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cluster was “(SD, HN) (B])” while the second was “(DQ, LGT) (YX)”. The Wild formed the third cluster
as a basal branch, indicating its ancestral position.

Figure 5. Bayesian clustering analysis (K = 3) using (a) MHC haplotypes and (b) microsatellite markers.
Each individual is represented by a vertical bar, vertically partitioned into segments with lengths
proportional to the individual’s estimated membership fraction of each of the three inferred clusters
indicated by different colors. The seven populations are separated by black lines and can be divided
into three groups based on the proportion of membership of the three clusters.

Fgr values between pairwise populations ranged from —0.036 to 0.199 for MHC and —0.014 to
0.099 for microsatellites (Table S7). AMOVA analysis of 17 potential groupings indicated the highest
Fcr values and most significant p values when the grouping was “(Wild, LGT, DQ) (YX) (B]) (SD, HN)”
for MHC and “(Wild, YX, LGT, DQ) (B]) (SD, HN)” for microsatellites (Table S8). Notably, “(Wild, YX,
LGT, DQ) (B]) (SD, HN)” was the second most likely pattern for MHC, and only slightly less likely than
the best grouping (Fcr: 7.29 vs. 7.81, P value: 0.010 vs. 0.005) (Table S8). For both markers, most of the
variation was found within populations; nonetheless, the level of differentiation among groups was
higher than that among populations within groups (Table 3). Similarly, t-tests showed that pairwise
Fgr values among groups were significantly higher than those within groups (MHC: t =2.751, d.f. =19,
p = 0.040; microsatellite: t = 5.064, d.f. =19, p = 0.050) (Table S7).

Table 3. Results from AMOVA of MHC haplotypes and microsatellite loci.

Variance Percentage Fixation

Locus Grouping Source of Variation d.f. SS Components  of Variation Index P Value
(Wild, LGT, Among groups 3 12.800 0.02996 7.81 0.07810 0.00484

MHC DQ) (YX) Among populations _ _ _
(B)) (SD, HN) within groups 3 0.633 0.00250 0.65 0.00706 0.81299
Within populations 581 206.899 0.35611 92.84 0.07159 0.00000
(Wild, YX, Among groups 2 49.130 0.10917 5.10 0.05102 0.00897

Microsatellite LGT, DQ) Among populations

(B]) (SD, HN) within groups 4 17.424 0.03245 1.52 0.01598 0.00002
Within populations 607 1212.932 1.99824 93.38 0.06618 0.00000

Significance values are derived from 1023 permutations.

The global G’st for MHC haplotypes (0.381) was significantly higher than that for microsatellites
(0.126, 99% CI = 0.061-0.212). Meanwhile, 10 of the 21 pairwise MHC-G st values fell above the 95%
ClIs of the microsatellites-G’st (Figure 6), and 6 pairs were associated with BJ. Three pairwise MHC-G'st
values fell below the 95% CIs of the microsatellites-G’st, and these were all pairs from the group 1
suggested by STRUCTURE (W-Y, W-L, and W-D). The mantel test indicated significant correlation
between pairwise MHC-G’st and microsatellites-G’st estimates (r = 0.660, P = 0.001).
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Figure 6. Comparison between pairwise G’sy for MHC haplotypes and microsatellite loci among
seven populations of the crested ibis. Pairwise G’st with 95% CIs for microsatellite loci is indicated
by white circles with corresponding error bars. Black circles indicate pairwise MHC-G’st values.
Pairwise populations with significantly higher MHC-G’sy than microsatellite-G’st values are marked
by asterisks. Populations are W, Wild; Y, YX; L, LGT; D, DQ; B, BJ; S, SD, and H, HN.

