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Abstract

We performed a meta-analysis of the newly assembled Komodo dragon (Varanus komodoensis) genome to characterize the
major histocompatibility complex (MHC) of the species. The MHC gene clusters of the Komodo dragon are gene dense,
complex, and contain counterparts of many genes of the human MHC. Our analysis identified 20 contigs encompassing ~6.9
Mbp of sequence with 223 annotated genes of which many are predicted orthologs to the genes of the human MHC. These
MHC contigs range in size from 13.2 kb to 21.5 Mbp, contain an average of one gene per 30 kb, and are thought to occur
on at least two chromosomes. Eight contigs, each > 100 kb, could be aligned to the human MHC based on gene content,
and these represent gene clusters found in each of the recognized mammalian MHC subregions. The MHC of the Komodo
dragon shares organizational features of other non-mammalian taxa. Multiple class I and class IIf genes are indicated, with
linkage between classical class I and immunoproteasome genes and between framework class I genes and genes associated
with the mammalian class III subregion. These findings are supported in both Komodo genome assemblies and provide new

insight into the MHC organization of these unique squamate reptiles.
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Introduction

The basic features of a cell-mediated adaptive immune sys-
tem appear to have been established over 500 million years
ago in the immediate common vertebrate ancestor (Sutoh
and Kasahara 2021). A key component in adaptive immune
response is the major histocompatibility complex (MHC),
a genomic locus found in all jawed vertebrates (gnathos-
tomes) that is key in self/non-self recognition and pathogen
defense. The MHC locus was originally identified by Peter
Gorer and George Snell through tissue graft rejection experi-
ments and is perhaps the most extensively studied vertebrate
gene locus (Klein 1986). Initial sequence descriptions of
the human MHC regions were based on both genetic map-
ping and the sequencing and assembly of various human
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haplotypes (Trowsdale et al. 1991; Campbell and Trowsdale
1993). The first sequence-based gene map was completed
in 1999 (The MHC Sequencing Consortium 1999), and
an integrated gene map of the extended human MHC was
constructed by integrating all data publicly available at that
time (Horton et al. 2004). The classical MHC (~3.6 Mb)
includes three functional subregions: the class I (HLA-F
to MICB, 1.8 Mb), class III (PPIAP9 to BTNL2, 0.7 Mb),
and class Il (HLA-DRA to HCG24, ~1.0 Mb). The flanking
extended class I (SCGN to ZFP57) and extended class II
(COL11A2 to KIFCI) subregions are ~4.0 Mb and 0.25 Mb,
respectively (Horton et al. 2004; Shina et al. 2009). Thus,
the extended human MHC, or HLA “super-locus,” spans
~7.8 Mb on Chr6 (based on assembly GRCh38.p13). Par-
alogous MHC regions thought to be the result of ancient
genome-wide duplication are located on chromosomes 1,
9, and 19 (Kasahara et al. 1996, 1997; Katsanis et al. 1996).

Detailed investigations of mice and humans have found
the MHC to contain several classes of genes responsible
for antigen presentation to the host immune system. The
classical loci of the MHC are traditionally used to divide
the mammalian MHC into the three functional regions. The
class I region contains the classical class I genes that are
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expressed on all nucleated cells. Class I molecules primar-
ily present peptides derived endogenously from cytosolic
proteins, but also present peptides generated from exogenous
proteins to cytotoxic T cells eliciting non-self-response.
Self-MHC class I molecules are also recognized by inhibi-
tory natural killer cell receptors as part of NK cell toler-
ance. The class II region contains the classical class II genes
primarily expressed on antigen-presenting cells (B-cells,
basophils, dendritic cells, and macrophages) and primarily
present exogenously derived peptides (invader discovery).
The class III region contains genes with functional roles in
innate immunity and inflammation as well as non-immune-
related loci (Milner and Campbell 2001).

Increasingly, MHC assemblies are now accessible through
whole genome sequencing projects. Comparison of evolution-
ary diverse taxa identifies lineage-specific rearrangements
and provides evidence supporting hypotheses on the origin
of MHC gene clusters and paralogous loci. Analysis of model
organisms including zebrafish (Sambrook et al. 2005), Xeno-
pus (Ohta et al. 2006), and the chicken (Kaufman et al. 1999)
provided insights into how the orientation of MHC regions
and their accompanying genes have diverged during vertebrate
evolution. For example, a set of non-classical class I genes is
uniquely present in non-placental mammals (marsupials and
monotremes) having been lost from the eutherian (placental
mammal) lineage (Papenfuss et al. 2015).

Based on comparative phylogenetic analyses of fish,
amphibians, reptiles (including birds), and mammals, the
ancestral form of the MHC, common in non-mammalian ver-
tebrates and in some marsupials, includes classical class I loci
linked to components of the antigen processing machinery
(Sambrook et al. 2002, 2005; Belov et al. 2006; Jaratlerdsiri
et al. 2014; Kaufman 2018). Linkage of classical class I and II
genes likely did not appear until the amphibian lineage (Ohta
et al. 2006), although linkage of the class I genes with class
Il and IIP genes is found in one family of shark (Ohta et al.
2000), and a class I-like locus has been linked to class II loci
in trout (Dijkstra et al. 2007). In the chicken, a highly organ-
ized and compact MHC (B-locus) was described as a “mini-
mum essential MHC” containing a relatively small number of
genes necessary for adaptive immunity (Kaufman et al. 1999).
Linkage of class I-like loci to class III genes in birds, fish and
monotremes clearly indicates that this arrangement has an
ancient origin (Sambrook et al. 2002, 2005). In humans, the
class I genes are linked to “framework” loci (Amadou 1999)
and the class I and class II regions are separated from each
other by the class III region. This I-III-II structure is charac-
teristic of placental mammals and likely evolved less than 200
million years ago as a result of an inversion that separated the
class Ia gene from the antigen processing machinery (Kumar
and Hedges 1998; Kaufman 2018).

