iIScience

Long read genome unravels MHC | genomic
architecture, evolution, and diversity loss in
Gubernatrix cristata

Highlights Authors

e First high-quality long-read genome for the yellow cardinal Marisol Dominguez, Enrique Celemin,
Nikolai Gusev, Binia De Cahsan,

e Genome-wide data shows long-term decline Katja Havenstein, Bettina Mahler,

e Single copy and tandemly duplicated MHC-I genes Ralph Tiedemann

e Non-locus specific primers underestimate variation Correspondence
dominguez@uni-potsdam.de

In brief

Evolutionary biology; Genomics;
Ornithology

Dominguez et al., 2025, iScience 28, 112301
May 16, 2025 © 2025 The Author(s). Published by Elsevier Inc.
https://doi.org/10.1016/j.isci.2025.112301 ﬁ CellP’ress



mailto:dominguez@uni-potsdam.de
https://doi.org/10.1016/j.isci.2025.112301
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2025.112301&domain=pdf

¢? CellPress

OPEN ACCESS

iIScience

Long read genome unravels MHC | genomic
architecture, evolution, and diversity
loss in Gubernatrix cristata

Marisol Dominguez,"** Enrique Celemin,' Nikolai Gusev,' Binia De Cahsan,? Katja Havenstein,' Bettina Mahler,®
and Ralph Tiedemann'

1Unit of Evolutionary Biology/Systematic Zoology, Institute for Biochemistry and Biology, University of Potsdam, Potsdam, Germany
2Globe Institute, University of Copenhagen, Copenhagen, Denmark

3|[EGEBA, FCEN-UBA, Pabellon Il, Ciudad Universitaria, Ciudad Auténoma de Buenos Aires 1428, Argentina

4Lead contact

*Correspondence: dominguez@uni-potsdam.de

https://doi.org/10.1016/j.isci.2025.112301

SUMMARY

The major histocompatibility complex (MHC) genes are vital for the adaptive immune response in vertebrates
and are widely used in conservation genetics to represent adaptive variation. Accurate genotyping of MHC
alleles is essential for effective conservation, particularly for endangered species like the yellow cardinal
(Gubernatrix cristata). However, the absence of locus-specific primers and the highly repetitive nature of
these genes present a technical limitation when using short-read sequencing technologies. We produced
the first high-quality long-read reference genome for the yellow cardinal. This genome reveals sustained
high genome-wide heterozygosity despite inbreeding, with homozygosity patterns and effective population
size estimates indicating a long-term decline. We identified seven genomic MHC-I loci, while amplicon
sequencing with non-locus specific primers had not confirmed more than two MHC-I loci. Our study also re-
vealed mismatches in primer binding sites across multiple loci, emphasizing the need for high-quality, long-
read genomic data to understand the genomic architecture of MCH and to accurately assess locus specific

MHC variation.

INTRODUCTION

The major histocompatibility complex (MHC) genes have a cen-
tral role in the immune defense of jawed vertebrates. They
encode transmembrane proteins that bind and present peptides
of either self or non-self origin, allowing T cell recognition and
adaptive immune responses.’ The protein binding region
(PBR) of MHC molecules, essential for antigen presentation, ex-
hibits high polymorphism enabling the recognition of diverse
peptides. Hosts rely on MHC diversity to identify various path-
ogen proteins, while pathogens evolve to evade host defenses.
This dynamic leads to an evolutionary arms race between hosts
and their pathogens, which pushes MHC genes to be among the
most polymorphic genes known in vertebrates. The notable
polymorphism observed was attributed to the interplay of mul-
tiple forms of balancing selection, including heterozygote
advantage, frequency-dependent selection, and fluctuating se-
lection pressures.” From the host’s point of view, reduced MHC
diversity can jeopardize survival as it compromises the immune
response.® Beyond their immune function, MHC genes may play
a role in kin recognition and mate choice.*° However, there is
mixed evidence for these roles in natural populations.”® Two
main classes of MHC exist: MHC class | (MHC-I) molecules
are monomeric proteins which present intracellular peptides

(e.g., derived from pathogens from the cytoplasm of infected
cells), while MHC class Il (MHC-Il) molecules are dimeric pro-
teins that present extracellular peptides, hence dealing with
extracellular infections.”'® MHC-I proteins are ubiquitously
found in the membrane of all nucleated cells, including avian
blood cells, where they play a crucial role in immune defense
against various pathogens, including viruses and haemospori-
dian parasites.

Studies approach MHC polymorphism from two complemen-
tary directions: the number of alleles per locus at population
level'" or the number of alleles per individual.'>"'* From the
latter, often, the minimal number of genes is derived. Extensive
research of avian MHC-I diversity showed their allelic diversity
to vary from low in falcons'® to extremely high in the Scarlet
Rosefinch (Carpodacus erythrinus).'® However, accurately
determining the exact number of MHC loci has been historically
more challenging, mainly due to technological constraints,'”
since paralogs often have high sequence similarities and may
vary in number (copy number variation). Like allelic diversity,
the minimal number of genes required to explain the observed
allele counts yielded vastly differential gene counts ranging be-
tween 1 and 7 MHC-I genes for Galliformes, Anserifomes, Cico-
niiformes and Pelecaniformes,'®?" and more than 30 MHC-I
genes in Passeriformes (Acrocephalus schoenobaenus).””
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Table 1. Reference genome assembly quality statistics

a) Assembly characteristics

Sequencing technology PacBio HiFi
Estimated haploid genome size 1.1 Gb
Number of contigs 519

Contig N50 26.5 Mb
Complete Aves BUSCO (%) 97.2%

b) Assembly Quality and Completeness

Assembly QV score Kmer completeness
Primary 62.5 83.3%
Alternative 62.8 73.8%
Both 62.7 99.4%