4. Discussion

The Nini-MHC haplotypes are characterized by different copy numbers of Il units. Evidence
for CNVs in MHC class II regions between individuals has been increasingly reported in birds [21-25].
For example, one to two Ilxf units were found across ten MHC class II haplotypes of the Oriental
stork [24]; in quail, five MHC-II haplotypes were flexibly organized with 1-7 transcribed II{3 loci [25].
CNV, which emerges faster than other types of mutation, plays a substantial role in generating MHC
variation both within and among species [62]. In birds, passerines have strikingly more MHC gene
copies than non-passerines. Thisavian CNV was thought to be correlated with life-history traits (lifespan
and migratory behavior) and differences in exposure to pathogens [63]. The evolution of MHC-CNV
can be explained by the birth-and-death model that posits that new genes in the multigene family are
generated from successive duplication and eventually either maintained or lost [64]. Generally, there
are three molecular dynamic mechanisms that may produce CNV: recombination between homologous
sequences (unequal crossing over), replication slippage, and retrotransposition [65]. Given the CNV
and large-tract intragenic recombination in the MHC class II regions among Nini haplotypes, we
inferred an evolutionary model using the unequal crossing over mechanism. The previous study
on HTO01 proposed that DAA/DAB and DBA3/DBB3 pairs belonging to the two ancestral avian I3
lineages might represent the two primitive Nini-Ilx3 dyads [20]. This speculation is strongly supported
by the RDP result, regarding DAB*03 and DBB3*01 on HTs03/07 as the two parental sequences. The
other five haplotypes all contain 1-2 recombinant II3 sequences. Accordingly, we strongly suggest that
HTs03/07 represent the ancestral Nini haplotypes. Based on the RDP results, we hypothesized that
HTs02/06, HTs04/05, and HT01 were successively generated from HTs03/07 through two rounds of
unequal crossing over events between DAB and DBB3 (Figure 4b). In addition, the recombination in the
“BRD2-DMB?2” region further generated three new haplotypes with either allele of UAA. In the studied
populations, HT06 and HT07 occupy strikingly lower frequencies than HT02 and HT03, respectively.
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The only two cases of HT06 (found in LGT and DQ) were recombined from parental HT02. In contrast,
most cases of HT07 (found in BJ, SD, and HN) can be traced back to one founder (HT03/HT07) of BJ,
born in the wild in 1985. Thus, we suggest an earlier generation and/or higher probability of presence
in the initial seven birds for HT07 than HT06. Nevertheless, in view of the higher genetic diversity
found in historical samples [32], other unknown MHC haplotypes might have existed prior to the
species bottleneck and therefore the haplotype evolution might be more complex than we expected.

Despite structural diversity of Nini-MHC haplotypes, most loci were monomorphic. The class
II genes showed higher polymorphism than class I genes, and this is thought to be associated with
the stronger selection and gene conversion at class II genes (in non-passerines) [9]. Given the low
polymorphism of Nini-UAA, the crested ibis is predicted to be at high risk for infections by intracellular
pathogens, such as bird flu and Newcastle virus [35], and this deserves great attention in conservation
and management. The recent genome-wide study on the crested ibis revealed that the contemporary
population has only retained a small amount of the ancestral genetic variation [32]. Concordantly, the
historical presence of positive selection on Nini-IIf3 genes (as suggested by MEGA and omegaMap)
indicated that the ancestral MHC variation should be high [12,66], and therefore the current low
polymorphism is probably caused by genetic drift through species bottleneck. Additionally, the genetic
drift still has a predominant role over selection in shaping MHC variation within and across the
recovering populations. This is strongly supported by the significant correlations in AR values and
pairwise G’st values between MHC and microsatellites, as well as the consistent population structures
at MHC and microsatellites in most differentiation analyses. The only exception is that AMOVA
supported the differentiation of one more group with MHC than with microsatellites; however, this
result was not informative as there was also a pronounced support for an identical grouping between
the two markers (Table S8). A previous simulation on bottlenecked populations found that the relative
roles of selection and drift in driving MHC diversity depend on the timescales. Initially, selection was
not effective in maintaining high polymorphism, but after ~40 post-bottleneck generations, selection
overwhelmed the drift and restored variation to pre-bottleneck levels [67]. Nevertheless, high MHC
diversity generated by strong selection pressures was reported in bottlenecked fox populations within
only ~10-20 generations from 10 individuals [68]. Thus, we call for long-term monitoring of the
adaptive diversity in Nini populations. With such dramatic loss of MHC variation, average fitness
should decline substantially below the pre-bottleneck level, so why did this species successfully thrive
within just 38 years? One possibility is that the captive environments under considerable care may
serve as a good shelter for this bird, and thus prevent exposure to potential threats such as competitors,
predators, and especially the human activities that were considered to be the dominant cause of this
species retrogression [32]. Alternatively, the stress from pathogens may be moderate at the present;
in this case, the crested ibis is still at risk from catastrophic deterioration caused by novel parasites.
Nevertheless, there is little doubt that this bird still maintains a robust reproductive rate.