The four orders of non-avian reptiles include over 11,000
named species (ReptileDB) and are divided into two major
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clades: the archosaurs (Testudines (turtles) and Crocodilia
(alligators, crocodiles, and gharials), and the Squamata (snakes
and lizards)) and the monogeneric Sphenodontia (tuataras).
Although subtle functional differences exist, reptiles appear to
have the major components of the immune systems of mam-
mals. For example, reptiles rely heavily on an efficient and
diverse innate immune response, while displaying a slower and
less robust adaptive immune response (Zimmerman et al. 2010;
Zimmerman 2018, 2020). Comparative studies of non-avian
reptiles including the green anole (Anolis carolinensis, Alfoldi
etal. 2011) and species of Crocodylia (Jaratlerdsiri et al. 2014)
have provided important contrasts to the avian MHC modeled
extensively on galliformes. The MHC of the green anole (squa-
mata) is reported as large and complex (~ 300 genes) with asso-
ciated class I and II genes and a class III region closely linked to
a framework class I region (Alfoldi et al. 2011). The saltwater
crocodile has class I genes co-located with processing genes
(transporter associated with antigen processing, TAP) consistent
with the MHC of birds, but with linkage of class I and frame-
work genes (e.g., TRIM39) resembling the eutherian MHC
(Jaratlerdsiri et al. 2014). Sequencing and chromosome map-
ping in (Sphenodon punctatus) characterized the tuatara MHC
as having high repeat content and low gene density (Miller et al.
2015). Antigen processing or framework genes were not found
on the MHC gene-containing clones in this species.

Analysis of taxa from diverse groups highlights the dynamic
nature of the MHC and provides important insight into MHC
structure in the Reptilia. The Komodo dragon (Varanus
komodoensis) is a member of the lizard family Varanidae
(monitor lizards), an ancient clade that originated an estimated
40 million years ago. It is the largest living species of lizard,
growing to a maximum length of ~3 m and weighing up to
~70 kg (Ciofi 1999). Two assemblies of the Komodo dragon
genome have recently been published. The first (Lind et al.
2019, the Gladstone Institute assembly, hereafter referred to as
GS) focused on identifying genomic adaptations in the cardio-
vascular and chemosensory systems. The second (van Hoek
et al. 2019, the Virginia Tech assembly, hereafter referred to
as VT) studied aspects of innate immunity genes for antimi-
crobial host-defense peptides (defensins and cathelicidins).
We utilized these genome assemblies to identify components
of the Komodo dragon MHC. Comparison of gene clusters
like the MHC in this evolutionarily distinct group, provide
clues to the origin and the evolution of the squamate reptiles.

Methods and materials
Ortholog identification and genome comparisons
We used an iterative best-hit methodology to manually

identify annotated orthologs for genes of the human MHC
in V. komodoensis. The annotated gene file from NCBI
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was used as an information source for ortholog search
based on identical gene symbols. Because the extended
human class I region (130 + genes) includes members of
four gene families (histone, butrophylin (BTN), olfactory
receptor (OR), and zinc finger proteins (ZFP)), this subre-
gion was excluded from our gene search as identification
of orthologs is problematic with the potential for paralo-
gous sequence matches. The identified Komodo genome
contigs were individually inspected after aligning the
predicted gene transcripts (open reading frames, ORFs)
with the contig sequences using Sequencher (Gene Codes
Corp). Genes annotated as hypothetical proteins were fur-
ther investigated using Basic Local Alignment Search Tool
(BLAST) searches for orthology.

To further refine the comparisons between the two
Komodo dragon genome assemblies additional BLAST
comparisons were performed. To normalize the compari-
son, predicted coding sequences were extracted from both
assemblies. These were then used as subject sequences vs
Uniprot (The UniProt Consortium 2021) via blastX and
cross genome via blastN. Independently assembled Komodo
dragon plasma transcripts (Bishop et al. 2017) were used as
subjects in a separate blastN comparison of the assembled
transcripts vs the VT and GS genome assemblies.

Visualization
Oxford grids

All vs all comparisons (LASTZ, Harris 2007) were used
to align contigs > 10 kbp from the VT and GS assem-
blies (VT: total Len 1,504,696,282, num of seq 819, min
10,004, max 101,035,691, avg 1,837,235.997558, N50
24,139,216; GS total Len 1,507,945,839, num of seq 1411,
min 10,002, max 138,280,312, avg 1,068,707.18568391,
N5023,831,982) of the Komodo dragon genome. Pairwise
plots were produced using the R software package. GS
contigs of interest were filtered to include those that con-
tained MHC annotations. Manual inspection of the grids
identified contigs from the two assemblies that shared
long regions of sequence similarity and those with nota-
ble rearrangements.