Inaccurate MHC-I genotyping can lead to misinterpretation of
the true MHC variability, which becomes especially important for
endangered species as it could lead to inadequate conservation
strategies. Long-read genomic approaches provide a way of
accurately determining the number of MHC paralogs and over-
come some of the limitations associated with traditional
methods applying non-locus specific, often heterologous
primers (e.g., allelic dropout), offering a more precise under-
standing of the genetic diversity and evolutionary dynamics of
these crucial immune system genes.”®> Recent research
leveraging genomic data has started to shed new light on MHC
variability and its implications.'%42¢

In this study, we aim to overcome previous limitations in MHC
characterization, and analyze MHC-I polymorphism in the yellow
cardinal (Gubernatrix cristata), an endangered bird from the
Thraupidae family endemic to South America with a highly
discontinuous current distribution. Such fragmentation suggests
that an interplay between differential selection pressures and ge-
netic drift could have produced distinct adaptations to local en-
vironments that are important for the species’ evolutionary po-
tential. In light of this, a good assessment of genetic variation
at MHC-I loci can bring insights into the species adaptive poten-
tial and inform conservation strategies. Accordingly, our aims
were to: (1) provide the first whole genome assembly for this spe-
cies, (2) infer genome-wide patterns of variation and demo-
graphic history that may have impacted the species’ genetic
makeup, (3) compare two methodological approaches (amplicon
sequencing and PacBio HiFi whole genome sequencing) to
investigate the genomic organization and polymorphism of
MHC-I gene(s) in the yellow cardinal, and (4) assess diversity
and signs of selection at MHC-I gene(s).

RESULTS

Yellow cardinal reference genome

We used our newly generated de-novo genome assembly to
describe genome-wide diversity, infer ancestral demographic
history and determine the number of MHC-I loci. We obtained
~35x mean genome coverage by sequencing the DNA of a fe-
male individual from management unit 1 (MU1)?"*® using high-fi-
delity PacBio long reads. Contaminated contigs ptg000586L_1
and ptg000793L_1 which blasted to bacteria were excluded

2 iScience 28, 112301, May 16, 2025

iScience

from further analysis. The final assembly (Gcri1.0) consisted of
519 contigs and a contig N50 of 26.5 Mb (Table 1). It had
96.3% complete single-copy bird orthologues, and 0.9% dupli-
cated BUSCOs. ~85% of the genome was contained in 45
contigs > 7Mb, approaching the species’ karyotype (2n = 78%°
(Table 1)).

Synteny alignment successfully placed 351 out of the 519 con-
tigs assembled in the draft genome, resulting in 98.82% of the
genome properly placed on 41 Zebra finch pseudochromo-
somes. The 168 contigs that did not map to any of the chromo-
somes had an average length of just 82,201 bp (~5,3 HiFi reads
per contig) which may have hindered the ability to find their chro-
mosomal location. 25.11% of the pseudoautosomes consisted
of repeated elements (Table S4).

Heterozygosity, runs of homozygosity and demographic
history of yellow cardinals

We identified 6,064,423 filtered variants (5,420,823 SNPs,
643,600 INDELSs) in the yellow cardinal genome and estimated
autosomal heterozygosity to be 0.0076. When studying hetero-
zygosity on 1Mb windows across the genome, we observed in-
termediate variation across pseudochromosomes, with rela-
tively uniform ups and downs distributed along the genome
(Figure 1). The average 1Mb window had 7.4 SNPs per Kb with
the maximum being 16.7 and the minimum O SNPs.

We identified 276 runs of homozygosity (ROHSs) longer than
100,000 bp (Table S5), with a mean ROH size of 302,500 bp
and covering ~83 Mb of the genome (FROH = 8). Pseudochromo-
somes exhibited from 0 to 50% of their content located in ROHs
(Table S6). Yellow cardinal’s effective population size (Ne) was in-
ferred to have peaked at ~1.2 million individuals 800 kya, when
the species started to experience a mild reduction in Ne. The
Ne was inferred to have experienced a drastic reduction 100
kya, when the last glacial period started, from ~1 million individ-
uals to less than 30,000 individuals, compatible with the Pleisto-
cene glaciations having had a profound impact on the yellow car-
dinal’s evolutionary history (Figure 1). Nevertheless, these results
should be interpreted with caution, since PSMC is known to lose
resolution at more recent timescales®**' and uncertainty in muta-
tion rates and generation times could yield biased estimates.

MHC class | polymorphism estimated by amplicon
sequencing

We identified 9 alleles at nucleotide level (hereafter, “nucleotide
alleles™) spanning the entire MHC-I exon 3 of 56 individuals
(Table S7). Amplicon alleles were 276 bp long, except allele
MHC-Gucr*05 which carried a three nucleotides deletion retain-
ing the correct reading frame. This allele occurred in 9% of the
yellow cardinals and never occurred in homozygotic state
(Tables S7 and S9). It was previously detected in other species,®”
which suggests that either the deletion emerged independently
in different lineages (convergent evolution), or it persisted from
a singular ancient event across several species (Figure S2).
The nine alleles identified in cardinals were supported by a vari-
able number of reads, but there was no correlation between the
number of alleles per individual and sample coverage (Pearson
r = 0.13, n.s., Figure S3). Detailed information about alleles de-
tected per individual can be found in Table S8.



