the cases were not more related to one another than they were to the controls (Figure 

3.7). Disease phenotypes were recorded for each case and a semi-quantitative phenotype 

score was calculated based on the number of major distal bones present in each limb 

ranging from 0 (complete loss of both hindlimbs) to 10 (unaffected control) 

(http://www.nature.com/article-

assets/npg/srep/2017/170103/srep39719/extref/srep39719-s1.pdf; Table S1). 

Genome sequencing 

 All animals were sequenced using Illumina technologies and 2 x 100 bp paired 

end libraries. Sequence depth varied from 5X to 15X average genome coverage, 

however, the cases were sequenced to an average depth of 12X and controls to only 7X 

(http://www.nature.com/article-

assets/npg/srep/2017/170103/srep39719/extref/srep39719-s1.pdf; Table S1). Raw 

FASTQ sequences have been deposited to NCBI Short Read Archive (SRA) under 

BioProject PRJNA350833. Supplementary Table 1 (http://www.nature.com/article-
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assets/npg/srep/2017/170103/srep39719/extref/srep39719-s1.pdf) contains sample, 

experiment, and run accessions for each animal. 

Genome alignment and variant detection 

 Raw sequences were trimmed for adaptors and quality using Trimmomatic-0.33 

[120]. The reads were then aligned to the UMD_CASPUR_WB_2.0 water buffalo 

reference assembly (GCF_000471725.1) using the BWA-MEM algorithm, version 

0.7.10-r789 [121]. Subsequently, we built a variant calling pipeline according to GATK 

Best Practices and optimized the pipeline for a scaffold level reference genome [122–

124]. The pipeline included duplicate removal using Picard 

(http://broadinstitute.github.io/picard), INDEL realignment, SNP and INDEL discovery 

using HaplotypeCaller, and genotype calling with GenotypeGVCFs. Base quality score 

recalibration and variant quality score recalibration were not performed due to the lack of 

availability of a known reference set of polymorphic sites in water buffalo.  

 SNP and INDEL variant sites were independently filtered. SNPs were filtered based 

on the number of detected alleles < 3 (biallelic), QD (Variant Confidence/Quality by 

Depth) < 2.0, FS (Phred-scaled p-value using Fisher's exact test to detect strand bias) > 

60.0, SOR (Symmetric Odds Ratio of 2x2 contingency table to detect strand bias) > 4.0, 

MQ (RMS Mapping Quality) < 40.0, MQRankSum (Z-score From Wilcoxon rank sum 

test of Alt vs. Ref read mapping qualities) < -12.5, or ReadPosRankSum (Z-score from 

Wilcoxon rank sum test of Alt vs. Ref read position bias) < -8.0. INDELs were filtered 

based on QD < 2.0, FS > 200.0, SOR > 10.0, ReadPosRankSum < -20.0, or 

InbreedingCoeff (Inbreeding coefficient as estimated from the genotype likelihoods per-

sample when compared against the Hardy-Weinberg expectation) < -0.8. Furthermore, 
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SNPs were filtered on an individual animal basis by setting genotypes with a Phred-scale 

genotype quality (GQ) < 10 to missing.  

Case versus control concordance analysis 

Filtered SNPs and INDELs were analyzed for concordance on a case versus 

control basis. This involved sorting variants such that all cases were homozygous for an 

allele for which none of the controls were homozygous. A missing genotype among the 

cases caused the variant to be rejected from the analysis, but a missing genotype among 

the controls was ignored due to the lower mean sequence coverage for the controls. 

Homozygosity mapping by de novo assembly 

 Three de novo genome assemblies were generated: unilaterally affected TH cases, 

bilaterally affected TH cases, and controls. Each assembly was initiated by pooling 

sequence reads from four individuals with the respective phenotype. The reads were 

assembled using MaSuRCA-3.1.3 using default parameters [70]. We used a negative 

binomial generalized linear model with the glm.nb function from the MASS package 

[125] to estimate the mean and dispersion parameter for the contig lengths produced by 

each assembly. A p-value was calculated for each contig to test the hypothesis that the 

contig was significantly greater in size than the mean, and the p-values were corrected for 

multiple testing by estimating q-values [126]. As regions of the genome for which all of 

the individuals in each pool are homozygous for a single haplotype can be assembled into 

large contigs (because the assembly graph does not fork), we extracted contigs that were 

significantly larger than average and those in the 99th percentile for size from each 

assembly. These contigs were aligned to the UMD_CASPUR_WB_2.0 reference genome 

assembly and intersected with the water buffalo gene annotation. Finally, the lists of 
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genes in the largest contigs produced from each assembly were compared. Genes within 

regions that were homozygous in all TH cases, but not in controls, were identified as 

candidates for risk of TH.  

Genome-wide association study (GWAS) 

 Given our initial uncertainty as to the mode of inheritance of TH, two GWAS 

analyses were run. The first was a mixed-model case versus control analysis while the 

second attempted to recover phenotypic information regarding disease severity by scoring 

the TH phenotypes according to the number of missing hindlimb bones, as previously 

described. Association tests for both models were performed using univariate linear 

mixed models and likelihood ratio tests implemented in GEMMA (version 0.94) with a 

centered genomic relationship matrix [127]. Each analysis was based on 2,990,419 SNPs 

and statistical significance was determined using a Bonferroni multiple testing correction 

(p-value < 0.05/2990419). 

Candidate region mapping and annotation 

 Variants identified by the concordance analysis and GWAS were intersected with 

the water buffalo gene annotation. De novo assembled contigs were aligned to the 

UMD_CASPUR_WB_2.0 water buffalo reference genome assembly using 

MUMmer3.23 [128]. The resulting reference positions were next compared with the 

water buffalo gene annotation. Additionally, buffalo scaffolds including either a 

concordant SNP in the case versus control analysis or a significant GWAS association 

after Bonferroni correction and the top 1% of de novo contigs were aligned to the Bos 

taurus UMD3.1 reference genome assembly using MUMmer3.23 [128]. This allowed us 
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to interpret potential causal loci from the context of a genome as opposed to the 367,000+ 

unplaced scaffolds.  