Hive plots

Hive plots (HiveR, Hanson 2020) were created to bet-
ter compare the three genomes: human chr6, VT, and GS
contigs containing MHC genes. This was done in two
ways. First, by using gene coordinates given by the refer-
ence annotations. Second, by adding additional alignment
information obtained from all-vs-all blastN alignment of

sliding 10 kbp segments of the appropriate contigs from the
two Komodo assemblies. Specifically, STPD01000006.1,
SJPD01000114.1, SJPD01000117.1, SJIPD01000119.1,
SJPD01000140.1, SJPD01000167.1, SJPD01000168.1,
SIPD01000211.1, SJPD01000215.1, STPD01000224.1 from
the GS assembly and VEXN01000097.1, VEXN01000312.1,
VEXNO01001601.1, VEXN01008528.1, VEXN01011230.1,
VEXNO01018551.1, VEXN01019096.1, VEXN01022374.1,
VEXNO01030207.1 from the VT assembly. Blast hits were
filtered using the following criteria: bitscore > 1000, percent
id>90%, and hit length > 2500 bp. Sequences were arranged
by increasing radius. For the GS assembly, the plot order
is: SJPD01000006.1, SJTPD01000167.1, SJPD01000140.1,
SJPD01000117.1, SJPD01000119.1, SJIPD01000114.1,
SJPD01000168.1, SJPD01000215.1, SJIPD01000224.1.
For the VT assembly, the plot order is: VEXN01008528.1,
VEXNO01011230.1, VEXN01001601.1, VEXN01030207.1,
VEXNO01019096.1, VEXN01022374.1, VEXN01000097.1.
The following contigs were plotted with reversed coordi-
nates to give better visual concordance between the assem-
blies: SJPD01000140.1 SJPD01000117.1 SJIPD01000119.1
VEXNO01011230.1 VEXNO01008528.1. Further refine-
ment could include reversing both VEXNO01008528.1 and
SJPD01000167.1 and shuffling GS contig at position 2
(SJPD01000167.1) to after current contig 4 (SJPD01000117.1).

Results and discussion

Identification and characterization of MHC gene
clusters in the Komodo dragon genome

Our investigation was initiated using the VT genome
assembly (VKom_1.0, van Hoek et al. 2019). The annota-
tion pipeline of van Hoek et al. predicted protein-coding
genes with MAKER?2 software (Holt and Yandell 2011)
utilizing assembled RNAseq data of the Komodo dragon
(Bishop et al. 2017) and protein sequences of the anole
lizard (A. carolinensis, version AnoCar2.0) and python
(Python bivittatus, version bivittatus-5.0.2). These were
then integrated with prediction methods Blastx, SNAP
(Korf 2004) and Augustus (Stanke and Waack 2003). Dur-
ing the writing of this manuscript (August 2020) an anno-
tation of the GS assembly was accessioned at NCBI (refer-
ence genome, ASM479886v1). This annotation also used
a MAKER pipeline with assembled RNAseq transcripts,
protein homology, and de novo predictions as evidence.
Survey of the GS assembly identified 20 contigs con-
taining predicted gene orthologs corresponding to the
gene set of the human MHC and 2 contigs containing tran-
scripts annotated as the MHC class I-related gene protein
(MR1, Table 1). MHC contigs ranged in size from 13.2 kb
(SJIPD01000805.1) to 21.5 Mbp (SJPD01000006.1) with
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an average of 349 kb. The number of annotated genes per
contig ranged from 1 to 49 corresponding to an average of 1
gene per 30 kb. Eight contigs > 100 kb (SJPD01000006.1,
SJPD01000114.1, SJPD01000117.1, STPD01000119.1,
SIPD01000140.1, SJPD01000168.1, SJPD01000215.1,
and SJPD01000224.1) could be aligned to the human MHC
based on gene content (Fig. 1). The remaining four notably
contained predicted transcripts of class II histocompat-
ibility antigens (SJPD01000211.1, SJPD01000217.1, and
SJPD01000223.1) or members of the MHC-associated
TRIM gene family (SJPD01000167.1). A list of all puta-
tive MHC gene transcripts contained within these contigs
is included in Supplementary Table S1.

Approximately 0.8 Mbp (3’ end) of the largest contig
(SJPD01000006.1) contained MHC-related genes. This
contig included predicted genes that aligned with the 5’
end of the human classical class I subregion (Fig. 1). These
framework genes include a group of tripartite motif (TRIM)
protein genes (TRIM7, 15, 17, 27, and 39), E3 ubiquitin-
protein ligase PPP1R11 (PPPIRI11), RING finger protein
39 (RNF39), and DNA-directed RNA polymerase I subunit
RPA12 (ZNRD1). Five transcripts in the contig are annotated
as hypothetical proteins and two transcripts (VESPs) have

similarity to unique venom proteins in reptiles (Vespryn/
Ohanin) that induce hypolocomotion and hyperalgesia in
mice (Pung et al. 2005).

Annotated transcripts in this contig also included genes
not part of the classical human MHC subregions (Supple-
mentary Table S1). In humans, BTN2A1 (butyrophilin sub-
family 2 member A1) is located upstream in the extended
class I subregion. Butrophylin genes (BTN) are also present
in the chicken MHC-B locus (Shiina et al. 2007). Annotated
gene orthologs in this contig not occurring on human Chr6
include receptor of activated protein C kinase 1 (RACK]I)
located on ChrS5, and zinc finger protein with KRAB and
SCAN domains 2 (ZKSCAN2) located on Chrl6 and
L-amino-acid oxidase [OXLA, LAAO, LAQO], also known as
interleukin 4 induced 1 (/L4I1), located on human Chr19.
Interestingly, OXLA is found linked to BTN2 within the
chicken MHC-B locus (Shiina et al. 2007) and is linked
to RACK1 within the green anole genome (AnoCar 2.0).
The 3’ end of this contig (SJPD01000006.1) contains 2 orfs
(-strand) predicted with the NCBI ORF finder with BLAST
hits to the framework gene TRIM39.