A
15
el
=
o w0
o
>
£
a I
2 |
) |
X
O s
[
3
Q
T
0
: 2 4 5 7
Pseudochromosome
B C
250 ?
<
S 100
g 200 o
] N
o w
(=4 =4
= 150 ]
- 8
o =] 10
&5 100 o
3 o
E Q.
5 . g
=2 B
]
1
=

¢? CellPress

OPEN ACCESS

Figure 1. Genome-wide heterozygosity and
demographic history of yellow cardinals

(A) Bar plot showing the distribution of heterozy-
gosity across yellow cardinal pseudochromo-
somes in nonoverlapping 1-Mb windows. Pseu-
dochromosomes are shown in alternating colors.
(B) Histogram of the count of per-window het-
erozygosity levels. Credit photo: Carlos Figuerero.
(C) Changes in effective population size of the
yellow cardinal over time inferred from PSMC.
Blurred trajectories represent 100 bootstraps, and
the grey rectangle outlines the last glacial
maximum (LGM) from ~19,000 to 29,000 years
before present.

sitions 11 and 74 important for disulphide
bridge formation and peptide binding
were present in all alleles.®®

A maximum of 4 nucleotide (or 3 amino
acid) alleles were found per individual,
suggesting the co-amplification of at
least two MHC-I loci for the yellow cardi-
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The alleles described here have 79 polymorphic sites and
differ by 1-62 nucleotides (Table S7). Overall, the mean nucleo-
tide diversity was Pi = 0.06 and the average number of nucleotide
differences among alleles was k = 16.84. In MU1, only 3 alleles
were identified, compared to all 9 alleles being found in both
MU2 and MUS3 (Table S1). No private alleles were found
(Figures 2B and 2C). Despite the existence of homologous se-
quences in other species, the BLAST search evidenced that
our sequences correspond to novel and previously undescribed
alleles, which we thus named according to Klein et al. (1990)°°
and deposited into GenBank public domain.

The maximum likelihood phylogenetic reconstruction of yellow
cardinal MHC-I amplicon alleles and from 21 other Passeri-
formes species with long-read genome assemblies (Table S3)
provided evidence suggestive of transspecies polymorphism.
Alleles did not cluster by species and yellow cardinal’s alleles
formed two paraphyletic clusters (Figure S2), which form mono-
phyletic clades with alleles from other species.

After translation, we found 8 unique alleles at amino acid level
(hereafter, “amino acid alleles”) composed of 91 or 92 amino
acids which differed by 1-32 amino acids (nucleotide alleles
MHC-Gucr*02 and MHC-Gucr*07 translate into the same amino
acid allele, Table S9). As we lack transcriptomic information, we
are unable to confirm that alleles are effectively translated and
functional; however, there is no evidence of premature stop co-
dons, suggesting the absence of pseudogenes in our dataset.
Sequence features typical of antigen-presenting MHC-I genes
were conserved. As expected, highly conserved cysteines at po-

Years before present

100,000 1,000,000

nal assuming prevalent heterozygosity
(Figure 2A). Overall, the low total number
of amplicon MHC-I alleles (N = 9), the low
number of suggested MHC-I loci (N = 2), and the many individ-
uals with only one MHC-I allele identified (N = 21, only possible
if different loci share the same allele, Figure 2A) suggest a case
of extremely low MHC-I polymorphism. To exclude that the
limited MHC-I polymorphism observed in the yellow cardinal is
atechnical artifact induced by the use of non-locus and non-spe-
cies specific “universal” primers, we inferred the MHC-I
genomic organization in the assembled reference genome.

MHC class | polymorphism in the high-fidelity genome
assembly

To resolve if the limited MHC-I polymorphism observed in the
yellow cardinal is caused by technical artifacts, as potentially
introduced by the use of non-locus and non-species specific
“universal” primers, we inferred the MHC-I genomic organiza-
tion in the assembled reference genome.

The genome scan suggested the presence of 7 MHC-I loci in
the reference genome’s individual, all located in the same contig
(Table 2). This contig was aligned to a microchromosome (pseu-
dochromosome 35), as predicted for other avian species,¢*”
which coverage was 85X. The alleles located in loci (L) L2-L7 in
the genome were newly identified, i.e., they had not been ampli-
fied in any of the 67 specimens using the universal MHC-I
primers, whereas the allele in L1 was identical to amplicon allele
MHC-Gucr*01 as found in the primary haplotig (Tables S10 and
S11). Amplicon sequencing of this specimen confirmed amplifi-
cation of L1 and yielded allele MHC-Gucr*02, the allele found in
the alternative haplotig in the PacBio genome. Similarity at
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Figure 2. Variation of MHC class | amplicon alleles

(A) Map showing the location of the sampling sites (dashed circles) and the absolute frequency distributions of the inferred number of different nucleotide alleles
per yellow cardinal by management unit (MU). The Espinal ecoregion in Argentina, as outlined by Brown and Pacheco (2006),%* is illustrated in dark gray.

(B) Alleles’ distributions across yellow cardinal MUs (MU1,2,3 in yellow, orange and violet, respectively). The left outer track indicates the relative frequency of
specific alleles by MU, while the right semicircle displays all discovered amplicon alleles. Ribbon thickness reflects the number of individuals carrying a certain
allele. Light blue ribbons denote alleles common to all MUs, while dark blue ones represent alleles shared between MU2 and MUS.

(C) A minimum spanning network reveals the relationship and abundance of amplicon alleles. Circle size is proportional to the number of individuals and each

dash represents a single base substitution.

nucleotide level was higher for alleles of the same locus (average
similarity among alleles assigned to locus 1 was 96.5%), in rela-
tion to the similarity across all alleles at all MHCI genes (84.67 %,
Table S11).

Two genomic arrangements were found: one single copy gene
(L1) separated by ~2.27 million bases from the other six MHC-I
genes (L2-L7) which have comparatively short intergenic dis-
tances between them, and hence seem to have been duplicated
in tandem (Figure 3). The 1Mb genomic windows where the
MHC-I genes were identified (pseudochromosome_35) pre-
sented 8.3 SNPs per Kb in the window where MHC-I L1 was de-
tected and just 1.8 SNPs per Kb for the window where the L2-L7
MHC-I genes were identified. While some amplicon alleles could
be assigned to a genomic MHC locus, others had almost equal
probabilities of assignment to several MHC loci (Table S10). Al-
leles were either assigned to L1 or had similar assignment prob-
abilities to (some of) the tandemly duplicated loci L2-L7. Nucle-
otide similarity was higher between alleles assigned to tandemly
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duplicated genes (average 86.2%) than between the single copy
vs. tandemly duplicated genes (average 79.6%, Table S11).