Candidate gene ontology and network analysis 

 Candidate genes identified from SNP concordance analyses, GWAS, and 

homozygosity mapping were uploaded to the BovineMine warehouse [129] to compare 

the list of candidate genes with the list of bovine genes associated with the GO term 

“hindlimb morphogenesis” (GO: 0035137). Network analyses were performed on the set 

of candidate genes associated with the GO term “hindlimb morphogenesis” and all 

candidate genes identified from GWAS using GeneMANIA [130]. We selected only 

these genes for network analysis because the entire list was too large and because we 

wanted to use the network analysis to investigate whether genes identified from the 

GWAS might be acting as modifier genes in conjunction with what we hypothesize to be 

the primary driver genes. gProfileR version 0.6.1 [131,132] was used to conduct GO term 

enrichment analyses using genes identified from SNP concordance analyses, GWAS 

from binary and quantitative phenotypes, and homozygosity mapping by de novo 

assembly (99th percentile analysis). A Bonferroni multiple testing correcting and a p-

value < 0.05 were used to determine statistical significance. 
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Figures 

 

Figure 3.1. Water buffalo calves with transverse hemimelia (TH). (A) A bilaterally 

affected TH case with both hindlimbs completely absent at birth and hypoplasia of carpal 

bones and absence of medial bones starting from metacarpus and X-ray images. (B) A 

unilaterally affected TH case with one hindlimb truncated at the tarsus with X-ray image. 

[Figure 1 in publication.] 
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Figure 3.2. Log10-transformed distribution of contig sizes from the de novo assembly of 

pooled sequences from the bilaterally affected cases, unilaterally affected cases and 

controls. 

[Figure 2 in publication.] 
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Figure 3.3. Dot plot of multiple contigs comprising the SMARCA4 gene region in 

controls versus a single contig comprising the SMARCA4 gene region in cases indicates 

increased homozygosity in SMARCA4 in affected animals. 

[Figure S1 in publication.] 
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Figure 3.4. Manhattan plots of GWAS results. (A) GWAS results from association with a 

binary phenotype. (B) GWAS results from association with a semi-quantitative 

phenotype. 

[Figure 3 in publication.] 
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Figure 3.5. Mapping of regions significantly associated with TH to the Bos taurus 

UMD3.1 reference assembly from bilaterally affected case homozygosity mapping 

(black), unilaterally affected case homozygosity mapping (red), control homozygosity 

mapping (green), GWAS (dark blue), and SNP concordance analysis (light blue).  

[Figure S2 in publication.] 
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Figure 3.6. Network analysis of genes predicted to be associated with transverse 

hemimelia (TH) based on SNP concordance, homozygosity mapping by de novo 

assembly, and GWAS analyses. Genes associated with hindlimb morphogenesis (GO: 

0035137) are shaded in red.  

[Figure 4 in publication.] 
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Figure 3.7. Principal component analysis of genotypes for 11 TH affected cases and 14 

controls. 

[Figure S3 in publication.] 
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Abstract 

The Neosho madtom (Noturus placidus) is a small catfish, generally less than 3 

inches in length, unique to the Neosho-Spring River system within the Arkansas River 

Basin. It was Federally listed as threatened in 1990, largely due to habitat loss. As part of 

conservation efforts, we generated whole genome sequence data from ten Neosho 

madtom originating from three geographically separated populations to evaluate genetic 

diversity and population structure. Single nucleotide polymorphisms (SNPs) were 

assessed de novo and via reference alignment with the closely related channel catfish 

(Ictalurus punctatus) reference genome. Principal component analysis and structure 

analysis indicated weak population structure, suggesting fish from the three locations 

represent one panmictic population. Sequence data were also used for whole-genome de 

novo assembly and assessment of genome size and content. Genome-wide divergence 

between the Neosho madtom and channel catfish was assessed by pair-wise scaffold 

alignment and demonstrated that genes important to embryonic development were largely 

conserved in sequence. This research in a threatened species with no previous genomic 

research or technologies provides novel genetic information to guide current and future 

conservation efforts and demonstrates the feasibility of using whole genome sequencing 

in other ongoing conservation efforts. 
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Introduction 

 The Neosho madtom (Noturus placidus) is a small ictalurid, generally less than 3 

inches in length, unique to parts of Kansas, Missouri, and Oklahoma in the Neosho, 

Cottonwood, and Spring Rivers [133–137] (Figure 4.1). The small fish inhabit loosely 

compacted gravel in high to moderate velocity water that is generally associated with 

riffles [138,139]. Due to factors such as dam construction, agricultural runoff, and lead-

zinc mining, much of the species’ historical habitat has been destroyed [140–142]. The 

Neosho madtom was listed as threatened in 1990 by the U.S. Fish and Wildlife service 

(55 FR 21148) and a recovery plan was put in place in 1991 [143]. Over the last 17 years, 

several research efforts have focused on elucidating the habitat and behaviors of these 

fish to aid in their conservation [138,144–146]. In addition, conservation efforts have 

focused on the relationships between population density to water quality and nutrients 

and competition from other species [142,146].  

Extant populations of Neosho madtom exist in regions of the Neosho, 

Cottonwood, and Spring Rivers with the largest populations residing in the Neosho and 

Cottonwood Rivers above the John Redmond Reservoir. The Spring River population is 

particularly sparse, most likely due to the presence of cadmium, lead, and zinc and 

limited food and habitats [134,147,148]. Sampling of Neosho madtom over the last 26 

years has indicated an overall decline in population density (fish per square meter), with 

density declining steadily from 1991 to 2008 [149]. Populations on opposing sides of the 

reservoir may have been geographically isolated since the dam was constructed nearly 60 

years ago [136]. Additional isolation of populations may have also occurred because of 

the presence of low-water dams found throughout the Neosho and Cottonwood Rivers 
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[136]. These potential sources of population isolation prompted research to determine the 

extent to which these populations have diverged from one another [136,137]. The 

objective of this study was to determine whether differences in selective pressures or 

genetic drift, which can have a significant impact on genetic divergence between small 

populations [150,151], has resulted in genetically unique populations within the current 

range of the Neosho madtom.  

