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A B S T R A C T   

High allelic polymorphism and association with disease susceptibility has made the genes encoding major his
tocompatibility complex (MHC) antigen presentation molecules in humans, domesticated animals, and wildlife 
species of wide interest to ecologists, evolutionary biologists, and health specialists. The often multifaceted 
polygenism and extreme polymorphism of this immunogenetic system have made it especially difficult to 
characterize in non-model species. Here we compare and contrast the workflows of traditional Sanger sequencing 
of plasmid-cloned amplicons to Pacific Biosciences SMRT circular consensus sequencing (CCS) in their ability to 
capture alleles of MHC class I in a wildlife species where characterization of these genes was absent. We assessed 
two California sea lions (Zalophus californianus), a species suffering from a high prevalence of an aggressive 
cancer associated with a sexually transmitted gamma herpesvirus. In this pilot study, SMRT CCS proved superior 
in identifying more alleles from each animal than the more laborious plasmid cloning/Sanger workflow (12:7, 
10:7), and no alleles were identified with the cloning/Sanger approach that were not identified by SMRT CCS. 
We discuss the advantages and disadvantages of each approach including cost, allele rarefaction, and sequence 
fidelity.   

1. Introduction 

The major histocompatibility complex, or MHC, includes a family of 
genes that encodes a set of transmembrane proteins that are critical to 
the adaptive immune system in vertebrates (Flajnik and Kasahara, 
2010). MHC molecules bind peptides of both phagolysosomal and 
cytosolic proteins and present them to T-cells (Criscitiello et al., 2013). 
MHC proteins vary greatly because they must be able to present a 
multitude of antigenic peptides, making them the most polymorphic 
mammalian genes (Parham and Ohta, 1996). MHC class II proteins 
present peptides on antigen presenting cells, such as dendritic cells and 
macrophages, to CD4+ helper T-cells. MHC class I proteins, however, are 
present on almost every cell in the body and present intracellular pro
teins to CD8+ cytotoxic T-cells, which can lyse virally infected or 
transformed neoplastic cells (Neefjes et al., 2011). 

Study of MHC genes is popular for wildlife conservation studies 
because it gives insight into both genetic diversity and disease resistance 
of animal populations (Fleming-Canepa et al., 2016; Lane et al., 2012; 
Savage and Zamudio, 2011; Sommer, 2005), including the California sea 
lion Zalophus californianus (Bowen et al., 2005). Diversity of MHC genes 
is maintained primarily by pathogen-mediated selection (heterozygote 
advantage, rare-allele advantage, and fluctuating selection) (Sommer, 
2005; Spurgin and Richardson, 2010), and loss of MHC diversity has 
been associated with higher parasite load (Belasen et al., 2019), 
increased disease susceptibility (Morris et al., 2013), and greater disease 
severity (Savage et al., 2019). 

Marine mammals, moreover, are sentinel species, or indicators of the 
health of aquatic ecosystems (Bossart, 2011; Reddy et al., 2001). Cali
fornia sea lions have an unusually high prevalence of an aggressive 
cancer that affects up to 26% of the adult animals that die after stranding 
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on the central California coast (Gulland et al., 1996), (Deming et al., 
2018). Since a gamma herpesvirus has been implicated in the multi
factorial etiology (King et al., 2002; Lipscomb et al., 2000), we chose to 
study MHC class I in this species, the locus most commonly associated 
with immunogenetic susceptibility to neoplastic transformation and 
viral infection (Bashirova et al., 2011; Cheent and Khakoo, 2009; Orange 
and Ballas, 2006), which has not been previously characterized in this 

species. In humans, MHC class I polymorphisms affect susceptibility or 
resistance to viral infections and their associated neoplasias including 
HIV (Goulder and Walker, 2012), human papillomavirus (Davidson 
et al., 2003), and Epstein-Barr virus (Huang et al., 2012); and specific 
MHC class I alleles are associated with a higher risk of development of 
herpesvirus-associated Kaposi’s sarcoma (Cornejo Castro et al., 2019). 