By retrieving the annotations from other passerine bird spe-
cies, we identified almost all exons across the seven MHC-I
loci in the yellow cardinal, except for exon 1 in locus 1, which
was consistently absent, regardless of the query used
(Table S12). Additionally, exons 7 and 8 were not found for
some yellow cardinal’s loci. These exons are small and chal-
lenging to detect via BLAST search,”® hence we consider these
loci also to be full-length.

Given that only 9 alleles were identified population-wide via
amplicon sequencing, compared to the 7 different MHC-I alleles
found in the high-quality genome of a single individual, we eval-
uated the possibility of a technical artifact associated with the
published universal primers, leading to allelic dropout. Moreover,
amplicon alleles MHC-Gucr*05,08,09 are absent in all individuals
sampled from MU1, and the probability of getting this result by
chance (assuming that the primers amplify these alleles equally
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Table 2. Position, length, and distance to end position of exon 3
of previous locus between MHC-I exon 3 alleles identified in the
reference genome

Locus Allelic name Start End Length Distance
L1 MHC-Gucr*01 113,457 113,732 276

L2 MHC-Gucr10 2,385,245 2,385,520 276 2,271,513
L3 MHC-Gucr11 2,474,851 2,475,126 276 89,331

L4 MHC-Gucr12 2,599,263 2,599,538 276 124,137
L5 MHC-Gucr*13 2,686,867 2,687,142 276 87,329

L6 MHC-Gucr14 2,773,232 2,773,504 273 86,090

L7 MHC-Gucr*15 2,858,903 2,859,178 276 85,399

well in all MUs, and that alleles are at equal frequencies in all
MUs) is very low (2.7%). To investigate the efficacy of the pub-
lished universal primers to amplify the different MHC-I identified
in our reference genome, we aligned the primer sequences to the
yellow cardinal’s contig containing the MHC-I genes. Only one
locus (L1) displayed perfect alignment for both forward and
reverse primers (Figure 3). Despite these primers being designed
to target invariant intronic regions,*®°° perfect alignment at other
loci was unattainable and at least one mismatch in one of the
primers was identified (up to 94% perfect alignment). For loci
L2-6, the reference genome’s individual exhibited one base dif-
ference in the region where the reverse primer MHCpasCl binds,
while locus L2 presented an additional mismatch in the region
where the forward primer HN34 aligns (Figure 3B). Locus L7 ex-
hibited a unique mismatch in the 3’ region where the forward
primer aligns, potentially leading to unsuccessful PCR amplifica-
tions, even at a low annealing temperature. In essence, our
finding that the universal primers only perfectly match for locus
L1 was corroborated by our amplicon sequencing in 67 speci-
mens, yielding consistent amplification only for this locus (no ev-
idence of allelic dropout), with sporadic additional amplification
of additional alleles not assigned to L1. Figure 3 further suggests
that alleles of locus L1 have a distinct evolutionary history, rela-
tive to alleles assigned to other MHC-I loci. Consequently, for
downstream selection and genetic diversity analysis only ampli-
con alleles assigned to locus L1 (MHC-Gucr*01-04, 06-07)
were used.

Genetic diversity and selection at MHC-I locus 1
With regard to locus L1, allelic richness was similar in MU2 and
MU3 while being lowest in MU1 (Table 3). Remarkably, the three
alleles identified in MU1 are distinctively different from each
other, as evidenced by the other genetic diversity metrics.
Through analysis of codon-specific signatures indicating his-
torical selection, we identified 19 sites exhibiting evidence of
positive selection (Table S9). Of these sites, all except codons
9, 32, and 69 have been previously found to be under selection
in other passerine species. Notably, these three codons are
located one or two residues adjacent to sites identified under pu-
tative selection in other bird species and are part of the human
PBR.*? Such evidence of selection at these sites suggests the
potential of locus L1 to contribute to the functional diversity of
the MHC.
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Figure 3. Genomic rearrangement of MHC-I genes in the Guberna-
trix cristata reference genome

(A) Maximum likelihood tree showing the evolutionary relationships between
the yellow cardinal’s MHC amplicon (jitalics) and alleles from the reference
genome. Only bootstrap values over 50% are shown. The polytomy on the far
right reflects unresolved relationships due to limited phylogenetic signal.

(B) Amplicon alleles mapped to cardinal’s contig ptg000050L (pseudochro-
mosome 35). Contig orientation is reverse. Each lightning symbol denotes a
mismatch between the “universal” primer and the genome. Alleles in black
were not assigned to L1 but with almost equal probability to L2-L7 (see
Table S10).

DISCUSSION

Accuracy of MHC genotyping

Accurate MHC genotyping is crucial in conservation genetics,
where MHC variation serves as a proxy for adaptive variation.
However, the reliable characterization of MHC loci has been a
persistent challenge due to their complex repetitive nature and
the limitations inherent to short-read sequencing technologies.
Inaccuracies in MHC genotyping may lead to a misinterpretation
of MHC variability, a concern of particular importance for endan-
gered species as it could lead to inadequate conservation stra-
tegies. MHC-I variation plays a vital role in immune function
and disease resistance, which are critical for the survival of en-
dangered species. Maintaining genetic diversity within MHC
loci enhances a species’ ability to adapt to environmental
changes and emerging diseases. Therefore, understanding
and accurately characterizing MHC variation is essential for in-
forming conservation efforts, such as improving breeding pro-
grams and safeguarding genetic diversity, to ensure the long-
term survival and adaptability of endangered species.® By
comparing two molecular methodological approaches, i.e., am-
plicon sequencing and high-fidelity long-read whole genome
sequencing, we investigated the genomic organization and poly-
morphism of MHC-I genes in the endangered yellow cardinal.
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Table 3. Locus-specific (L1) genetic diversity measures of yellow
cardinal populations

Management Allelic Haplotype

Unit richness S i diversity K
MU1 2.950 16 0.025 0.542 7
MuU2 6 17 0.024 0.719 6
MU3 4.699 17 0.028 0.657 8

Allelic richness (rarified to 26 alleles), the number of polymorphic sites (S),
nucleotide () and haplotype diversity, as well as the average number of
nucleotide differences among alleles (K) are reported.