A second scaffold with orthologous loci to the human
classical class I subregion is SJPD01000140.1. This rather

Table 1 Komodo dragon genome contigs in the GS assembly containing annotated transcripts corresponding to orthologs of human MHC-

region genes

Contig Length (bp) Chr Scaffold Predicted loci Percent repeats Human MHC subregion/genes
SIPD01000006.1 884,375* 1 6_4 23 8.8 Classical class I

SIPD01000114.1 1,332,393 1 102 49 13.8 Classical class III

SIPD01000117.1 1,308,088 1 105 39 10.2 Classical class I, classical class 111
SIPD01000119.1 1,187,035 1 107 38 11.9 Classical class III

SIPD01000140.1 590,929 1 128 13 7.5 Classical class I

SIPD01000167.1 262,987 1 155 10 8.9 TRIM genes

SIPD01000168.1 262,698 Un 156 9 8.9 Classical class II, extended class II
SJPD01000211.1 166,416 1 199 7 17.9 Class II histocompatibility antigens
SIPD01000215.1 134,949 13 103 4 9.5 Classical class II

SJPD01000217.1 140,475 1 205 8 12.8 Class II histocompatibility antigen
SJPD01000223.1 150,566 1 211 5 16.4 Class II histocompatibility antigen
SIPD01000224.1 123,899 Un 212 4 12.9 Extended class II

SJPD01000248.1 99,590 1 240 4 7.1 Class I histocompatibility antigens, MR1
SIPD01000309.1 80,374 1 301 1 12.5 Class II histocompatibility antigen
SIPD01000351.1 65,419 1 343 2 19.1 Class II histocompatibility antigen
SJPD01000353.1 68,976 1 345 1 12.6 Class I histocompatibility antigen
SJPD01000422.1 55,258 Un 414 2 5.1 Class I histocompatibility antigen
SJPD01000575.1 40,460 Un 567 1 12.5 Class I histocompatibility antigen
SJPD01000805.1 13,170 Un 797 1 4.6 Class II histocompatibility antigen
SJPD01000984.1 17,623 Un 1,033 2 9.0 Class I histocompatibility antigen

MHC related

SJPD01000156.1 339,576 1 144 6 12.9 MHC class I-related gene protein (MR1)
SJPD01000455.1 33,428 Un 447 1 13.9 MHC class I-related gene protein (MR1)

“Includes 884,375 bp of 21,484,375 bp total contig length
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Fig. 1 Idiogram of sequence contigs of the Komodo dragon (Gladstone, GS assembly) aligned to the human MHC. Dashed lines connect pre-

dicted gene orthologs. GS contigs are drawn to scale

compact 590 kb contig contains 12 annotated genes and one
hypothetical protein (Supplementary Table S1, Supplemen-
tary Fig. 1). With one exception (TPRN, taperin, human
Chr19), each of the named genes within this contig have a
human MHC ortholog. Order of the genes within this block is
highly conserved, but inverted relative to the human. Within
the GS assembly, DHX16 (pre-mRNA-splicing factor ATP-
dependent RNA helicase DHX16) is annotated as two tran-
scripts and the exons for alpha-tubulin N-acetyltransferase
1 (ATAT]) are incorrectly annotated as it spans the neighbor-
ing gene, PPPIRI10.

The contig STPD01000117.1 contains clusters of ortholo-
gous MHC genes found in the human classical class I and
classical class II subregions (Fig. 1). Notably, these include
three C-type lectin domain family 2 genes. C-type lectins
are a protein superfamily of proteins that can act as impor-
tant signaling molecules in the innate immune response
(Fujita et al. 2004; Bermejo-Jambrina et al. 2018; Brown
et al. 2018) and are a component of the chicken MHC
(Miller and Taylor 2016). In this regard, the Komodo lectin-
like sequences have closest BLAST similarity to the BLEC]
gene of the chicken (~36% protein identity). The MHC
orthologs of the STPD01000117.1 contig are interspersed
by genes, such as TRAF1, NPDCI found on human Chr9
and CLEC2B, CLEC2D, and KLRFI found on human Chr12.
KAF7236218.1, a gene with similarity to ABHD16A (abhy-
drolase domain containing 16A, phospholipase), occurs at
the start of this contig (class I subregion) and KAF7236205.1
with similarity to TRIM39 (class I subregion) occurs towards
the opposite end. The contig also includes a BTNIal gene
(human extended class I subregion) and an ortholog for
SIRT5 that occurs on human Chr6 but outside the extended
MHC boundary (13,570,123-13,619,252 bp). Only a single

transcript within the contig is annotated as a hypothetical
protein.

Linkage of the gene clusters within SJPD01000117.1 is
consistent with the class I/III linkage reported in the green
anole (Jaratlerdsiri et al. 2014). Of the MHC gene clusters,
one includes /IER3, FLOTI, TBB7, and DDRI transcripts
(Supplementary Table S1). These genes in the human MHC
are in close proximity to genes in the classical class I sub-
region as discussed previously. A second cluster includes
LSM2, POUSF3 (likely a POUSF1 ortholog), TCF19, and
CCHCRI. These genes, with the exception of LSM2, are
also in the classical class I subregion. LSM2 lies within the
classical class III subregion as do genes in the third cluster
(LY6GOE, CLICI1, SAPCD?2 (likely a SAPCD1 ortholog),
VWA7, and VARS).

In addition to SJPD01000117.1, two contigs
(SJPD01000119.1, SJPD01000114.1) contain orthologs to
genes of the human class III subregion (Fig. 1). The first con-
tains 19 annotated MHC orthologs, plus transcripts annotated
as non-MHC genes found on human Chrl (ZSCAN20), Chr5
(TRIM?7), and Chr9 (CRAT, RGS3, and TRAF1) (Supplemen-
tary Table S1). The 5’ end of this contig contains two genes
(BTN2A2 and TRIM?27) located on human Chr6 upstream in
the extended class I subregion.