 Significant advances in DNA sequencing technology have made it possible for 

next-generation sequencing (NGS) methods to efficiently produce genomic data that can 

be used to reveal genetic variation on a base-by-base level and aid in conservation efforts 

of threatened and endangered species such as the Iberian lynx, giant panda, scarlet 

macaw, and Tasmanian devil [152–155]. In this paper, we describe the application of 

NGS technology for assessing genetic variability and population structure in Neosho 

madtom from the upper and lower Neosho River and the Cottonwood River. We also 

completed a draft de novo assembly of the Neosho madtom genome and determine 

divergence from the channel catfish (Ictalurus punctatus) on a genome-wide scale. 

Methods 

Sample collection 

 Neosho madtom samples were collected from the upper Neosho River above the 

John Redmond Reservoir (UNR), the lower Neosho River below the John Redmond 

Reservoir (LNR), and from the Cottonwood River (CR) (Figure 4.2; Table 4.1). An 

additional sample from a Stonecat (Noturus flavus) was also collected to serve as an 
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outgroup for phylogenetic analyses. Genomic DNA was extracted from tissue using 

phenol-chloroform extraction.  

Genome sequencing 

Genomic DNA was used to construct one small insert paired end library per fish 

with an approximate insert size of 300 bp. Each library was sequenced using Illumina 

technology to an average coverage of 39X (Table 4.2). Additionally, two mate-pair 

libraries with insert sizes of 2,000 and 3,000 bp were constructed using genomic DNA 

from one fish to improve the scaffolding of the de novo assembly. All sequences have 

been deposited in NCBI’s SRA database (Table 4.2). 

De novo variant calling and filtering 

The cortex_var algorithm was used for de novo variant discovery [156].  Cortex 

calls variants by constructing multicolor de Bruijn graphs from the DNA sequence reads 

from all samples. We constructed multicolor de Bruijn graphs using k-mer sizes of 31 and 

63 bp from individual graphs corrected for low coverage supernodes. Variants were 

subsequently called as the algorithm searched for motifs within the graph, referred to as 

bubbles, that are created by polymorphisms or repeats. K-mers of 31 and 63 were used 

jointly in variant calling to maximize the likelihood of detection of variants that may only 

be visible at low or high k. 

Variants were first filtered based on variant type such that only biallelic single 

nucleotide polymorphisms (SNPs) were retained. These were then filtered based on 

genotype confidence, which is defined as the natural log probability of the maximum 

likelihood genotype – log probability of the second mostly likely genotype. Finally, SNPs 
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with a genotype confidence < 5.54 (meaning the remaining genotypes called are less than 

e5.54 or 254.5 times more likely than the alternative) were filtered from the data set. 

Reference variant calling and filtering 

During the course of the project, the channel catfish (Ictalurus punctatus) 

reference genome became publicly available [157] and was subsequently used to call 

variants. Raw sequences were trimmed for adaptors and base quality using Trimmomatic-

0.33 [120]. The reads were then aligned to the IpCoco_1.2 channel catfish reference 

assembly (GCA_001660625.1) using the BWA-MEM algorithm, version 0.7.10-r789 

[121]. We then built a pipeline according to GATK Best Practices to call variants from 

the alignment files [122–124]. The pipeline included modules for duplicate removal using 

Picard (http://broadinstitute.github.io/picard), INDEL realignment, SNP and INDEL 

discovery using HaplotypeCaller, and genotype calling with GenotypeGVCFs. Base 

quality score recalibration and variant quality score recalibration was not performed due 

to the lack of availability of a reference set of validated polymorphic sites in catfish.  

 SNPs were filtered based on the number of detected alleles < 3 (biallelic), QD 

(Variant Confidence/Quality by Depth) < 2.0, FS (Phred-scaled p-value using Fisher's 

exact test to detect strand bias) > 60.0, SOR (Symmetric Odds Ratio of 2x2 contingency 

table to detect strand bias) > 4.0, MQ (RMS Mapping Quality) < 40.0, MQRankSum (Z-

score From Wilcoxon rank sum test of Alt vs. Ref read mapping qualities) < -12.5, or 

ReadPosRankSum (Z-score from Wilcoxon rank sum test of Alt vs. Ref read position 

bias) < -8.0. The remaining set of SNPs was deposited in NCBI’s dbSNP database 

(accessions TBD). 
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Principal component and structure analysis 

Principal component analysis (PCA) was conducted using the smartpca module 

from the EIGENSOFT 5.0 population genetics package [119] using the high confidence 

and filtered genotype sets from de novo and reference variant calling for all samples 

(including the outgroup) and for only Neosho madtom. PCA excluding the outgroup was 

conducted after removing variants that were fixed for different alleles between the 

Neosho madtom and the outgroup. Tracy-Widom staistics were calculated to determine 

the significance of eigenvalues. 

Structure analysis was performed using fastSTRUCTURE, an algorithm designed 

to use high density SNP data and a variational Bayesian framework for posterior 

inference to infer the ancestry of individuals [158]. FastSTRUCTURE was run using K = 

1 to K = 4 with simple priors on SNP data from all individuals (Neosho madtom and 

Stonecat) and from K = 1 to K = 3 on SNP data from Neosho madtom only. These K 

values were tested as they represent the total number of possible madtom populations and 

outgroup species. Both analyses were run using de novo and reference called variants 

separately. 

Estimation of historical effective population size 

 The historical effective population size of both Neosho madtom and Stonecat 

populations was estimated using SMC++ [159] and genotypes from unphased whole 

genome sequence data. SMC++ utilizes variant calls and genome position information to 

estimate recombination rates across varying block sizes. Therefore, only variants called 

from reference alignment were used for the estimation of historical effective population 

size. The divergence time between Neosho madtom and Stonecat was also inferred using 
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SMC++. All estimates were calculated and interpreted using a generation interval of 1 

year, as suggested by Bulger and Edds [160], and a Watterson estimation of mutation 

rate. The Watterson estimate is based on coalescent theory and is calculated by dividing 

the number of segregating variants by the (n – 1)th harmonic number [161]. 