This study represents the first report of a highly continuous
and complete reference genome for the yellow cardinal. In this
genome, we have identified 7 MHC class | loci, a finding that con-
trasts with the results from amplicon sequencing, which de-
tected only 1 to 4 MHC-I amplicon alleles per cardinal, suggest-
ing the presence of merely two MHC-I loci under the assumption
of prevalent heterozygosity. Our amplicon sequencing approach
involved frequently used non-locus specific primers, designed
based on highly conserved sequences flanking the MHC-I
exon 3 found in birds and reptiles.'®**" Our findings indicate
that such primers can lead to biased allelic dropout leading to
potential underestimation of diversity and divergence. A detailed
inspection of the primer’s affinity to our de-novo genome assem-
bly revealed mismatches in all but one locus. This suggests that
these widely used primers only reliably detect variation at a sin-
gle locus (L1), with sporadic co-amplification of additional loci,
leading to incomplete allele identification. Given that allelic
dropout is notably problematic in genotyping hypervariable re-
gions like the MHC, this could account for the observed incon-
sistencies in MHC-I polymorphism estimations between ampli-
con sequencing and long-read genome assembly in this study.
The nucleotide differences in introns surrounding MHC-I exon
3 that we found in the reference genome underpin the impor-
tance of designing locus and species-specific primer pairs for
each locus. This approach is necessary because the effective-
ness of universal primers in non-coding regions depends on
how much the paralogs have diverged - a factor influenced by
time since duplication, species-specific mutation rates, recom-
bination/gene conversion rates, and genetic drift.*®

While recent studies have also highlighted the benefits of long-
read sequencing technologies in identifying the number of MHC
paralogs in humans** and other bird species, ***° very few have
used high fidelity long reads. Genome assembly in the MHC re-
gion is notoriously challenging due to its high copy number and
the high similarity among loci and short sequencing (i.e., lllumina)
precludes reliable assignment of alleles to loci. Therefore, long
reads that span entire exons and even genes are crucial for
studies aiming to disentangle the MHC architecture. Moreover,
low sequencing error rates, such as those reported in HiFi long
reads,*® are essential for assessing MHC polymorphism. We de-
tected a total of 7 MHC-I loci in the yellow cardinal’s genome
assembled with PacBio HiFi reads, a count higher than the esti-
mated number for Thraupis episcopus (N = 4 loci), another spe-
cies within the same family,*® based on the maximum number of
alleles detected per individual with amplicon sequencing. How-
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ever, as our analysis demonstrates, these inferences of gene
copy nhumbers are not directly comparable. Moreover, further
investigation is necessary to determine the functional impor-
tance of all 7 identified MHC-I loci in the cardinal’s genome, as
not all MHC-I gene copies are expressed in other species. %

The organization of MHC-I genes in the yellow cardinal
genome comprises both single copy and tandemly duplicated
MHC genes. In the broader context of passerine MHC studies,
our findings align with those previously reported in other
passerine species,'>*""?? confirming the complexity and diver-
sity of MHC genomic architecture at least across passerine
birds. When conducting a detailed analysis of nucleotide similar-
ities between the tandemly duplicated loci, we found higher
observed nucleotide similarity between locus L2 and loci L6-
L7, rather than between L2 and L3-L5. We hypothesize that
this observation may reflect an ancestral inversion event, which
suggests that loci L2, L6, and L7 were originally contiguous
before being rearranged, leading to their current configuration
(Table S11; Figure 3).

Locus-specific MHC-I variation

Despite the MHC genes being among the most polymorphic
genes described in vertebrates,*” amplicon sequencing of yel-
low cardinals revealed only six alleles at MHC-I locus 1, a count
lower compared to other passerine species.”>*®*° Also, both
the number of polymorphic sites and the average number of
nucleotide differences among alleles were smaller than those
found in another Thraupidae species, the blue-grey tanager
(Thraupis episcopus).®® In our analysis of adaptive variation at
the MHC-I locus 1, unlike previously published findings on
neutral variation for mtDNA and microsatellites,®’ no private al-
leles were detected.

MU1 was the population with the lowest allelic richness, yet it
maintained a nucleotide diversity similar to the other populations.
This pattern of low allele numbers despite high nucleotide diver-
sity at MHC-I genes is compatible with an evolutionary scenario
involving the interplay between long-term balancing selection
on MHC genes and genetic drift affecting the declining and frag-
mented cardinals’ populations. Divergent MHC allele lineages
may detect a complementary set of antigen peptides and pro-
vide, in combination, a broader range of immunity.>° Our finding
that the SNP density around the MHC-I L1 region is higher than
the average genome-wide heterozygosity also supports a sce-
nario of balancing selection acting on these MHC genes.

Through time, these lineages will experience further muta-
tions, potentially giving rise to a set of more closely related
MHC alleles within a lineage. How many of these alleles may
be retained in a population may however depend on its effective
population size, as genetic drift may purge alleles in small popu-
lations. Indeed, we see in the smallest population (MU1 in
Table 3) a greatly reduced allelic richness and haplotype diver-
sity, while nucleotide diversity is at the same levels as in larger
populations (MU2, MUS3). This is compatible with our proposed
evolutionary scenario in which balancing selection maintains
major MHC allele lineages, while drift may reduce allelic rich-
ness. As a caveat, this finding is only based on one locus (L1)
and it remains to be evaluated in how far this pattern appears
at other MHC loci.
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Evolutionary perspectives inferred from the yellow
cardinal’s reference genome

The yellow cardinal’s reference genome revealed high level of
genome-wide heterozygosity (0.0076), which exceeds that
observed in 16 of 17 other Passeriformes species (average het-
erozygosity = 0.0023).°" Notably, other endangered species like
the noisy scrubbird (Atrichornis clamosus, 0.0018) and the
Seychelles magpie-robin (Copsychus sechellarum, 0.0005),
and critically endangered species like the yellow-breasted bun-
ting (Emberiza aureola, 0.0046) and the Bali starling (Leucopsar
rothschildi, 0.0005) presented considerably lower heterozygosi-
ty levels than the yellow cardinal. Additionally, our analysis - for
the analyzed specimen - revealed a low inbreeding level with
most ROHs being short. With all caution due to the fact that these
inferences are based on a single specimen, our finding is
compatible with a scenario where — after a Pleistocene decline —
populations may have been stable for a prolonged period, until a
fairly recent decline due to illegal trapping.®?