Though the function of MHC genes and their linkage to genes 

Fig. 1. A. Location of PCR primers used for amplification of MHC class I. Three primer pair combinations were attempted before successful generation of 1.6 kb band. 
Primers are represented by arrow symbols. Trial 1. Did not amplify MHC. Trial 2. Inconsistent amplification of α1 domain. Trial 3. Consistent amplification of α3 
domain, but no peptide binding regions. Trial 4. Consistent amplification of 1.6 kb band containing α 1, 2, and 3 domains. B. Sequence generation and filtering. 
Pathway illustrating steps taken to generate sequences from skin samples and to ensure quality of reads obtained by CCS sequencing. 
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involved in antigen presentation pathways appear to be conserved 
across jawed vertebrates (Criscitiello et al., 2012; Ohta et al., 2002), 
significant variations in the genetic architecture have been described (de 
Sa et al., 2019). Large differences in the number and function of MHC 
loci in non-model species have been detected (Bentkowski and Radwan, 
2019; Kelley et al., 2005). This, in combination with the large number of 
alleles, illustrates the need for an assessment of methods employing next 
generation sequencing when characterizing MHC genes in non-model 
species. 

Traditional techniques using plasmid cloning and Sanger-based 
sequencing are labor intensive and generate low numbers of reads of 
moderate length and high accuracy, and therefore have been a mainstay 
of antigen receptor repertoire and MHC studies (Mashoof et al., 2014; 
Roberts et al., 2013). Next generation sequencing techniques offer the 
ability to generate thousands of sequences concurrently. However, 
popular next generation sequencing technologies such as Illumina, 454, 
and Ion Torrent have significant limitations including short read lengths 
and amplification biases (Quail et al., 2012; Roberts et al., 2013). Single- 
molecule real-time (SMRT) sequencing technology with the Pacific 
Biosciences (PacBio) RS II platform including circular consensus 
sequencing produces considerably longer DNA sequences with an 
average length of 13.5 kb, making it possible to obtain full-length coding 
regions from MHC class I from gDNA (Albrecht et al., 2017; Turner et al., 
2018; Westbrook et al., 2015), which eliminates the need for down
stream assembly of similar fragments. Though individual reads contain a 
relatively large number of errors, consensus accuracy is high due to the 
errors’ random nature and iteration of reads possible with circular 
consensus sequencing (CCS) (Ono et al., 2013; Ross et al., 2013). Though 
this technique has recently been applied to several model species 
including humans (Albrecht et al., 2017; Turner et al., 2018), non- 
human primates (Hans et al., 2017; Maibach et al., 2017; Westbrook 
et al., 2015), and horses (Viluma et al., 2017), there is little work using 
CCS to characterize MHC in non-model species. 

The goal of our study is to investigate the utility of PacBio SMRT CCS 
sequencing as an alternative to traditional approaches for characterizing 
MHC class I allelic polymorphism in the California sea lion Zalophus 
californianus. 

2. Methods 

2.1. DNA extraction 

We selected our sample population from California sea lions that 
stranded on the central California coast and were taken to The Marine 
Mammal Center in Sausalito, CA, USA. The animals either died or were 
euthanized, and subsequently, extensive necropsies were performed. We 
selected two sea lions (#1 and #2) for use in the study, and full- 
thickness skin samples fixed in 90% EtOH were analyzed. Work was 
conducted under a Marine Mammal Protection Act permit (18786) is
sued to Dr. Frances Gulland, and results and data are freely shared 
through the NCBI database (accession numbers MT631846-MT631864). 
We extracted genomic DNA from the skin samples using Qiagen’s Gentra 
PUREGENE Tissue Kit (Hilden, Germany). DNA was quantified using the 
NanoDrop® ND-1000 UV–Vis Spectrophotometer (Thermo Fisher Sci
entific, Waltham, MA, USA) and diluted to a final concentration of 100 
ng/μL. 