Similar to SJPD01000119.1, the second contig
(SJPD01000114.1) contains a suite of annotated class II
subregion genes. These include TNXB, CYP21, SEC22B-
b, GPSM3, EGFLS, AGPATI, RNF5, PBX2, and C4 (Sup-
plementary Table S1). Transcripts annotated as non-MHC
genes include ZFP2, CENPA, ZSCAN2, the ZNF genes
(ZNF16, 79, and 84) and ZBED?9, a gene found in the human
extended class I subregion. Also included in this contig are
25 hypothetical protein genes. The majority of these flank

@ Springer



410

Immunogenetics (2021) 73:405-417

the MHC-associated gene blocks and have BLAST similar-
ity to zinc finger proteins (ZFPs). Four hypothetical proteins,
clustered between CENPA and SEC22B-b, have similarity to
NOTCH4 which is found syntenic within this gene cluster
in the human MHC (Fig. 1). BLAST analysis of the hypo-
thetical protein sequences did not find an ortholog to the
immunoproteasome gene (proteasome 20S subunit beta 10,
PSMBI0) in the hypothesized ancestral location of this gene
adjacent to C4 (Ohta et al. 2006).

Three contigs (SJPD01000215.1, SJPD01000168.1, and
SJPD01000224.1) contain orthologs to genes of the human
classical class II and extended class II subregions (Fig. 1,
Table 1). The smallest contig STPD01000215.1 (135 kb)
contains transcripts annotated as ABCB9 (ATP-binding
cassette sub-family B member 9), the inducible immuno-
proteasome genes PSMBS and PSMB9 (Proteasome subunit
beta type-8 and type-9) and TAP2 (antigen peptide trans-
porter 2) and aligns with a syntenic block within the human
classical class II subregion. Closer examination of the
SJPD01000215.1 sequence identified a likely unannotated
TAP1 gene between PSMBS and PSMB9. Flanking these
central core genes were unannotated orfs (- strand) predicted
using the NCBI ORF finder. At the 5’ end of the contig were
2 orfs with BLAST hits to craniofacial development protein
2 (CFDP2) and at the 3’ end, 2 orfs (-strand) were identi-
fied with BLAST hits to class I histocompatibility antigens.
Linkage of the immunoproteasome genes to class I genes
is a common feature of non-mammalian MHC loci (Ohta
et al. 2006).

The largest contig in the class II region (SJPD01000168.1,
262.7 kb) contains 9 annotated genes including BRD?2,
HSD17BS, RXRBA, collagen alpha chain transcripts
(COLI1IA, COL5A), RGL2 and PFDN6 (Supplementary
Table S1). The predicted transcript of the single hypotheti-
cal protein had BLAST similarity to VPS52 (vacuolar pro-
tein sorting-associated protein 52). With the exception of
BRD? these are genes of the extended class II subregion. A
third small contig (SJPD01000224.1, 123.9 kb) contains 4
annotated genes; WDR46, ZBTB22, CTK2, and SYNGAPI.
The annotation of CTK?2 is problematic and BLAST search
of this predicted transcript indicates similarity to kinesin-
like protein (KIFCI). The orthologous gene lies adjacent
to SYNGAP] at the border of the extended class II region in
the human MHC.

Classical class | and Il gene clusters

MHC class | genes

The ability to counter a wide variety of pathogens is in part
attributable to diversity in classical class I and class Il MHC

genes that typically display high allelic polymorphism and
sequence diversity. Classical MHC I molecules present
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antigenic peptide ligands on infected cells to cytotoxic (CD8%)
T cells or exogenous proteins through cross-presentation.
Components of T cell subsets (CD8* and CD4") have been
identified in reptiles (reviewed in Zimmerman 2020). MHC
class I molecules consist of a and B,-microglobulin (B2M)
peptide chains and vertebrate genomes typically possess mul-
tiple class I genes (both classical and non-classical).

Our search of the GS assembly identified 6 annotated
class I genes or partial coding regions on 5 small contigs
(SJPD01000248.1, SJPD01000353.1, SJPD01000422.1,
SJPD01000575.1, and SJIPD01000984.1, Table 1). These
contigs ranged in size from 17.6 to 99.6 kb and contained an
average of 2 annotated genes. Included in the class I genes
were three transcripts annotated as class I histocompatibility
antigen, F10 alpha chain (HAIF), 2 designated as RLA class
I histocompatibility antigen, alpha chain 11/11 (HAIA), and
one as H-2 class I histocompatibility antigen, K-K alpha
chain (H2-K1) (Supplementary Table S1).

The B2M gene is not annotated in the GS assembly. How-
ever, BLAST search of the genome using the B2M mRNA
sequence of Crocodylus porosus identified sequence simi-
larity to B2M in contig SJPD01000079.1 (SLAO1 scaf-
fold67). This match corresponded to a sequence annotated
as TRIM69 and was located adjacent to SORD and TERB?2,
syntenic with B2M on human Chr15. Location of B2M out-
side of the MHC in the Komodo dragon is consistent with
that of most vertebrates (Kaufman 2018).

MHC class Il genes

The classical class II genes are integral players in the adap-
tive immune response in that they function to present exog-
enous proteins to CD4 + T cells. The class II molecule is a
heterodimer consisting of an alpha and a beta chain, each
encoded by separate genes composed of 5 exons. Exon 1
encodes the leader peptide, exons 2 and 3 encode extracel-
lular domains, exon 4 encodes the transmembrane domain
and exon 5 the cytoplasmic tail. Determining the number of
class II genes from whole genome sequences can be difficult
due to highly conserved gene segments and the presence of
multiple alleles. As such, determination of the number of
genes is often only accomplished through large insert clone
sequencing. Our search of the GS assembly identified 12
transcripts annotated as class II beta genes (or partial CIIB
coding regions) on 6 assembled contigs (SJPD01000211.1,
SIPD01000217.1, SJPD01000223.1, SJPD01000309.1,
SJPD01000351.1, and SJIPD01000805.1, Table 1). Align-
ment of partial class IIf gene transcripts (Fig. 2) showed
highly variable exon 2 sequences supporting presence of
multiple genes/alleles.