Genome size and de novo assembly 

Two paired-end and two mate-pair libraries were sequenced from a single Neosho 

madtom and were assembled using MaSuRCA-2.3.2 [162]. This assembler uses the 

QuorUM error correction method [25] and automatically chooses an appropriate K-mer 

size. It relies on both de Bruijn graph and overlap layout consensus (OLC) methods for 

accurate assembly. Parameters were adjusted to limit jump coverage to 150, set the 

maximum error rate for the scaffolder to 0.10, and use a Jellyfish [163] hash size of 1010. 

The resulting assembly has been submitted to NCBI’s Genome database (pending 

accession number). 

We also used K-mers from whole genome sequence reads to estimate the genome 

size of the Neosho madtom. Assuming K-mers are uniquely mapped to the genome, their 

frequency reflects the depth of coverage (the sequencing of each base in the genome 

multiple times). Therefore, the genome size can be estimated as the total number of K-

mers divided by the average frequency or coverage. We determined the K-mer 

distribution using Jellyfish [163] to count K-mers using K = 31. Counts were summed to 

determine the total number of K-mers analyzed and visualized as a histogram. K-mers 

with coverage < 5 were truncated as they likely represent sequencing errors. Using the 

peak of the histogram, genome size is estimated as the total number of K-mers analyzed 

divided by the value of the most frequent K-mer (coverage). We can also estimate the 
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portion of the genome that is single copy by calculating the total number of K-mers 

represented by the bell curve without considering the tails of the distribution (5 < K-mer 

count < 45). 

Whole genome analysis of divergence 

 Scaffolds from the de novo assembly of Neosho madtom via MaSuRCA [162] 

were aligned to the channel catfish (GenBank accession GCA_001660625.1) and 

zebrafish (GenBank accession GCA_000002035.3) reference genomes using NUCmer 

3.1 [128] with a break length of 200 bp, a minimum length for a maximal exact match 

equal to 20, and a minimum cluster length of 65. The alignment was then used to perform 

a whole genome analyses for divergence. Orthologous regions of the channel catfish and 

zebrafish genomes to the Neosho madtom genome were determined by observing the best 

alignment and selecting additional secondary, non-overlapping alignments on the same 

chromosome. All other spurious alignments to a chromosome that differed from the 

identified orthologous region for each scaffold were filtered from the alignment data set.  

 For each valid alignment, the number of identical aligned bases was calculated as 

the percent identity × alignment length. A generalized linear model was then fit analyzing 

the number of identical aligned bases ÷ the total alignment length using a quasi-binomial 

distribution weighted by the alignment length. Outliers from the model were determined 

using a Bonferroni corrected p-value for the Studentized residuals from the generalized 

linear model. Outliers were determined to be significantly conserved if the Bonferroni p-

value < 0.05 and Studentized residual > 0 or significantly diverged if the Bonferroni p-

value < 0.05 and Studentized residual < 0. The calculation of this statistic was motivated 

by the correction for alignment length in an analysis previously reported by Seabury et al. 
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[155]. Regions determined to be significantly conserved or diverged were next 

intersected with the channel catfish or zebrafish GFF file, respectively, to determine the 

genes located within the region. 

Results 

Genetic variation 

The de novo variant discovery algorithm was more successful in calling variants 

when sequences from Neosho madtom and Stonecat were not combined (Supplementary 

Note 1). When variants were discovered de novo within Neosho madtom only, 967,681 

SNPs were detected and 709,790 SNPs (73.5%) passed quality filtering. The channel 

catfish reference genome became publicly available during our research and we also 

called variants by directly aligning reads to this assembly. Despite the divergence time 

between channel catfish and madtom, on average, 80.5% of the reads aligned to the 

assembly (Table 4.3). There were 40.4 million SNPs detected, with approximately 31.1 

million (77%) being fixed different (homozygous alternate) in Neosho madtom and 

Stonecat. Thus, 9.3 million SNPs were variable across the madtom species. Within those 

SNPs, 2.1 million SNPs were determined to be variable within Neosho madtom and a 

proportion were uniquely variable to each population (Table 4.4). The most genetic 

variation was detected in LNR Neosho madtom, however, this result is confounded by 

having one additional sample from the lower Neosho population.  

Population structure 

Using variants called from the alignment to the channel catfish reference, 

principal component analysis was conducted to analyze the relationships between the 
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three populations of Neosho madtom as well as between the Neosho madtom and the 

Stonecat. When all 11 fish were considered, the primary source of variation was, as 

expected, between the two species of madtom (Figure 4.3A). Eigenvector 1 for this PCA 

accounted for 89.21% of the variation (Table 4.5). Eigenvector 2 seems to separate the 

Neosho madtom populations, but the clusters are not well defined. By computing Tracy-

Widom statistics for eigenvector 1, we conclude that the eigenvector is not significant (p-

value = 0.1962), and that the population structure is weak. 

When only the Neosho madtom are considered, the populations, and some 

individuals, separate from one another (Figure 4.3B), but, unlike the first PCA, their 

eigenvalues are nearly equal (Figure 4.4). In this case, eigenvector 1 only explains 

13.56% of the variance and has a Tracy-Widom p-value = 0.9847 (Table 4.5). This 

indicates that there is no evidence of population structure among the different populations 

of Neosho madtom. The ancestry analysis recapitulated this result, giving an optimal 

value of K (the number of ancestral populations) of two if Neosho madtom and Stonecat 

SNP genotypes were provided (Figure 4.5) or one if only Neosho SNP genotypes were 

provided. De novo variant calls reiterated these findings (Figures 4.6 and 4.7). This 

suggests that the Stonecat and Neosho madtom populations have differentiable ancestry, 

but the UNR, CR, and LNR Neosho madtom populations do not. 

Estimation of historical effective population size 

Estimation of the historical effective population size of Neosho madtom and 

Stonecat suggests that the Stonecat population has historically been a larger population 

than the Neosho madtom (Figure 4.8A). This was also the case for the estimates of 

current effective population size. As expected, the historical effective population size 
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estimates for each Neosho madtom population were similar (Figure 4.8A). The most 

recent effective population size estimates for Neosho madtom show the largest effective 

population size in the LNR population and the smallest effective population size in the 

UNR population. It is important to note that, due to the large parameter space associated 

with the estimation of effective population size, the precision of the inferences is low. We 

also estimated the divergence time between Neosho madtom and Stonecat to be 

approximately 10,000 years ago (Figure 4.8B) assuming a clean split and a generation 

interval of one year.  