2.2. PCR amplification, MHC verification and Sanger workflow 

Selected segments of gDNA were amplified by polymerase chain 
reaction (PCR). PCR amplification was first performed by targeting 
β-actin, a highly-conserved mammalian housekeeping gene, as a positive 
control of gDNA quality. Primer sequences used to amplify the 275 bp 
fragment were FP-5′-GAG AAG CTG TGC TAC GTC GC- 3′ and RP-5′- 
CCA GAC AGC ACT GTYG TTG GC -3′ following previously reported PCR 
procedures (Browning et al., 2014). 

We selected degenerate mammalian primer sequences previously 
used successfully on monk seal samples for PCR amplification of sea lion 
MHC class I gene fragments (Aldridge et al., 2006). Primer sequences FP- 
5’-GGC TCC CAC TCC CTG AGG T-3′ and RP-5’-CAG CCC CTC ATG CTG 
CAC-3′ targeted a long fragment containing the alpha 1, 2, and 3 do
mains (exons 2, 3, and 4, Fig. 1A). PCR reactions contained 100 ng 
gDNA, 10 μM of each primer, 25 mM MgCl2, 10 μM dNTPs, 10× PCR 
Buffer B1 (Mango Biotechnology, Mountain view, CA, USA), and 5 U 
HOT FIREPol DNA polymerase (Mango Biotechnology) in a total volume 
of 50 μL. Amplifications were performed in a Bio-Rad MJ Mini Personal 
Thermal Cycler (Hercules, CA, USA) under the following conditions: 
94 ◦C initial denaturation for 15 min; 35 cycles of 95 ◦C denaturation for 
30 s, 56 ◦C annealing for 30 s, 72 ◦C extension for 1 min; and 72 ◦C final 
extension for 5 min. The PCR fragments were separated into bands ac
cording to size by agarose (0.8%) gel electrophoresis. We added Bio
tium’s GelGreen fluorescent stain prior to separation to allow 
visualization of the bands by transillumination (Dark Reader Trans
illuminator; Clare Chemical Research, Dolores, CO, USA). Bands 
approximately 1.8 kb in size were extracted from gels using PureLink 
Quick Gel Extraction Kit (Life Technologies, Carlsbad, CA, USA) and 
quantified using the NanoDrop® ND-1000 UV–Vis Spectrophotometer. 
Three distinct amplification replicates were used to mitigate early round 
amplification bias that can skew final cloning frequency of the PCR of 
alleles. 

To confirm that the PCR products were segments from MHC class I 
gene sequences, we cloned the isolated fragments from two different sea 
lions into a T/A vector (pCRII-TOPO; Life Technologies, Carlsbad, CA, 
USA). These constructs were transformed into E. coli (One Shot TOP10 
Chemically Competent E. coli; Life Technologies, Carlsbad, CA, USA). 
After mini-prep culture, the E. coli cells that contained the vector were 
lysed (after blue/white selection on agar plates with carbenicillin and X- 
gal), and plasmid DNA was isolated using ZR Plasmid Miniprep – Classic 
Kit (Zymo Research, Irvine, CA, USA). The isolated DNA samples were 
sent to the Texas A&M DNA Technologies Core Lab for sequence 
determination using dideoxynucleotide chain termination (Sanger) 
technology in an automated sequencer (Model 3100; Applied Bio
systems, Waltham, MA, USA). The sequences were then compared to 
known MHC class I sequences in other species using NCBI BLAST (Basic 
Local Alignment Search Tool). 24 plasmid clones were sequenced in the 
forward and reverse directions per individual, resulting in a total of 48 
cloned MHC class I sequences. 

2.3. PCR amplification and parallel workflow for SMRT CCS sequencing 

After confirmation that the primers amplified the targeted MHC class 
I gene segments using Sanger sequencing, gDNA from the sea lions was 
used to undergo a second PCR reaction in preparation for using Single 
Molecule, Real-Time (SMRT) DNA sequencing (Pacific Biosciences, 
Menlo Park, CA, USA). 