The global G’st values suggested elevated differentiation at MHC relative to microsatellites.
However, this trend appears to be a by-product of strong MHC differentiation between only a few
populations. This claim can be strongly supported by the comparisons of pairwise G’st between two
markers (Figure 6). Most outliers with significantly higher MHC-G’st values were associated with
BJ. BJ was highly differentiated at MHC from all the other six populations, and obtained extremely
high MHC-G’st with the four populations from group 1 (as suggested by STRUCTURE). This might be
associated with the unusually high frequency of HT03 (60.0%) and low frequency of HT02 (14.3%) in BJ
compared to those in other six populations (Table 2). Given the similar habitat and management across
captive populations, the partially higher differentiation at MHC might arise from restricted gene flow
translated into different adaptations to local pathogen communities (e.g., reference [18]), rather than
fluctuating selection under spatial/temporal heterogeneity in pathogen communities. This is consistent
with the demographic history of BJ: as the first captive population, it was established in 1986, and has
been almost completely isolated for a long time with restricted in-migrants. This could also explain the
significantly lower MHC-G’st than microsatellite-G’st values for three pairs from group 1 (Figure 6).

319



Cells 2019, 8, 377

The founder effect resulted from improper management is a major cause of genetic drift in
conservation programs [69-72]. Its negative impact is associated with the number and genetic makeup
of founders, number of generations (time between founding and sampling), gene flow, reproductive
variance, etc [69,71,73]. Ex-situ daughter populations of the same origin may evolve divergently under
respective founder effects [71,72]. Thus, it is necessary to investigate and interpret the population
structure of the crested ibis after 38 years of conservation practices, thereby evaluating and guiding
the captive management [74]. By referring to population histories, we found the current population
structure (as suggested by STRUCTURE) could be attributed to inconsistent founder effects across
populations. (1) YX (sampled at 7-16 years since establishment) was the second captive population
formed with several wild birds, and continuously received injured or sick individuals and abandoned
eggs (i.e., gene flow) from the nearby wild population [29]. After 12 years, YX exported 60 individuals
as founders to establish LGT (sampled 4 years later). DQ, as the youngest captive population derived
from LGT, was sampled within only two generations. Accordingly, these three populations suffered
from a relatively weak founder effect and captured richest genetic variation from Wild. Nevertheless,
the sample size of Wild is small and sampling time is early (because only 17 wild individuals existed at
sampling and unbiased sampling is difficult after its range expansion). Currently, the wild individuals
account for nearly half of the total birds. Thus, it is possible that the wild population has already
become genetically differentiated from captive populations, especially given that wild individuals
are prone to perform mate choice for MHC dissimilarity [7]. (2) In BJ, despite four birds introduced
from SD in 2002, most individuals are descendants of a single breeding pair with high reproductive
rate but low MHC dissimilarity (HT03/HT03 and HT03/HT07), and BJ had developed for 25 years
prior to sampling. Therefore, its founder effect is expected to be extreme, and this was reflected by
its isolation with monomorphic genetic resource. Although YX and BJ both originated from the wild
around the same time, their different management histories have led to a great distance between BJ
(but not YX) and Wild in the NJ trees. (3) Similar to BJ, most individuals in SD (sampled at 12-13
years since establishment) are descendants of two founders from YX. After 8 years of development,
11 descendants were chosen as the main founders of HN. Therefore, the small founder size of group
2 led to its genetic isolation from YX. Notably, the decreasing AR values with establishment of new
populations indicate a trend towards continuous genetic drift through the founder effect and inbreeding
depression. Accordingly, we call for serious consideration of the anthropogenic founder effect in future
conservation management.

Various markers with different characteristics have been developed for conservation of crested
ibis over the past decade. It is important that appropriate markers are chosen for different management
issues. The microsatellite markers [30,45] plus the more powerful genome-wide STR markers [75]
provide a DNA identification profiling platform, and can be mostly used in demographic management,
such as pedigree construction, individual identity and paternity testing. The defensin markers can be
applied to improvement of innate immune response among embryos and nestlings [42]. Alternatively,
the MHC haplotypes provide a crucial index of individual fitness and population viability. Construction
of MHC haplotype profiles, by genotyping DAB and UAA, was recommended for all reserves. This
has already been applied in DQ, as an important reference for conservation strategies, such as artificial
pairing, individual exchange, and reintroduction. Moreover, new populations should be established
from enough founders with maximum MHC dissimilarity. In order to mitigate the founder effect, we
call for appropriate individual exchange between captive populations [70,73]. For example, group 1,
which contained the only birds with HT01 and an abundance of HTs02/06, should have more genetic
connectivity with groups 2/3 which suffer from limited genetic resources and are rich in HTs03/07.
Recently, several reserves have successfully reintroduced captive birds into the wild, providing a giant
step forward. However, the low level of adaptive diversity implies a survival risk for these birds
with exposure to more diverse pathogen faunas but less artificial care. Similar consideration was also
proposed based on the genome-wide diversity loss [32]. Thus, it is crucial to persistently monitor their
genetic diversity and population structure using MHC haplotypes and neutral markers.
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Associations between certain MHC haplotypes and infections have been increasingly identified
in birds [76-78]. In the crested ibis, the structural and genetic variation across haplotypes strongly
implies the immunological divergence. HT01, which holds the maximum gene copies including a
unique one (DBB1), may be the most immunologically competitive haplotype, whereas HTs04/05 may
be most susceptible. Nevertheless, the immunity can be confounded by various factors, especially
when gene copies function at different levels. A small-scale analysis on the correlation between
Nini-MHC haplotypes and offspring mortality by our laboratory found a potentially higher mortality in
HTO03/HT04 heterozygotes [79]. However, the offspring might not have died from infections, so further
investigation of Nini-MHC haplotype-pathogen relationships should be undertaken for improved
conservation. Besides, the MHC haplotypes are ideal markers for studying mate-choice mechanism.