Genome size and de novo assembly 

 The decreased genetic diversity and small genome size for the Neosho madtom 

allowed us to generate a quality whole genome de novo assembly. Whole genome de 

novo assembly utilized sequence reads from two paired-end and two mate-pair libraries. 

The assembly resulted in 56,087 scaffolds with an N50 of 108,346	bp. A total of 

899,438,561	bases were assembled (Table 4.6). Before assembly, the genome size was 

estimated to be 981,199,801 bases using K-mer counts from the sequence data. Assuming 

the Nesoho madtom genome is similar or equal in size to the 1.0 Gb approximate genome 

size of the channel catfish [164,165], we were able to assemble ~91.7% of the genome 

and hypothesize that some regions of the genome comprising repetitive sequences were 

not able to be resolved by the assembler.  

 The portion of the genome that is single copy was also estimated using K-mer 

counts. The single copy regions can be identified by the total number of K-mers in the 

bell curve portion of the K-mer distribution divided by the total estimated genome size. 

For this sequencing library (sample 93670, paired end library abbreviation aa; Table 4.2) 
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, coverage for the single copy regions was between 5 and 45 (Figure 4.9). Using the K-

mer counts within this range of coverage, approximately 72.9% of the genome was 

estimated to be single copy. The remaining portion of the genome that harbors duplicated 

sequences likely contributed to the inability to assemble the entire genome. 	

Whole genome analysis of divergence  

 Scaffolds produced in the de novo assembly of the Neosho madtom were 

compared to the channel catfish and zebrafish reference assemblies to assess divergence 

on a genome-wide scale. Scaffolds were aligned to each reference assembly and the 

alignment lengths and percent identity were used to determine significantly diverged and 

conserved regions (see methods). NUCmer alignments against the channel catfish 

reference genome produced at least one valid alignment for 60.1% of the de novo 

assembled scaffolds. The average percent identity and length of all alignments was 

84.68% and 2,477 bases, respectively (Figure 4.10A-B). Of these alignments, 32 were 

statistical outliers identified as being highly conserved and 5 were statistical outliers 

identified as highly diverged between the species (Figure 4.10C). Highly conserved 

regions contained 47 unique genes annotated in the channel catfish reference (Table 4.7). 

This included 19 homeobox or homeobox-like genes, known to encode transcription 

factors that are involved in the development of the vertebrate body plan [166]. As 

expected, highly diverged regions were mostly found in non-coding regions of the 

genome and overlapped with only 3 genes (Table 4.8).  

 NUCmer alignments of Neosho madtom scaffolds against the zebrafish reference 

genome resulted in at least one valid alignment for only 14.4% of the de novo assembled 

scaffolds. The average percent identity of alignments was 87.74% and the average length 
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of alignments was 3,766 bases (Figure 4.11A-B). No significantly conserved regions 

were identified using our method. However, 26 significantly diverged regions were 

identified (Figure 4.11C). Those regions overlapped 12 unique genes annotated in the 

zebrafish reference (Table 4.9). It is important to note that our method inherently fails to 

identify some significantly diverged regions of the genome when scaffolds cannot be 

aligned at the required stringency due to the high divergence. However, high divergence 

is not the only reason why a scaffold might not align to a reference genome. Other 

reasons include misassemblies or regions that are absent from one or both genomes and 

low complexity or repetitive sequence. Scaffolds falling into each of these classes are 

difficult to identify with any confidence. 

Discussion 

 Neosho madtom were placed on the Federal Threatened and Endangered Species 

list in 1990 and have subsequently become a focus of several research efforts. Along with 

the removal of small dams to improve habitat range for the species, a primary need 

identified in conservation and recovery efforts associated with Neosho madtom has been 

population genetic information in support of reintroduction efforts into areas of their 

historic range from which they have been extirpated (e.g., sections of the Spring River in 

Oklahoma) [136,137]. As the first attempt to address genetic variation and population and 

genome structure in three of the remaining populations, we collected and sequenced 

DNA from 11 fish. Using these data, we demonstrate that although de novo variant 

detection is a viable option, additional variation can be detected by aligning to a reference 

genome of a closely related species. Alignment to the reference genome revealed genetic 

variation at a density of approximately 1 SNP per 5 kb of sequence in the Neosho 
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madtom genome. This is much lower than the extent of genetic diversity in humans who 

have approximately 4 SNPs per 5 kb of sequence [167]. Even greater genetic diversity is 

found in cattle, chicken, and swine [168–171].  

The whole genome sequencing approach used in this research provides more 

strength for population genetic conclusions than the more commonly used microsatellite 

analyses, which yield only a small fraction of the genetic data that is generated by 

sequencing projects. Analysis of population structure based on SNPs indicates that 

Neosho madtom from the upper and lower Neosho River and the Cottonwood River 

represent a single panmictic population. Although these populations were not thought to 

interbreed due to geographical isolation, it is possible that eggs or fish from the UNR and 

CR populations are moving downstream and contributing genetic material to the LNR 

population. This would explain the increased genetic variation and effective population 

size seen in the LNR Neosho madtom. The overwhelming support for a panmictic 

population is useful for future conservation efforts, which may utilize translocation. 

  Historic effective population sizes were also estimated using SNPs and provide 

some insight into the bottlenecks that have occurred in both Neosho madtom and 

Stonecat. Neosho madtom populations experienced steep declines since approximately 

10,000 years ago. This could be due to the colonization of the Americas by humans, 

which is estimated to have occurred nearly 13,000 years ago [172,173]. The Stonecat has 

also shown an overall decline in effective population size. The estimation of its decline 

may be less accurate than that for the Neosho madtom due to the small sample size used 

in this study.  
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 De novo assembly allowed whole genome divergence analyses between Neosho 

madtom and channel catfish and provides a novel resource for future madtom genomics 

research. Many conserved genes encode transcription factors, which have previously 

been observed to be conserved across species [174]. Extreme conservation of the regions 

of the genome containing developmental regulatory genes such as the homeobox clusters 

emphasizes the importance of the sequence and, subsequently, structure of these proteins. 