To differentiate samples during parallel sequencing, we tagged each 
sea lion sample with a specific barcode sequence (16 bp in length and 
custom-designed for the PacBio System). This PCR protocol differed 
slightly from above. PCR reactions contained 100 ng gDNA from gel 
slices of original amplification, 10 μM of each primer, 10 μM dNTPs, 5×

Phusion HF Buffer (New England Biolabs, Ipswich, MA, USA), and 5 U 
Phusion High-Fidelity Taq polymerase (New England Biolabs) for a total 
volume of 50 μL. The Phusion polymerase was used for high fidelity and 
to create blunt-ended amplicons. Amplifications were performed in a 
Bio-Rad MJ Mini Personal Thermal Cycler under the following condi
tions: 98 ◦C initial denaturation for 30 s; 35 cycles of 98 ◦C denaturation 
for 10 s, 56 ◦C annealing for 20 s, 72 ◦C extension for 1 min; and 72 ◦C 
final extension for 5 min. 

Approximately 120 ng of each barcoded sample was pooled (con
centrations from ranged from 0.2–25 ng/μL), and approximately 1 mL of 
pooled sample was sent to the Duke Center for Genomic and Compu
tational Biology Core for a total of 4 runs. Circular Consensus 
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Sequencing (CCS) was performed on a PacBio RSII instrument. 

2.4. CCS quality control 

Initial quality control and read filtering based on Phred quality 
scores and CCS passes was performed at Duke University Genome 

Center. CCSs were annotated within the Geneious Software Suite (Bio
matters). Sequences that were substantially shorter or longer than the 
expected length (<1500 bp or >1700 bp) were excluded from further 
analysis. All remaining reads were sorted by forward and reverse barc
odes representing individual sea lions, and the following steps were 
performed for each sea lion separately. Reads that did not contain proper 
barcode combinations or primer sequences were removed. Sequences 
were aligned using MUSCLE alignment with eight iterations. Reads were 
filtered when less than 50% of bases were identical to any of the other 
sequences. Predicted introns were trimmed to leave protein-coding re
gions for allelic analysis. Visual inspection was performed to check for a 
shift in the protein-reading frame. Nucleotides with a mean pair-wise 
identity of less than 30% over all sequences in the alignment that 
caused a shift in the open reading frame were manually removed. The 
resulting FASTA file was denoised using the Acacia software (Bragg 
et al., 2012) (Fig. 1 B). All remaining reads were used in the allele 
identification workflow. 

Table 1 
CCS filtering results. Initial quality filter was performed by Duke Center for 
Genomic and Computational Biology Core on a large pool of samples. Denoising 
was performed with Acacia software.   

Z. californianus 1 Z. californianus 2 

% reads eliminated by Phred/CCS pass 85% 81% 
# reads post quality filter 654 484 
# reads eliminated by length 50 86 
# reads eliminated by < 50% ID bases 1 4 
# reads eliminated by denoising 8 9 
# clusters 15 10 
Alleles generated 12 10  