The number of class I and class IIf genes appear to be
highly variable in non-mammals with substantial duplica-
tion in some taxa. Teleost fish possess three major groups
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of class II genes (Dijkstra et al. 2007, 2013). The MHC of
Xenopus contains a single class I gene and 3 class IIp genes
(Kobari et al. 1995; Ohta et al. 2019). In contrast, the green
anole (A. carolinensis) appears to only have a single class
IIB gene (Alfoldi et al. 2011). Multiple class I and class II
genes are present passerine (eg. zebra finch, Balakrishnan
et al. 2010) and galliform birds (e.g., chicken, Kaufman et al.
1999). Nine class I and 6 class II genes were reported for the
saltwater crocodile (Jaratlerdsiri et al. 2014) and multiple
clIp genes are present in alligators (St John et al. 2012).
Miller et al. (2015) found a total of 7 class I sequences and
11 class IIP sequences in the Tuatara, a rhynchocephalian
reptile and Glaberman et al. (2009) identified 8 class IIf
sequences assignable to five locus groups in the Galdpagos
marine iguana (Amblyrhynchus cristatus). Thus, identifica-
tion of multiple class I and class II genes in the Komodo
dragon is consistent with those of other reptilian groups.

Other contigs

Three additional contigs were identified in the GS assembly
that contained potential MHC-associated genes (Table 1).

Fig.2 Alignment of deduced
amino acid sequences for the

peptide binding regions (exon
2) and exon 3 of the Komodo
dragon MHC class IIf loci
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The first (SJPD01000156.1) is 339 kb contig that contains
transcripts annotated as zinc finger protein with KRAB and
SCAN domains 7 (ZKSCAN7), major histocompatibility
complex class I-related gene protein (MRI), and vome-
ronasal type-2 receptor 26 (Vmn2R26) (Supplementary
Table S1). ZKSCAN and MRI are not part of the human
MHC (Chr 3 and Chr 1, respectively). In addition, there
are three loci annotated as hypothetical proteins that have
BLAST similarity to Vmn2R26, a mouse gene with no
human ortholog. Presence of multiple Vmn2R-like tran-
scripts may reflect the expansion of type 2 vomeronasal
receptors in the Komodo dragon and several other squamate
reptiles (Lind et al. 2019).

The MRI transcript in SJPD01000156.1 is one of 6 tran-
scripts annotated as MR/ identified in our queries of the
GS assembly (Supplementary Table S1). A second contig
(SJPD01000455.1, 33.4 Kb) contains a single annotated MR]
transcript (Supplementary Table S1). In humans, MR is located
outside the MHC on Chrl and encodes a non-classical MHC
class I antigen-presenting molecule that presents metabolites
of microbial vitamin B to mucosal-associated invariant T-cells
(Kjer-Nielsen et al. 2012). Genes closely related to class I genes
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are found outside the MHC in other non-mammals (Flajnik et al.
1993; Briles et al. 1993). Orthologs of MR1 have not been iden-
tified in non-mammalian vertebrates (Kaufman 2018) and anno-
tation of these in the GS assembly is dubious. BLAST searches
(blastP) of the NCBI nr database found significant hits of the
Komodo dragon sequences (> 50% identity) to predicted amino
acid sequences of class I antigen genes found in other reptiles
suggesting they perhaps represent non-classical class I genes.

Like MRI, CD] is related to MHC class I and class 11
molecules but is structurally more closely related to class
I and present lipid antigens to T cells. Considered a third
family of antigen-presenting molecules, CD1 molecules
were found in the genomes of the green anole and members
of Crocodylia suggesting a common presence in reptiles
(Yang et al. 2015). In these species, CDI genes are either
found linked to the MHC or to an MHC paralogous locus.
A CDI ortholog was not identified in the Komodo dragon
MHC contigs and queries (nucleotide and protein) of both
genome assemblies failed to identify sequences with signifi-
cant similarity to CD1I genes of chicken, Xenopus, Anolis,
or crocodilians.

The final contig identified in our study (SJPD01000167.1)
contains transcripts of four genes annotated as TRIM10,
TRIM27, TRIM39, and LY6G6C. Orthologs of each of these
are found on human Chr6 and all, except TRIM27 (extended
class I), are within the human MHC classical class I or
class IIT subregions. Also present in the contig are FBXL15
(human Chr10) and SAAI (Chrl1).

Comparison of genome assemblies and organization
of the MHC

Components of the Komodo dragon MHC were identified in
both of the recently published genome assemblies (GS and
VT). The VT assembly at 1.6 Gb is slightly longer than the
GS assembly (1.51 Gb) (Table 2), but the GS assembly has
greater sequence depth (144 x vs 45 x, respectively). The
number of scaffolds and contigs also differ between the two
assemblies; however, this is in part due to the use of different
length cutoffs for contigs included in the final assemblies
(>10 kb in GS and > 1 kb in VT). The GS assembly is the
NCBI annotated genome reference.