The homeobox genes and their regulatory elements have previously been reported to be 

highly conserved across vertebrates [175–178], indicating the importance of developing 

an apt body plan. Genes identified as significantly diverged between Neosho madtom and 

either channel catfish or zebrafish do not appear to have any coordinating theme. 

However, both genes identified as significantly diverged between Neosho madtom and 

zebrafish (PLCH1 and PTPRD) have functions related to metabolism. It is also 

interesting to note that several genes identified as significantly conserved between 

Neosho madtom and channel catfish were identified as significantly diverged in the 

analysis between Neosho madtom and zebrafish. 

 Overall, our research characterizes the genetic variability in Neosho madtom and 

suggests that the geographically isolated populations have not drifted substantially from 

one another based on whole genome comparisons. This information and the resources we 

have developed, including a genome assembly and a catalog of genetic variants, can be 

used to advise future conservation efforts where the objective is to minimize the chances 

of accumulating detrimental variants that lower fitness (genetic rescue) [179]. A detailed 

genetic history and robust analysis of population structure are also important 

prerequisites for management strategies such as genetic restoration, a more 
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comprehensive approach that aims to eliminate the effects of detrimental variation while 

maintaining advantageous variation and neutral variation that may be adaptive in the 

future [180–184]. In addition, we have demonstrated the feasibility of utilizing next 

generation sequencing technologies in the population genetic analysis of any threatened 

or endangered species that does not possess a reference genome or other genomic 

resources. Whole genome comparisons were crucial to reinforcing the validity of our 

conclusions due to the small sample size, which is often a common feature of 

conservation genetic studies. To further assist conservation efforts for the Neosho 

madtom the next step would be to collect and sequence samples from populations in the 

Spring River in order to determine if Neosho and Cottonwood River populations are 

sufficiently genetically similar to be used for the reintroduction of the species into 

sections of the Spring River where they are currently not found. 
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Figures 

 

Figure 4.1. The Neosho madtom catfish (photo credit: Janice Albers). 
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Figure 4.2. Sampling locations of Neosho madtom for sequencing. Locations include the 

Cottonwood River (CR), the upper Neosho River (UNR), and the lower Neosho River 

(LNR). 
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Figure 4.3. Eigenvectors 1 and 2 from principal component analysis of Neosho madtom 

and Stonecat (A) and Neosho madtom (B) based on SNPs discovered from reference 

alignment. 
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Figure 4.4. Eigenvalues of eigenvectors from principal component analysis of Neosho 

madtom and Stonecat and Neosho madtom. 
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Figure 4.5. Structure analysis of Neosho madtom and Stonecat with an optimal value of 

K = 2 shows pure and identical ancestry of all Neosho madtom individuals with SNPs 

discovered from reference alignment. 
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Figure 4.6. Eigenvectors 1 and 2 from principal component analysis of Neosho madtom 

and Stonecat (A) and Neosho madtom (B) based on de novo discovered SNPs. 
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Figure 4.7. Structure analysis of Neosho madtom and Stonecat with an optimal value of 

K = 2 shows pure and identical ancestry of all Neosho madtom individuals with SNPs 

discovered de novo. 
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Figure 4.8. Estimation of historical effective population size of Neosho madtom and 

Stonecat (A) and the time to a clean split between the two species (B). 
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Figure 4.9. Distribution of K-mer frequencies from whole genome sequencing of one 

individual. 
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Figure 4.10. Statistics from alignments of Neosho madtom de novo assembled scaffolds 

to the channel catfish reference genome via NUCmer alignment. (A) Distribution of the 

percent identity of alignments. (B) Distribution of the length of alignments. (C) 

Distribution of Studentized residuals versus percent identity with significant alignments 

shown in red and non-significant alignments shown in black. 
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Figure 4.11. Statistics from alignments of Neosho madtom de novo scaffolds to the 

zebrafish reference genome via NUCmer alignment. (A) Distribution of the percent 

identity of alignments. (B) Distribution of the length of alignments. (C) Distribution of 

Studentized residuals versus percent identity with significant alignments shown in red 

and non-significant alignments shown in black. 
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Tables 

Table 4.1. Sampling locations of Neosho madtom and Stonecat. 

Fish ID Species name Common name Sampling location River Population 

84434 Noturus placidus Neosho madtom Americus, KS Neosho River UNR 

84435 Noturus placidus Neosho madtom Cottonwood Falls, KS Cottonwood River CR 

86398 Noturus placidus Neosho madtom Humboldt, KS Neosho River LNR 

93670 Noturus placidus Neosho madtom Americus, KS Neosho River UNR 

93671 Noturus placidus Neosho madtom Humboldt, KS Neosho River LNR 

93672 Noturus placidus Neosho madtom Humboldt, KS Neosho River LNR 

93674 Noturus placidus Neosho madtom Cottonwood Falls, KS Cottonwood River CR 

93675 Noturus placidus Neosho madtom Humboldt, KS Neosho River LNR 

93676 Noturus flavus Stonecat Grand River Dam, OK Neosho River Outgroup 

93677 Noturus placidus Neosho madtom Cottonwood Falls, KS Cottonwood River CR 

93678 Noturus placidus Neosho madtom Americus, KS Neosho River UNR 
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Table 4.2. Whole genome sequencing statistics for Neosho madtom and Stonecat. 

Fish ID Sample 
type 

Library 
abbreviation 

Mean 
insert size 

Number of 
reads 

Read 
length 
(bp) 

Est. raw 
coverage* 

84434 muscle aa 271 256,484,994 100 25.65 
84435 muscle aa 224 328,701,858 100 32.87 
86398 muscle aa 245 274,665,938 100 27.47 
93670 muscle aa 336 432,376,174 100 43.24 
93670 muscle ba 406 381,863,838 250 

 93670 muscle ca 2000 187,522,278 100 18.75 
93670 muscle da 3000 215,913,390 100 21.59 
93671 muscle aa 337 455,916,970 100 45.59 
93672 muscle aa 320 475,853,862 100 47.59 
93674 muscle aa 336 394,229,316 100 39.42 
93675 muscle aa 320 484,838,720 100 48.48 
93676 muscle aa 339 450,976,652 100 45.10 
93677 muscle aa 334 401,332,076 100 40.13 
93678 muscle aa 326 318,100,540 100 31.81 

*Based on genome size of 1 Gb 
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Table 4.3. Alignment statistics for Neosho madtom sequences to channel catfish 
reference. 
 