Fig. 2. A. Amino acid alignment of α1 domain. MHC class I alleles generated from two California sea lions is aligned to a representative allele. California sea lions 
have diverse MHC class I alleles. CCS sequencing detected more alleles that Sanger sequencing. N = number of reads representing each allele. Putative peptide 
binding sites marked by o (Pan et al., 2008, Bjorkman et al., 1987). Differences between CCS and Sanger sequences in the same allele are highlighted blue. B. Amino 
acid alignment of α2 domain. MHC class I alleles generated from two California sea lions is aligned to a representative allele. California sea lions have diverse MHC 
class I alleles. CCS sequencing detected more alleles that Sanger sequencing. N = number of reads representing each allele. Putative peptide binding sites marked by o 
(Pan et al., 2008){Bjorkman, 1987 #4885}. Differences between CCS and Sanger sequences in the same allele are highlighted blue. C. Amino acid alignment of α3 
domain. MHC class I alleles generated from two California sea lions is aligned to a representative allele. California sea lions have diverse MHC class I alleles. CCS 
sequencing detected more alleles that Sanger sequencing. N = number of reads representing each allele. Putative peptide binding sites marked by o (Pan et al., 2008) 
{Bjorkman, 1987 #4885}. Differences between CCS and Sanger sequences in the same allele are highlighted blue. D. Venn diagram illustrating alleles captured by 
CCS sequencing and Sanger sequencing in two California sea lions. SMRT CCS discovered 12 MHC class I alleles in Z. californianus #1 1 and 10 in Z. californianus #2 
2; the cloning/Sanger workflow identified seven alleles in each animal, all of which were also discovered by SMRT CCS. Two alleles (ZacaN*01:01p and 
ZacaN*04:01) were shared between the two animals. 
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2.5. Allele identification and naming 

Reads were clustered using the HKY UPGMA tree-builder function in 
Geneious. All reads not assigned to clusters were considered artifacts 
and excluded from further analysis. Clusters with >98.5% homology 
were considered distinct alleles (Hammond et al., 2012), though this 
conservative criteria due to a small sample set could prevent discovery 
of variants that differ by substitutions at one or two positions. Alleles 
were named following the nomenclature (Klein et al., 1990) for naming 
MHC alleles (MhcZaca-UA*xx), however, the prefix N was used to show 
that they do not yet have a designated locus (Hammond et al., 2012). 
Coding sequences with frameshift mutations or stop codons were an
notated as pseudogenes; all other coding sequences were presumed to be 
functional. 

2.6. Identification of MHC class I genes in the genome 

The MHC class I gene and pseudogene loci were identified by 
aligning our nucleotide sequences against the sea lion genome assembly 
(https://www.ncbi.nlm.nih.gov/bioproject/561800) using NCBI 
BLAST. The base-pair locations of the matching sequences were then 
used to build a map of MHC class I genes and pseudogenes (Fig. 5 A). The 
sequences of the loci identified in the genome were then extracted and 
clustered with the alleles identified from Zalophus californianus #1 and 
#2 using HKY UPGMA tree-builder function (Fig. 5 B). 

3. Results 

3.1. SMRT CCS yields more alleles than traditional cloning 

After multiple unsuccessful degenerate primer strategies (Fig. 1 A), 
an amplicon of 1.6 Kbp containing exons 2–4 of MHC class I encoding 
the α1 and α2 peptide binding domains as well as the immunoglobulin 
superfamily α3 domain was subjected to the workflow depicted in Fig. 1 
B. Sanger sequencing resulted in 24 clones analyzed from each of two 
animals, whereas SMRT CCS resulted in 685 (Z. californianus #1) and 
484 (Z. californianus #2) reads after quality control (Table 1). 

The PacBio run for Z. californianus #1 initially contained 300,584 
reads. 254,388 reads were eliminated based on Phred quality scores and 
CCS passes, leaving 46,196 reads. The polymerase read quality score 
increased from 0.137 to 0.849 after the filtering process. The batch for 
Z. californianus #2 initially contained 601,168 reads. 485,024 reads 
were eliminated, increasing the polymerase read quality score from 
0.175 to 0.849. 654 and 484 reads were obtained for Z. californianus #1 
and #2, respectively, after the read filtering process. A total of 595 
(90.9%) reads of Z. californianus #1 and 385 (79.5%) reads of 
Z. californianus #2 passed the subsequent filtering process by showing 
the expected read length, base identity, and read quality through the 
Acacia denoising process. The Acacia program eliminated reads by 
filtering out any sequence greater than two standard deviations from the 
mean length or having an average read quality of less than 30. 