Here we demonstrated an application of multilocus MHC haplotype in population genetic
analysis, which particularly suits to populations with low polymorphism, such as bottlenecked or
isolated populations [27,40]. Loci with limited alleles are not informative and can sometimes produce
inaccurate analysis results, especially in the presence of CNV and/or shared alleles. In contrast,
the MHC haplotype integrating overall variation may provide a more precise assessment of fitness.
Individual MHC genes are often in tight linkage that is undesirable in some analyses [21], hence the use
of haplotypes recoded from the linked region was suggested as a valid solution (e.g., STRUCTURE [53]).
However, we acknowledge that haplotype inference may be hindered for populations with masses of
alleles, and given the extensive repeats and high GC-content in the MHC region, the characterization of
CNV and shared alleles among haplotypes using La-PCR may be challenging without any prior MHC
genomic information. In view of this, the recently-proposed family-assisted inference of the MHC
genetic architecture can be an alternative to achieve accurate haplotyping [21]. Notably, whole-genome
sequencing has played a promising role in conservation of endangered species including the crested
ibis [32,75]. Various estimates can be obtained based on the genome-wide SNPs, including overall
genetic diversity, deleterious mutations, phylogenetic relationships, and even population structure [32].
The noncoding SNPs were also considered as suitable neutral markers in MHC variation analysis
owing to their similar mutation mechanism [4]. Nevertheless, the assembly of the complicated MHC
region remains a challenge for next-generation genome sequencing methods [20,24,37], particularly in
non-galliformes, therefore limiting in-depth research on this region.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/8/4/377/s1.
Figure S1. SSCP genotyping patterns. The upper and lower regions show the single-strand and heteroduplex
regions, respectively. Arrows indicate the specific bands among genotypes in two class I SSCP-HD profiles. For
each photograph, the left part shows representative genotypes, and the right part shows partial genotyping
results in population surveys. (a) Exon 2 of class I genes. Numbers 1 to 3 represent UAA*01/*01, UAA*02/*02, and
UAA*01/*02. (b) Exon 3 of class I genes. Numbers 1 to 3 represent UAA*01/%02, UAA*02/*02, and UAA*01/*01.
(c) Exon 3 of UBA. Numbers 1 to 3 represent UBA*02/*02, UBA*01/*01, and UBA*01/*02. (d) Exon 3 of UCA2.
Number 1 represents UCA2*01/%01, and number 2 represents UCA2*01/*02 or UCA2*02/*02 (see Methods for
further differentiation). (e) Exon 2 of DAA. (f) Exon 2 of DAB. Numbers 1 to 9 represent DAB*02/*02, DAB*03/03,
DAB*04/%04, DAB*01/*02, DAB*01/*03, DAB*01/*04, DAB*02/*03, DAB*02/*04, and DAB*03/*04. DAB*01/*01 was
not found. (g) Exon 2 of DBAs. (h) Exon 2 of DBBs. Number 1 represents the sequence from DBB2/DBB3, and
number 2 represents the mixed sequences from DBB1 and DBB2/DBB3. The reference band of DAB*04 was added
to each lane to strengthen the bands of DBB1 with low proportion in mixed PCR products. Figure S2. Six MHC
class I haplotypes of crested ibis. Black boxes indicate the five class I genes, with numbers representing alleles of
each gene. White boxes indicate other functional genes, and the dotted oval represents the gap between the Core
Region and the Class I Region [20]. Figure S3. La-PCR results for six segments of the class II region (P1-P4, P6,
and P7) in representative samples. The ladder with reference band sizes (bp) is shown on the left, and the bright
reference bands are labelled in red. Figure S4. Spatial variation in the logarithm of the selection parameter (w)
across the exon 2 of (a) Nini-DAB and (b) Nini-DBB as estimated with omegaMap. The site-wise mean (solid line)
and 95% confidence intervals (grey shaded area) are shown. Values of log(w) > 0 imply positive selection. The
plots of posterior probability and selection parameters overlapped, so only one plot is shown for each analysis.
Figure S5. Estimating the true number of clusters with AK for (a) MHC haplotypes and (b) microsatellite loci. The
uppermost level of structure is the true number of clusters. Figure S6. Neighbor-joining trees of seven crested
ibis populations for (a) MHC haplotypes and (b) microsatellites. Bootstrap values were computed over 2000
replicates and are shown as percentages. Table S1. Details of the crested ibis samples analyzed in this study.
Table S2. Primers for PBR exon genotyping of Nini-MHC genes and amplification of full-length IIf sequences
in haplotype analysis. Table S3. Results of linkage disequilibrium (LD) test from Arlequin. Table S4. Summary
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of the Nini-II3 sequences amplified by 3UT1 and 3UT2 and long-range segments amplified by P1-P4, P6, and
P7 for each haplotype. Table S5. Recombination events between the full-length sequences of Nini-IIf3 genes,
identified using RDP. Table S6. Allele frequencies (%) of microsatellite loci across seven populations of crested
ibis. Table S7. Pairwise Fgt values between populations for MHC (below diagonal) and microsatellites (above
diagonal). Table S8. Results of the hierarchical AMOVA for the crested ibis.
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Abstract: Few major histocompatibility complex (MHC)-based mate choice studies include all MHC
genes at the inter-individual, sperm-egg, and mother-fetus recognition levels. We tested three
hypotheses of female mate choice in a 17-year study of the giant panda (Ailuropoda melanoleuca) while
using ten functional MHC loci (four MHC class I loci: Aime-C, Aime-F, Aime-1, and Aime-L; six MHC
class IT loci: Aime-DRA, Aime-DRB3, Aime-DQA1, Aime-DQA2, Aime-DQB1, and Aime-DQB2); five
super haplotypes (SuHa, SuHal, SuHall, DQ, and DR); and, seven microsatellites. We found female
choice for heterozygosity at Aime-C, Aime-1, and DQ and for disassortative mate choice at Aime-C, DQ,
and DR at the inter-individual recognition level. High mating success occurred in MHC-dissimilar
mating pairs. No significant results were found based on any microsatellite parameters, suggesting
that MHCs were the mate choice target and there were no signs of inbreeding avoidance. Our
results indicate Aime-DQA1- and Aime-DQA2-associated disassortative selection at the sperm-egg
recognition level and a possible Aime-C- and Aime-I-associated assortative maternal immune
tolerance mechanism. The MHC genes were of differential importance at the different recognition
levels, so all of the functional MHC genes should be included when studying MHC-dependent
reproductive mechanisms.