Conclusion

This is the first report of a high-quality genome of Gubernatrix
cristata. We used this resource to shed light into the MHC-I
genomic organization and variation in passerine birds. Through
a comparative analysis of methods, we uncovered critical limita-
tions of employing non-locus specific universal primers for am-
plicon sequencing of MHC-I, as they potentially underestimate
diversity due to allelic dropout. The integrated genome-wide lo-
cus-specific approach presented in this study allows for a holis-
tic understanding of the MHC-I genetic landscape in the yellow
cardinal, its evolutionary dynamics, and implications for species
conservation.

Limitations of the study

Our study relies on a single reference genome for MHC charac-
terization, which may not adequately capture potential copy
number variation in MHC genes across yellow cardinal individ-
uals. Furthermore, as RNA sequencing data were not available,
we are unable to ascertain which MHC genes are actively ex-
pressed. A broader analysis incorporating multiple whole ge-
nomes, coupled with transcriptomic data, could unveil a more
complete picture of MHC variability and expression patterns
within this globally threatened passerine. Such studies could uti-
lize the genomic resources presented here to directly target the
different MHC-I loci, as well as other relevant genes of interest.
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BEDTools v2.30.0 Quinlan and Hall””

UGENE Okonechnikov et al.”®

pegas R package Paradis’?

HyPhy v2.5 Kosakovsky Pond et al.?®

DeepConsensus v0.2.0 Baid et al. 2023 https://github.com/google/deepconsensus
Jellyfish v2.2.10 Margais & Kingsford, 2011°* https://github.com/gmarcais/Jellyfish

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animal materials

We generated a de-novo genome assembly from a female Yellow cardinal, previously assigned to management unit 1,%"*% to
describe genome-wide diversity, infer ancestral demographic history and determine the number of MHC-I loci. A total of 67 adult
yellow cardinals spanning most of the species’ range were captured using mist nets during different field campaigns conducted be-
tween 2011 and 2014, with the authorizations of the corresponding governmental offices, which granted all collection permits
needed. The study was conducted following ethical guidelines for wildlife research. The gender of the sampled individuals is not re-
ported in the dataset. As a result, potential sex-based differences in genetic diversity and MHC-I loci number could not be assessed,
which represents a limitation in the generalizability of our findings.

METHOD DETAILS

Reference genome sequencing and assembly

High molecular weight genomic DNA was isolated from blood stored in 96% ethanol using the Nanobind CBB Big DNA kit (Circulo-
mics, Inc.). A PacBio HiFi 15-kilobase (Kb) SMRT cell DNA library was prepared and sequenced in one cell on a Sequel2 platform in
the MPI DRESDEN-concept Genome Center.

DeepConsensus v0.2.0°° was used to generate high quality circular consensus sequencing (CCS) reads, which were later trimmed
using cutadapt v1.12 to remove adapters. Haploid genome size was estimated with Jellyfish v2.2.10°* and Genomescope2.0°° using
a k-mer value of 31 (Figure S1). Hifiasm v0.16.1-r375°°°° was used to assemble the long reads, and purge_dups v1.2.5° to purge
false duplications and overlaps from the scaffolds, as heterozygous regions can be mistakenly interpreted as duplicate regions.
Following the VGP pipeline 2.0, two rounds of purging were applied to obtain the primary and alternative assemblies. The quality
of assemblies obtained with different parameters were compared using a beta version of GEP (Genome Evaluation Pipeline,
https://git.imp.fu-berlin.de/cmazzoni/GEP), and the best assembly (hifiasm parameters -k31, -12) was chosen based on the number
of contigs generated, contig N50, BUSCO completeness and duplicated rates, qv-score, and k-mer completeness. A contamination
check was carried out using BlobTools v2.5.0,°® which identifies and categorizes contaminants based on read coverage and taxo-
nomic annotations.

Repeat annotation was performed with RepeatMasker v4.1.5° using the National Center for Biotechnology Information (NCBI)
search engine with a library of repeats identified de-novo in the Yellow cardinal’s genome by RepeatModeler v2.0.2°° combined
with the open Dfam 3.7 global database®' consisting of 3.4 million transposable elements and repetitive DNA families across
2346 taxa.

We further processed the draft assembly by mapping our draft genome to the Zebra finch (Taeniopygia guttata) chromosome-level
genome (accession no. GCF_003957565.2) using the Chromosembile pipeline from SATSUMA v3.1.0.°" With this approach we as-
signed putative chromosome coordinates to our contigs via synteny, while preserving re-arrangements to the maximum degree
possible. Only autosomes were retained for subsequent genome-wide analysis since sex chromosomes have different recombina-
tion rates and different effective population sizes that might impact the analysis.