In general, the MHC gene clusters identified in the GS
assembly were present in the VT assembly providing sup-
port for conservation of these syntenic blocks as opposed to
assembly artifacts. Within the VT assembly, 18 contigs were
identified with predicted gene orthologs corresponding to
the gene set of the human MHC (Supplementary Table S2).
These ranged in size from 6 kb (VEXNO01032169.1) to
2.7 Mbp (VEXNO01011230.1) with an average of 770 kb.
The number of annotated genes per contig ranged
from 2 to 69 with an average of 17.3 genes per contig.
Seven contigs (VEXN01000097.1, VEXNO01001601.1,
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Table2 Assembly statistics for the genome of the Komodo dragon.
Included for comparison are the assemblies compiled by the Glad-
stone Institute (GS, ASM479886v1) and Virginia Tech (VT, VCOM_
VKom_1.0). Lengths are in nucleotides

GS

VT

Total sequence length

1,507,945,839

1,606,418,949

Total ungapped length 1,493,307,389 1,599,505,109
Number of scaffolds 1,411 84,067
Scaffold N50 23,831,982 23,221,552
Scaffold L50 17 17

Number of contigs 20,696 154,978
Contig N50 189,463 37,135

Contig L50 2,367 12,348
Coverage 144x 45x

Protein sequences 18,293 17,213*

“Protein coding sequences based on the annotation of van Hoek et al.
(2019)

VEXNO01008528.1, VEXN01011230.1, VEXN01019096.1,
and VEXNO01030207.1) could be aligned to the human MHC
based on gene content (Supplementary Table S2, Supple-
mentary Fig. 2).

Comparison of the VT contigs with the homologous GS
sequences found general support for the contig assembles
between the genome builds. The Oxford Grid is a useful
approach to examining conserved synteny between species
or in this case separate genome assemblies (Edwards 1991).
Oxford Grids for the Komodo dragon show that complete
and near linear alignment of the GS contigs within five of
the longer VT contigs with only minor sequence inversions
(Fig. 3). Although gene contents are very similar, assembly
of two GS contigs (SJPD01000168.1 and SJTPD01000224.1)
are considerably different than their VT counterparts
(VEXNO01019096.1 and VEXN01022374.1, respectively).
To investigate this further, we created non-overlapping
10kbp fragments of these contigs, aligned the two fragment
sets using blastN and then filtered the hits to those at >90%
identity. In this analysis, VEXN01022374.1 (158,440 bp)
vs SIPD01000224.1 (123,899 bp) gave 94,820 bp in 34
fragments > 1 k or 71,879 bp in 13 fragments >2.5 k.
VEXNO01019096.1 (384,414 bp) vs SJPD01000168.1
(262,698 bp) gave 219,380 bp in 92 fragments > 1 k (or
149,877 bp in 34 fragments > 2.5 k). These results and the
alignments (Fig. 3) show the contig pairs are highly frag-
mented compared to each other with many instances of
inversions and translocations.

Our analyses rely on the quality of the annotation of the
GS genome build and key in this process is gene prediction
and homology identification. We performed independent
comparisons of the MHC-associated GS gene set with the
Universal Protein Resource (UniProt) database via BLAST
which generally confirmed our identification of MHC
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Fig.3 Sequence Oxford Grid dot plots for alignment of MHC contigs of the Gladstone (GS) assembly (vertical) as depicted in Fig. 1 to those of

the Virginia Tech (VT) assembly (horizontal)

orthologs in the Komodo dragon genome. Of the 229 genes
included in Supplementary Table S1, only 22 lacked Uni-
Prot similarity matches. This is not unexpected given the
taxonomic placement of Varanus and the mammalian bias
of the database.

Having an independent second genome assembly (VT)
also provided the opportunity to test for congruence.
Although similar in approach, annotation of the two genome
assemblies used slightly different pipelines. Comparison
of the annotated gene lists for the two Komodo genome
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assemblies (GS vs VT BLAST analysis) found significant
matches for the majority of genes included in the MHC-
associated contigs. Of the genes included in Supplementary
Table S1, 207 had significant BLAST similarity to at least
one VT annotated gene and gene designations were gener-
ally shared for the MHC orthologs. Of the 22 without sig-
nificant matches, 8 are annotated as hypothetical proteins.
Some genes are clearly miss-annotated, perhaps as a result of
assembly anomalies. For example, KAF7236117.1 is anno-
tated as replicase polyprotein la. This protein is a multifunc-
tional viral protein involved in the transcription and replica-
tion of viral RNAs. BLAST search with the KAF7236117.1
amino acid sequence (Varanus excluded) found significant
similarity to hypothetical proteins in other reptilian species.
Three loci that did not have significant VT matches are clus-
tered at the end of the contig SJPD01000167.1 (Supplemen-
tary Table S1). KAF7235319.1 is annotated as spindle pole
body protein pcpl. This protein is a component of the fis-
sion yeast (Schizosaccharomyces pombe) spindle pole body
that binds calmodulin (Ohta et al. 2012). KAF7235313.1
is annotated as serum amyloid A protein (SAA7) which is
a highly conserved acute-phase protein. However, BLAST
search found similarity to lymphocyte antigen 6 complex
locus protein G6c-like (LY6G6C) that is adjacent to this
locus (KAF7235314.1) in contig SJTPD01000167.1. Finally,
KAF7235318.1 is annotated as RER4 (Protein RETICU-
LATA-RELATED 4, chloroplastic). The RER proteins are
plant-specific components of the envelope membranes of
chloroplasts (Pérez-Pérez et al. 2013). Our BLAST search
suggests that this locus is also a fragment of LY6G6C.
Expression of these three loci was not observed in our exam-
ination of de novo-assembled transcripts from the Komodo

leukocyte-enriched RNAseq data of Bishop et al. (2017)
(data not shown).

Hive plots are visualization tools most commonly used
to depict relationships within networks. We used hive
plots to highlight our comparison of the Komodo dragon
MHC clusters with that of the human MHC and also
contrasts the two genome builds. Three-way alignment
between human chr6, Gladstone (GS), and Virginia Tech
(VT) Komodo dragon assemblies (Fig. 4) demonstrates
the syntenic gene clusters identified between the two spe-
cies and the high degree of concordance between the two
genome assemblies. Evident in this plot are positional
rearrangements resulting either from translocations, mis-
identification of orthologs or assembly differences. The
latter is most notable between the GS and VT assemblies
for the class I subregion (yellow lines in Fig. 4). Because
the contigs assigned to chrl are not ordered in the GS or
VT assemblies, we used reversed coordinates of contigs
on the GS arm where the blastN hits aligned to a single
VT contig and concordance could be visually improved.
We also reversed coordinates of both GS and VT con-
tigs where appropriate to give better concordance with
the human chr6. The alignment of the fragment between
the two assemblies suggests the GS assembly could be
improved by creating a super scaffold by combining
SIPD01000006.1, SJPD01000167.1, SJPD01000140.1,
and SJPD01000117.1 (Fig. 4). This approach significantly
improved the concordance while also confirming the pres-
ence of assembly differences in this region highlighted in
the Oxford grids (Fig. 3).