Fish ID Total Reads 
After QC 

Total Reads 
Aligned 

Proportion 
aligned 

84434 233,456,403 195,384,483 0.8369 
84435 559,694,518 458,145,137 0.8186 
86398 248,653,169 202,410,073 0.8140 
93670 350,505,554 281,634,420 0.8035 
93671 361,475,118 288,446,421 0.7980 
93672 363,505,237 289,009,895 0.7951 
93674 304,190,856 241,617,882 0.7943 
93675 348,672,910 273,244,224 0.7837 
93676 356,455,627 286,450,417 0.8036 
93677 328,383,024 258,760,008 0.7880 
93678 278,475,624 227,856,740 0.8182 
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Table 4.4. Number of variable SNPs discovered from reference alignment. 
 

  Neosho + 
Stonecat 

Neosho - all 
populations 

Neosho - 
UNR 

Neosho - 
CR 

Neosho - 
LNR 

 
Number of 

variable 
SNPs 

9,325,538 2,082,811 1,271,208 1,332,961 1,558,034 
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Table 4.5. Results from principal component analysis. 
 
  With outgroup Without outgroup 

Eigen-
vector 

Eigen-
value 

Cumulative 
variance 
explained 

Tracy-
Widom 
statistic 

Tracy-
Widom 
p-value 

Eigen-
value 

Cumulative 
variance 
explained 

Tracy-
Widom 
statistic 

Tracy-
Widom 
p-value 

1 8.92 89.21% -0.1459 0.1962 1.22 13.56% -3.728 0.9847 
2 0.15 90.67% -- -- 1.16 26.47% -- -- 
3 0.14 92.06% -- -- 1.03 37.87% -- -- 
4 0.12 93.29% -- -- 0.97 48.63% -- -- 
5 0.12 94.45% -- -- 0.95 59.18% -- -- 
6 0.11 95.59% -- -- 0.94 69.63% -- -- 
7 0.11 96.72% -- -- 0.92 79.87% -- -- 
8 0.11 97.83% -- -- 0.92 90.08% -- -- 
9 0.11 98.93% -- -- 0.89 100.00% -- -- 

10 0.11 100.00% -- -- -- -- -- -- 
 
 
  



 

 94 

Table 4.6. Statistics from whole genome de novo assembly for a single Neosho madtom. 
 

Fish ID Total bases 
assembled 

Number of 
scaffolds 

Scaffold 
N25 

Scaffold 
N50 

Scaffold 
N75 

Contig 
N50 

93670 899,438,561 56,807 217,732 108,346 43,999 6,113 
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Table 4.7. Significantly conserved regions between Neosho madtom and channel catfish 
genomes. 
 

Scaffold ID Mapped 
chromsome 

Mapped 
start 

Mapped 
end 

Predicted gene 
symbol 

Predicted gene 
description 

jcf7180004898874 NC_030416.1 23465490 23478732 LOC108270367 plectin-like 
jcf7180004891330 NC_030417.1 9636277 9720456 HOXB2 homeobox B2 

jcf7180004895857 NC_030418.1 14759101 14819013 BCL11A 
B-cell CLL/lymphoma 
11A 

jcf7180004894661 NC_030418.1 16152537 16174525 -- -- 

jcf7180004898871 NC_030418.1 16905534 16963603 LOC108262760 
carbohydrate 
sulfotransferase 3-like 

jcf7180004898871 NC_030418.1 16999920 17041288 LOC108263455 
uncharacterized 
LOC108263455 

jcf7180004893994 NC_030418.1 17375262 17397050 ZMIZ1 
zinc finger MIZ-type 
containing 1 

jcf7180004856844 NC_030421.1 12073004 12104205 EPHA3 EPH receptor a3 
jcf7180004885960 NC_030421.1 13087483 13106594 -- -- 

jcf7180004885960 NC_030421.1 13106596 13146261 SHOX 
short stature 
homeobox 

jcf7180004891860 NC_030421.1 24943819 24979927 TTN titin 
jcf7180004895816 NC_030421.1 25038753 25101307 TTN titin 
jcf7180004895816 NC_030421.1 25189670 25264932 LOC108266290 titin-like 

jcf7180004891534 NC_030423.1 14888561 14931104 LOC108269150 
slit homolog 3 
protein-like 

jcf7180004893229 NC_030423.1 16176338 16201506 LOC108268792 

microtubule-
associated protein 1A-
like 

jcf7180004892919 NC_030424.1 16673261 16688020 NPAS3 
neuronal PAS domain 
protein 3 

jcf7180004892563 NC_030424.1 19651356 19770443 C9H15ORF41 

chromosome 9 open 
reading frame, human 
C15orf41 

jcf7180004892563 NC_030424.1 19800104 19819460 -- -- 

jcf7180004848114 NC_030426.1 10946402 10968214 LOC108272157 
pre-B-cell leukemia 
transcription factor 1 

jcf7180004893231 NC_030427.1 7815754 7828683 LOC108273067 

zinc finger E-box-
binding homeobox 2-
like 

jcf7180004897758 NC_030427.1 8865132 8904209 LOC108273058 

multidrug resistance-
associated protein 1-
like 

jcf7180004899247 NC_030428.1 13597775 13637447 TCF7L2 
transcription factor 7 
like 2 

jcf7180004899234 NC_030428.1 18046471 18063008 LOC108273946 

E3 ubiquitin-protein 
ligase rnf213-alpha-
like 

jcf7180004898327 NC_030429.1 15720970 15737720 ZNF469 zinc finger protein 469 
jcf7180004891458 NC_030430.1 4354034 4430554 HOXC10 homeobox c10 

jcf7180004894009 NC_030431.1 19506824 19528651 LOC108277102 
uncharacterized 
LOC108277102 
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Scaffold ID Mapped 
chromsome 

Mapped 
start 

Mapped 
end 

Predicted gene 
symbol 

Predicted gene 
description 

jcf7180004894017 NC_030434.1 13639804 13718730 FOXP2 forkhead box P2 
jcf7180004899882 NC_030436.1 1069656 1084510 LOC108254756 protein bassoon-like 

jcf7180004892526 NC_030437.1 10017498 10062295 MEF2C 
myocyte enhancer 
factor 2C 

jcf7180004898966 NC_030439.1 12993991 13014604 LOC108256925 plectin-like 
jcf7180004895339 NC_030442.1 7575835 7599426 ZNF536 zinc finger protein 536 
jcf7180004895339 NC_030442.1 7663454 7715290 ZNF536 zinc finger protein 536 
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Table 4.8. Significantly diverged regions between Neosho madtom and channel catfish 
genomes. 
 