SNP calling and heterozygosity estimation

We mapped the HiFi reads back to our reference genome, with both sex chromosomes and repetitive regions filtered, in order to
study the genome-wide heterozygosity and to infer the demographic history of the Yellow cardinal. For mapping we used minimap2°?
with the option --map-hifi, SAMtools v1.1.15% for sorting and indexing the alignments, and Picard tools v2.27.2 (https://
broadinstitute.github.io/picard/) to remove duplicates (MarkDuplicates) and add read groups (AddOrReplaceReadGroups). Then
we called variants using gatk4 v4.2.0.0°" with HaplotypeCaller and GenotypeGVCFs tools and with the —all-sites option to genotype
every single position of the genome. Finally, we classified the sites into SNPs, INDELs, and INVARIANT SITES, and calculated sta-
tistics to inform the filtering process and applied GATK best practices for filtering each type of site. Specific thresholds were used for
SNPs (QUAL<60, SOR>3, FS>60, MQ<40, MQRankSum<-12.5, ReadPosRankSum<-8) and for INDELs (QUAL<60, FS>200,
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ReadPosRankSum<-20.0). Additionally, we applied depth filters of 2x average coverage and 1/3x average coverage, to exclude
SNPs in regions with mapping artifacts, paralogs, unmasked repetitive sequences, and other unreliable sites. After filtering, we calcu-
lated genome-wide heterozygosity with the following formula: (SNPs) / (SNPs + INDELs + INVARIANT SITEs)). Additionally, using
BEDTools we divided our reference genome into non-overlapping windows of 1 million bins and calculated the number of SNPs
per Kb in each window to study how genetic diversity is distributed across the entire genome.

Amplicon sequencing in cardinals’ populations

The 67 unrelated sampled individuals covered the three management units (MUs) previously identified by population structure an-
alyses,?”?® named from northeast to south as MU1, MU2, and MU3 (Table S1). Environmental conditions vary significantly across
the Yellow cardinal’s range. In MU1, the northernmost area, birds experience high annual precipitation (1737.3 mm) and extreme
temperatures (42°C max, -4.3°C min, max mean 32°C, min mean 8°C). Conversely, MU3, at the southern end of the distribution, ex-
hibits low annual rainfall (122.8 mm), while temperatures are similarly extreme, but on average lower (43.22°C max, -9.2°C min, max
mean 28°C, min mean 2°C, Sources: SMN Argentina, INTA). Phytogeographic regions along the shrubland forest inhabited by car-
dinals (including mostly del Espinal in MU1, the Chaquenria in MU2, and del Monte in MU3, Cabrera 1976), show variation in vegetation
cover, impacting the distribution of food resources. Blood samples (20-30 uL) were collected from the brachial vein of captured birds,
stored in lysis buffer (100 mM Tris pH 8, 10 mM NaCl, 100 mM, EDTA and 2% SDS), and DNA was isolated using the DNeasy Tissue
Extraction Kit (Qiagen, Hilden, Germany).

We amplified the entire exon 3 of MHC class | gene(s), due to its role in protein binding, using universal intronic primers HN34°¢ and
MHCPasCI-RV.*° Polymerase chain reaction (PCR) reagents and conditions can be found in Table S2. We evaluated 1uL of the PCR
products by electrophoresis on 1.5% agarose gel to detect positive amplifications. The individual amplicons were equimolarly pooled
into a library following a previously published protocol,®? with some minor modifications.®® We additionally included 2 library blanks,
and to balance out our low diversity libraries, we added 10% of the PhiX on the sequencing reaction. All libraries were sequenced with
a 2x300 cycles MiSeq Reagent Kit v3 (lllumina) at the University of Potsdam, Germany. Amplicon analysis was additionally performed
for the same individual from which the reference genome had been produced.

MHC-I amplicon alleles
Sequencing adapters, primers, and intron sequences were trimmed from raw reads, and too short sequences (< 80bp) were removed
using cutadapt v1.12.%* We merged overlapping paired end reads specifying a minimum overlap of 10 bp using FLASH v1.2.10°° and
PRINSEQ was used to remove any sequences with a Phred quality score below Q30.%°

AmpliSAS®” was used for allele calling, since it distinguishes artefacts from alleles by removing chimeras and PCR/sequencing
errors, and thus enhances the coverage and reliability of the detected putative alleles. Initially, we examined the data for sequencing
errors (chimeras, substitutions, and indels) and artefacts, using ampliCHECK. Since the frequency at which errors occurred in our
sequencing dataset was 1.28%, we used this information to fit parameters for AmpliSAS genotyping analysis. AmpliSAS was run
locally to avoid read coverage limitations. For the clustering step, we required that only variants in-frame with the expected length
(276 bp) or without stop codons could be considered as dominant within a cluster, adjusted the minimum dominant frequency
threshold to 10% (i.e., increasing the sensitivity to ensure inclusion of highly similar alleles) and used lllumina recommended settings
(substitution threshold=1%, indel threshold=0.001%). For the filtering step, we discarded samples which yielded < 500 reads, var-
iants with an intra-amplicon frequency < 1.3% or supported by < 25 reads, as well as variants not in-frame with theoretical lengths
(allowing a length error of + 3 bp). After running AmpliSAS, 11 samples were discarded due to low coverage, and two sequences
marked as sequencing errors or artefacts were discarded. All retained sequences (putative alleles) were examined to confirm the
absence of indels producing stop codons or shifts in the reading frame, and to confirm the presence of highly conserved cysteines
important for disulphide bridge formation and peptide binding.** An allele alignment was performed using CLUSTALW®® as imple-
mented in BioEdit v7.2.5.°

QUANTIFICATION AND STATISTICAL ANALYSIS

Runs of homozygosity and demographic analysis
To study runs of homozygosity (ROH) we followed the approach of Dodge et al. 2023°° with minor modifications. Using makewindows
and coverage commands from BEDTools, we divided our reference genome into non-overlapping windows of 10 Kb and counted the
number of SNPs in each window. Then, we manually identified stretches of more than 10 consecutive windows with less than two
SNPs per window and annotated them as ROHs (ROH min length 100,000 bp). Additionally, to avoid breaking up long ROH due
to potential erroneous calls caused by sequencing or mapping errors, annotated ROHs that were separated by only one window
were merged. FROH, which refers to the fraction of the genome in ROH, was calculated as the total length of ROHs*100, divided
by the total length of the autosomes.