Pairwise nucleotide identity of >98.5% was set as a threshold for 
calling distinct alleles. SMRT CCS discovered 12 MHC class I alleles in 
Z. californianus #1 and 10 in Z. californianus #2; the cloning/Sanger 

Fig. 2. (continued). 
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workflow identified seven alleles in each animal, all of which were also 
discovered by SMRT CCS (Fig. 2). Two alleles (ZacaN*01:01p 

and ZacaN*04:01) were shared between the two animals in this pilot 
study. Based on these results, it would take much deeper cloning to 
approach the rarefaction of new alleles identified by SMRT CCS. 

3.2. Zalophus californianus MHC class I sequences suggest polygenism 
and polymorphism 

The two allele characterization approaches identified a total of 19 
unique alleles in the two sea lions. Individual alleles were confirmed by 
up to 11 clones in the Sanger workflow, but several singletons were not 
corroborated by this technique (Fig. 2). All alleles discovered in each 
animal were sequenced at least seven times in the SMRT CCS workflow, 
with many sequenced much more (e.g., ZacaN*16:01 sequenced 159 
times from Z. californianus #2). 

The large number of alleles discovered from a single animal (12 by 
CCS from Z. californianus #1) betray a complex locus with at least six 
MHC class I genes, assuming heterozygosity at each and no alleles 
shared between genes. Two differences in amino acid residues between 
SMRT CCS and Sanger sequences in the same allele were detected 

(highlighted in Fig. 2A and B). One difference was detected in the alpha 
1 domain of ZacaN*01:01p in Z. californianus #1, and the other differ
ence was detected in the alpha 2 domain of ZacaN*01:01p in 
Z. californianus #2. No differences were detected in the alpha 3 domain. 
Both of the differences occurred in alleles that were only verified by one 
Sanger clone. 

ZacaN*01:01p contains an insertion near the beginning of the α2 
domain and several deletions in the α2 and α3 domains which cause a 
frameshift in the amino acid translation for the majority of the coding 
regions for exon 3 and 4 (illustrated by Fig. 5 A and Fig. 5 B). These 
insertions and deletions were present in all sequences and conserved 
between the two sea lions. Similarly, ZacaN*02:01p contains two de
letions in the α3 domain, creating a frameshift that is 30 amino acids in 
length (Fig. 4). 

3.3. Polygenism confirmed in Zalophus californianus genome 

Seven class I loci were identified on chromosome 6 of the recently 
published sea lion genome assembly mZalCal1 (Fig. 5 A). Two of those 
loci were closely related to ZacaN*01:01p and ZacaN*02:01p (Fig. 5 B). 
The twelve alleles discovered in Zalophus californianus #1 are consistent 

Fig. 2. (continued). 
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with five polymorphic class I loci (yielding ten alleles if heterozygous at 
each) and two pseudogene loci (ZacaN*01:01p and ZacaN*02:01p). 
ZacaN*01:01p but not ZacaN*02:01p was discovered in Zalophus cal
ifornianus #2. The ten alleles discovered in Zalophus californianus #2 
correspond with one pseudogene loci (ZacaN*01:01p) and five poly
morphic class I loci, assuming that one locus was homozygous or an 
allele was not discovered. It is possible, however, that the sea lions were 
homozygous at more than one loci. Since there is no information 
currently available on MHC class I copy number variance in this species, 
Southern blotting and BAC clone analysis is necessary to definitively 
resolve the issue. 

3.4. Sequence diversity concentrated in predicted peptide binding groove 

The aligned amino acid translations of the α1 and α2 domains show 
the concentration of diversity in those residues predicted to interact with 
peptide antigen (Fig. 2 A and B). The α3 domain showed much less di
versity amongst alleles, as expected for a portion of the molecule 
interacting with CD8 and not peptide or T-cell receptor (Fig. 2 C). Mo
lecular modeling of one allele (ZacaN*04:01) that was shared between 
the two subjects conforms to the classical MHC tertiary and quaternary 
structure of alpha helices flanking a peptide binding groove floored by 
anti-parallel β-strands forming a sheet (Fig. 3). Putative peptide binding 
sites are used (Pan et al., 2008){Bjorkman, 1987 #4885}; crystallog
raphy or MHC immunoprecipitation and mass spectrometry are needed 
to definitively identify peptide binding sites. 