Scaffold ID Mapped 
chromsome 

Mapped 
start 

Mapped 
end 

Predicted gene 
symbol 

Predicted gene 
description 

jcf7180004900536 NC_030419.1 31623390 31638329 PLCH1 phospholipase C 
eta 1 

jcf7180004898244 NC_030422.1 27313758 27319548 LOC108268315 uncharacterized 
LOC108268315 

jcf7180004894658 NC_030429.1 6397724 6402950 -- -- 
jcf7180004898264 NC_030440.1 2063138 2070585 -- -- 

jcf7180004898679 NC_030444.1 10984669 11002470 PTPRD 
protein tyrosine 
phosphatase, 
receptor type D 
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Table 4.9. Significantly diverged regions between Neosho madtom and zebrafish 
genomes. 
 

Scaffold ID Mapped 
chromosome 

Mapped 
start 

Mapped 
end 

Predicted 
gene 

symbol 

Predicted 
gene 

description 

jcf7180004899048 NC_007112.6 20740780 20742374 GLRBA glycine 
receptor, beta a 

jcf7180004897174 NC_007112.6 20740780 20742374 GLRBA glycine 
receptor, beta a 

jcf7180004894518 NC_007112.6 20740780 20742374 GLRBA glycine 
receptor, beta a 

jcf7180004897753 NC_007112.6 20740780 20742374 GLRBA glycine 
receptor, beta a 

jcf7180004897462 NC_007112.6 20740780 20742374 GLRBA glycine 
receptor, beta a 

jcf7180004896630 NC_007112.6 20740803 20742457 GLRBA glycine 
receptor, beta a 

jcf7180004892430 NC_007112.6 20740903 20742374 GLRBA glycine 
receptor, beta a 

jcf7180004890896 NC_007112.6 20740972 20742356 GLRBA glycine 
receptor, beta a 

jcf7180004893596 NC_007116.6 51063024 51063710 -- -- 
jcf7180004893231 NC_007117.6 1217912 1218485 -- -- 

jcf7180004886895 NC_007117.6 59888356 59888933 CASKB 

calcium/calmo
dulin-
dependent 
serine protein 
kinase b 

jcf7180004862073 NC_007117.6 59888552 59888933 CASKB 

calcium/calmo
dulin-
dependent 
serine protein 
kinase b 

jcf7180004895339 NC_007118.6 46204173 46206247 ZNF536 zinc finger 
protein 536 

jcf7180004898913 NC_007119.6 39272299 39273393 -- -- 
jcf7180004895816 NC_007120.6 42946908 42955608 TTNB titin b 

jcf7180004898444 NC_007123.6 16990431 16991353 ACTA2 
actin, alpha 2, 
smooth 
muscle, aorta  

jcf7180004892010 NC_007123.6 19161775 19163832 TNRC6B 
trinucleotide 
repeat 
containing 6b 

jcf7180004897698 NC_007124.6 19196475 19198068 -- -- 
jcf7180004899253 NC_007125.6 32299200 32301778 -- -- 

jcf7180004858513 NC_007127.6 54861583 54862015 RGS22 
regulator of G-
protein 
signaling 22 

jcf7180004891058 NC_007130.6 41878818 41881131 DLX6A distal-less 
homeobox 6a 

jcf7180004873001 NC_007130.6 48403460 48404074 ZGC:85936 zgc:85936 
jcf7180004897713 NC_007132.6 11400114 11401969 GRIN1A glutamate 
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Scaffold ID Mapped 
chromosome 

Mapped 
start 

Mapped 
end 

Predicted 
gene 

symbol 

Predicted 
gene 

description 
receptor, 
ionotropic, N-
methyl D-
aspartate 1a 

jcf7180004894315 NC_007132.6 39525089 39526430 SRSF1B 
serine/arginine
-rich splicing 
factor 1b 

jcf7180004895067 NC_007134.6 45834581 45835634 CYP17A2 

cytochrome 
P450, family 
17, subfamily 
A, polypeptide 
2 

jcf7180004872030 NC_007135.6 35154885 35155908 -- -- 
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Supplementary Materials  

Supplementary Note 1: De novo variant calling 

Cortex var [156] was used for de novo variant calling. The program was run 

twice, once with all Neosho madtom and Stonecat and a second time with only the 

Neosho madtom. Interestingly, the algorithm’s performance was improved when only the 

Neosho madtom were included. Quality was measured using genotype confidence scores, 

which are calculated as the log probability of the maximum likelihood estimate of 

genotype minus the log probability of the second most likely genotype. As described in 

the methods, a high confidence set of genotypes was defined as having a genotype 

confidence score > 5.54, which indicates that the genotype called is e5.54, or 254.5, times 

more likely than the alternative.  

When both Neosho madtom and Stonecat were included in the de novo variant 

calling process, 1,792,687 SNPs were detected. However, 673,452 of these had low 

genotype confidence scores and were removed from subsequent analyses. Of the 

remaining 1,119,235 SNPs, only 59,787 were variable in Neosho madtom. Thus, most 

SNPs with high confidence scores represented putatively fixed differences between 

Neosho madtom and Stonecat. Utilizing the Cortex var algorithm with only Neosho 

madtom resulted in additional variable sites within the species being discovered (967,681 

SNPs before genotype confidence filtering and 709,790 SNPs after filtering) in Neosho 

madtom, and substantially less variants having low genotype confidence scores. For this 

reason, we used de novo variants called from the analysis of Neosho madtom without 

Stonecat whenever possible (i.e. when the Stonecat was not included in the analysis 

under consideration).
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