On the same set of filtered SNPs, we inferred effective population size through time with the software PSMC®° following authors’
guidelines. Briefly, we called a consensus sequence with BCFTools v1.11,%° converted to psmc input file with fg2psmcfa command
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and run psmc with the following parameters: -N30 -t5 -r5 -p “4 + 30*2 + 4 + 6 + 10”. Additionally, for plotting we used a generation
time of 2.57 years,®® a mutation rate of 1.01e-08 per site per generation®” and performed 100 bootstrap replicates to assess variability
in the estimates.

Phylogenetic tree for passerines MHC-I exon 3

We inferred molecular phylogenies using the MHC-I amplicon alleles from the Yellow cardinal, along with homologous sequences of
similar length from the other Passeriformes. We used a general time reversible (GTR) model of nucleotide substitutions with a discrete
Gamma distribution to account for varying rates of evolution at different sites as determined by jModelTest.”":"> We constructed 100
independent ML tree searches in RAXML.”® Support values for individual nodes were derived from 1000 bootstrap pseudoreplicates,
and chicken (Gallus gallus) and emu (Dromaius novaehollandiae) MHC-I sequences (GenBank accession numbers KJ094479.1 and
XM_026122857.1) were used as outgroups. We visualized the topology of the tree with the highest likelihood with FigTree v1.4.4"
(Figure S2).

MHC-I exon 3 alleles in Passeriformes

The identified amplicon alleles were compared using the BLAST tool against the Genbank nucleotide database from NCBI to confirm
the MHC-I exon 3 identity and to check if they have been previously described in other avian studies. We also downloaded the long-
read genomes from 23 other Passeriformes species with high-quality assemblies (Figure S2; Table S3) and created a BLAST data-
base for each. The included species diverged from the Yellow cardinal between ~14 and 36 MYA.®® Using the nucleotide-nucleotide
search option, BLASTN,’° we identified homologous sequences using the putative alleles genotyped in the yellow cardinal as query.
Hits were extracted using BEDtools and then aligned to the Yellow cardinal’s MHC amplicon alleles. Sequences containing prema-
ture stop codons or shorter than our alleles were discarded.

Assessing MHC-I polymorphism via amplicon sequencing

MHC-I diversity per individual was calculated as the number of different alleles present, and frequency distributions were calcu-
lated per MU. The alleles’ distribution per Yellow cardinal’s MU was visualized in a Circos plot,®® and the frequency and relation-
ship between the MHC-I alleles with a minimum spanning network plotted with PopArt.”> The number of segregating sites, of
mutations, mean nucleotide diversity, and the average number of nucleotide differences were calculated in DNAsp.”® The num-
ber of alleles and of private alleles within each MU is also reported. To evaluate whether the number of detected alleles per
individual is driven by each individual’s coverage we performed a correlation analysis between those metrics in R 3.6.3
(Figure S3).

MHC-I manual annotation in genome assembly

The number of MHC-I loci in the Yellow cardinal was unknown. Should there be recent duplications yielding similar alleles across loci,
the use of non-locus specific primers could potentially inadvertently co-amplify multiple loci. Simultaneously, it increases the risk of
allelic dropout. Thus, while additional alleles are detected, some true alleles might be overlooked, leading to an inaccurate represen-
tation of the individual’s MHC genetic diversity. To bypass these complications, we mapped MHC-I amplicon alleles to our reference
genome assembly using blastn v2.11.0+.”° We considered hits with > 80 % percentage of identical positions and covering > 90% of
the length of our query for all alleles. The genomic coordinates of the hits were extracted with BEDTools v2.30.0,”” and maximum
likelihood molecular phylogenies of amplicon and reference MHC alleles were inferred using MEGA in a similar fashion as described
above. We also used the command bedtools genomecov to estimate the coverage of the pseudochromosome where the MHC |
genes are located.

We checked for pseudogenes caused by indels producing frameshifts or mutations producing premature stop codons. Another
source of pseudogenization in MHC-I genes is the absence of one or more exons. Therefore, we inspected if the MHC-I loci identified
in the Yellow cardinal’s genome are full-length by retrieving exons’ annotations for the contigs containing MHC-I genes from the
zebra finch (GCA_002008985.2) and great reed warbler (PRINA765537°“), and searching for the homologs of those 8 exons in
the cardinal’s genome. For the larger exons (2,3,4,5) we used the blastn tool and focused on matches where >75% of positions
were identical, and the alignment covered >80% of the query sequence. For the smaller exons (1,6,7,8) we used blastn-short consid-
ering hits with >85% of identical positions and over 50% sequence overlap. Applying these criteria, we found that all hits were located
in the vicinity of the annotated exon 3 in the Yellow cardinal’s genome.

To investigate the “universality” of the primers, these were aligned to the contig containing all MHC-I genes in UGENE"® allowing
for up to 1 mismatch per primer. Coordinates and identity scores of each obtained hit were noted.

Locus-specific diversity and historical selection

Genetic diversity and selection analysis were performed using only amplicon alleles assigned to MHC-I locus 1, since the other loci
were unreliably amplified by the universal primers (see below). The allelic richness of each MU (rarefied to 26 alleles) was calculated in
R with the pegas package.’® The number of polymorphic sites (S), nucleotide () and haplotype diversity, as well as the average num-
ber of nucleotide differences among alleles (K) of the different MUs were calculated in DNAsp.”®
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We combined the Yellow cardinals’ amplicon alleles from MHC-I locus 1 (excluding MHC-Gucr*05, 08 and 09) with additional al-
leles extracted from other passerine species from which high quality long-read genomes were available (Figure S1) to test for positive
selection, as expected for a classical MHC gene. Natural selection was inferred by calculating the ratio of non-synonymous (dN) to
synonymous (dS) mutation rates. Codon specific signatures of episodic positive selection were tested using HyPhy v2.5%° with the
MEME algorithm.*° A significance level of p-value < 0.05 was considered indicative of positively selected sites.
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