The more complete SMRT CCS dataset provided the more robust data 
for diversity estimates (Table 2). Z. californianus #1 (from which the 

most alleles and sequences were sampled) yielded 37.6 polymorphic 
sites per sequence and a nucleotide diversity per site (π) of 0.04. 

4. Discussion 

4.1. MHC Class I in Z. californianus 

A total of 19 unique alleles were discovered between the two 
sequencing techniques, including 12 from a single animal. Because of 
the small sample size, however, allele discovery is limited to preliminary 
findings. A future study using CCS sequencing from multiple PCR re
actions that validates alleles by their discovery in at least three animals 
is indicated. Our results suggested polygenism, which was confirmed by 
the California sea lion reference genome that was recently made avail
able, and polymorphism, though we did not amplify the entire MHC 
class I gene, which may have left some variation undetected. The 
number of MHC class II DRB genes has been shown to be predictive for 
both antigen recognition and disease severity with Leptospira infections 
in this species (Acevedo-Whitehouse et al., 2018). 

The frameshifts in amino acid translation caused by insertions and 
deletions in two of the discovered alleles suggest pseudogenes or non- 
classical MHC function. Because the frameshifts were present in all se
quences and, in the case of ZacaN*01:01p, discovered in two sea lions, 
the probability that the insertion and deletions were caused by PCR or 
sequencing error is low. ZacaN*02:01p was discovered in Zalophus cal
ifornianus #1 but not #2. A broader study using more sea lions is indi
cated to better understand the prevalence of pseudogenes in the 
population. 

Fig. 2. (continued). 
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4.2. Comparison of allele identification workflows 

Cloning and Sanger sequencing is a well-established method for 
characterizing MHC in diverse non-model species (Fleming-Canepa 
et al., 2016; Lane et al., 2012; Ohta et al., 2002; Savage and Zamudio, 
2011). However, this method is labor-intensive and expensive. Targeted 
CCS sequencing in non-model species is still relatively uncommon 
(Larsen et al., 2014), but may provide several benefits when charac
terizing clinically relevant genes in species where there is no reference 
genome. CCS sequencing quickly generates hundreds of more reads than 
traditional Sanger sequencing, potentially making allele discovery more 
complete as deeper read coverage should increase the rarefaction of 
poorer amplified alleles. In our study, CCS sequencing uncovered seven 
more alleles in two sea lions than traditional Sanger sequencing 
methods. Also, CCS sequencing generates long read lengths, which offers 
advantages when characterizing complex multi-gene families (Larsen 
et al., 2014). 

Other recent studies have produced similar results. One study using 
CCS sequencing to target highly complex vomeronasal gene receptors in 
non-model grey mouse lemurs demonstrated that CCS sequencing 
identified 100% of V1RI sequences in the draft genome and 13 novel loci 
(Larsen et al., 2014). Recently, the genomic structure of MHC class II 
region in the horse has been resolved using PacBio SMRT sequencing 
(Viluma et al., 2017). In macaques, SMRT-CCS sequencing’s ability to 
identify MHC class I sequences that had previously been characterized 
by Sanger sequencing was validated and then used to discover 60 novel 
full-length sequences (Westbrook et al., 2015). In human medicine, 
SMRT sequencing is now the gold standard for clinical sequencing of 
highly polymorphic HLA genes for stem cell transplants (Turner et al., 
2018). Long-range next-generation sequencing techniques are becoming 

increasingly more affordable, and pooling of barcoded samples in runs 
makes this approach more cost-effective after accounting for the labor, 
time and expendables of traditional cloning. 