The Komodo dragon has a very typical reptilian kar-
yotype consisting of 2n=40 chromosomes with 8 pairs

Fig.4 Hive plots of three way alignment between human chr 6, Glad-
stone (GS) and Virginia Tech (VT) Komodo dragon assemblies. On
the left MHC genes are highlighted as follows: yellow =class I sub-
region, orange =class III subregion, green=class II subregion while
flanking genes are in blue. Grey nodes are contig ends. On the right,
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the plot is augmented using pairwise links of blastN hits correspond-
ing to 10 k segments from the corresponding GS/VT contigs shown
as red lines. These are filtered by bitscore > 1000, percent id >90%,
and hit length > 2500 bp. Contig order and direction is as given in the
text
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of macrochromosomes, 12 pairs of microchromosomes
and a Z/W sex chromosome system (Pokorna et al. 2016).
Although it is difficult to draw definitive conclusions about
the overall MHC structure, gene content of the GS contigs
supports class I/III linkage as observed in SJPD01000117.1.
Based on the chromosome assignments of scaffolds in the
GS assembly (Lind et al. 2019), the MHC contigs we identi-
fied reside on at least 2 chromosomes (1 and 13). The major-
ity of contigs (n=14) are assigned to Chrl, a single contig
(SJPD01000215.1, scaffold 103) is assigned to Chrl3, with
7 contigs unassigned. Physical chromosomal assignment
via FISH and the relative order of these contigs within the
genome have not been experimentally determined. As such,
chromosome relationships among the MHC gene clusters with
orthology to the human MHC subregions (I, II, and III) are
unresolved in the Komodo dragon.

The lack of contigs in the GS assembly containing both
classical class I and class II genes in combination with MHC
framework genes also makes it difficult to summarize the func-
tional organization of the Komodo dragon MHC. In the non-
mammalian vertebrates studied to date, the class o gene(s) occur
within a series of antigen processing genes (Kaufman et al. 1999;
Ohta et al. 2006; Jaratlerdsiri et al. 2014). As suggested by Ohta
et al. (2006), this arrangement precludes designation of a class I
region (as seen in humans) where the antigen processing (7AP)
genes for example are found within the class II region. Strong
linkage disequilibrium is seen between TAP, PSMB, and class
I genes in the teleosts medaka and zebrafish (Tsukamoto et al.
2009; McConnell et al. 2016). This gene relationship is extreme
in the chicken where the TAP genes are flanked by class I genes
and are virtually inseparable by recombination (Kaufman et al.
1999). This functional clustering also appears to be present in
the Komodo dragon. As discussed above, the GS contig assigned
to Chr13 (SJPD01000215.1) contains transcripts of immuno-
proteasome and antigen processing genes (ABCB9, PSMBS,
PSMB9, TAP2, and likely TAP) and unannotated putative class
I ORFs. This gene cluster in the VT assembly is positioned on a
515 Kb contig (VEXNO01000097.1, scaffold ScpDV4C_95) that
is flanked by multiple class I transcripts, consistent with the func-
tional organization observed in other non-mammalian vertebrates
(Kaufman et al. 1999; Ohta et al. 2006; Jaratlerdsiri et al. 2014).

Repetitive elements, especially transposable elements,
are important in genome evolution as they can facilitate
large-scale changes (Jurka et al. 2007) including those
within the MHC (Kulski et al. 1997; Reed et al. 2011).
In the Komodo dragon genome, repetitive elements are
estimated to account for 32% of the assembled sequence
(Lind et al. 2019). The majority of identified repeats were
transposable elements (LINE2, L3/CR1, 13% of genome)
or unclassified (11%). We used RepeatMasker (v4.0.9) to
screen for repeats within the MHC-associated contigs of
the GS assembly. The percent sequence denoted as repeats
within these contigs ranged from 5.1 to 19.1% with an

average of 11.2% (Table 1). On average 76% of this repeat
sequence corresponded to retroelements. This finding indi-
cates the MHC-associated regions have on average less
repetitive DNA than the genome as a whole. Understand-
ing the potential role of repetitive DNA in MHC evolution
within the species necessitates further study.

Conclusions

The recent completion of two whole genome assemblies of
the Komodo dragon (V. komododensis) allowed for the anal-
ysis of scaffolds and contigs containing gene clusters cor-
responding to the MHC subregions in the human. We found
the assembled genome to include 20 MHC-related contigs
encompassing ~ 6.9 Mbp of sequence with 223 annotated
genes/orfs plus 2 contigs with transcripts that may repre-
sent non-classical class I genes. The annotated MHC genes
include loci involved in antigen processing and presentation,
complement, inflammation, immune regulation as well as
genes with non-immune functions and hypothetical proteins
of uncertain orthology. The evolutionarily ancient varanid
reptiles, including Komodo dragons have evolved robust
innate immune systems (Lind et al. 2019). The organization
of the Komodo dragon MHC resembles that of other non-
mammalian taxa. Our analysis of MHC gene clusters finds a
gene dense and complex region(s) that contain counterparts
of the human MHC and provides insight into the MHC of
these unique squamate reptiles.
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