Both Sanger and CCS sequencing contain PCR error and error within 
the sequencing process itself. However, the random nature of CCS error 
provides an advantage over other next-generation sequencing tech
niques (Larsen et al., 2014), as consensus accuracy is 99.997% which 
matches or exceeds the ability of short-read sequencing (Wenger et al., 
2019), and there is no risk of recombined alleles. In our study, Sanger 
sequencing had more polymorphic sites per sequence, but discovered 
fewer variable sites overall when compared to CCS sequencing in both 
sea lions (Table 2). This is potentially due to a higher error rate in Sanger 
sequencing, but lower number of total discovered alleles in Sanger 
sequencing than CCS sequencing. Because of practical limits on the 
number of colonies that can be sequenced in the Sanger workflow, it is 
often difficult to identify and correct PCR and sequencing errors. One 
difference in amino acid residues was detected between CCS and Sanger 
sequences in ZacaN*01:01p in each sea lion. Because these differences 
were detected in alleles that were only verified by one Sanger clone, the 
difference is likely attributed to Sanger sequencing error. Because the 
sequences detected by both Sanger sequencing and CCS sequencing were 
identified by two independent PCR reactions, it is very unlikely that the 
shared alleles are artifacts. It is possible, however, that the alleles 
identified solely by the CCS platform contain PCR error since the alleles 
have not been verified by more than one PCR reaction. 

Though the results from the comparison of CCS sequencing to 
Sanger sequencing are striking, the small sample size limits our ability to 
quantify the difference in allele discovery between the two techniques 
that would allow a reasonable prediction to be made for a future study. 
Despite this caveat, our work here demonstrates that CCS sequencing 

Fig. 3. 3-D ribbon structure of MHC 
class I molecule illustrating polymorphic 
sites. SWISS-MODEL Template 5vge.1 
from GenBank record FLJ54183 was 
selected using the ZacaN*04:01 
sequence. Once the model was created, 
the .PDB file was downloaded into 
Geneious software and depicted as a 3-D 
ribbon structure. Highlighted areas in 
the structure represent amino acids that 
displayed polymorphisms in half or 
more of the alleles. Putative MHC class I 
polymorphic sites are used (Pan et al., 
2008){Bjorkman, 1987 #4885}.   
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can be a useful tool for characterizing complex gene families in non- 
model organisms. The increasing recognition of viral and neoplastic 
diseases in wildlife populations places high priority on efficient and 
effective immunogenetic techniques in these animals. Based on the re
sults of this pilot study, we will use the SMRT CCS techniques described 
in this paper to address the relationship between MHC class I alleles and 
cancer-status in sea lions, and also characterize MHC in other non-model 
wildlife species. The technique could also be applied to other immuno
genetic systems where allelic polymorphism has been described (e.g. T- 
cell receptor constant domains of teleost fish (Criscitiello et al., 2004)). 
However, these advances in sequencing technologies do not replace the 
utility of Southern blotting and BAC clone analysis that may be neces
sary to resolve copy number variation. 

5. Conclusions 

In our study, CCS sequencing uncovered seven more alleles in two 
sea lions than traditional Sanger sequencing methods. The identified 
workflow for MHC characterization using CCS sequencing is a cost- 
effective, efficient technique that can be applied to other non-model 
wildlife species with conservation and disease implications. As the 
COVID-19 pandemic clearly demonstrates, better implementation of a 
One Health appreciation of the interconnectivity of the health of envi
ronment, wildlife and humans will benefit all three (Mwangi et al., 
2016). 

Fig. 4. A. Nucleotide alignment of α2 domain illustrating frameshift in amino acid translation caused by insertion and deletion in ZacaN*01:01p. Figure made using 
Geneious software. Insertion is highlighted orange. Deletions are highlighted blue. B. Nucleotide alignment of α3 domain illustrating frameshifts in amino acid 
translations caused by deletions in ZacaN*01:01p and ZacaN*02:01p. Figure made using Geneious software. Deletions are highlighted blue. 
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