Keywords: MHC-I- and MHC-II-dependent inter-individual recognition; MHC-II-associated
sperm-egg recognition;, MHC-I-based mother-fetus recognition; giant panda; long-fragment
super haplotype

1. Introduction

Understanding the genetic basis and the driving forces of mate choice in animals has always been
a major goal of evolutionary ecologists [1,2]. It has been proposed that females prefer males who can
maximize their reproductive success and increase offspring quality /fitness [3,4]. Inmunocompetence
is undoubtedly an essential index of an individual’s fitness [5,6] and major histocompatibility complex
(MHC) genes are suitable candidates in investigating the genetic basis underlying mate choice decisions,
as MHC molecules can recognize and present antigens to T cells and trigger immune reactions [7-10].
A growing body of evidence shows the association between pathogen resistance and MHC haplotypes
or alleles [11-14].
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In recent years, an increasing number of studies have focused on MHC-associated mate choice,
including three non-exclusive hypotheses that could explain the MHC-based mate choice. Firstly,
heterozygous advantage: according to this hypothesis, the choosy sex could obtain additive benefits
from mating with MHC-heterozygous mates whose disease resistance might be inherited by their
offspring [15,16]. For example, in tuco-tucos (Ctenomys spp.), females prefer MHC-heterozygous
males [17]. In the scarlet rosefinch (Carpodacus erythrinus), social males with low MHC heterozygosity
are cheated on by their females more frequently than highly MHC-heterozygous males [18]. Secondly,
the genetic compatibility hypothesis: the choosy sex is assumed to select MHC-dissimilar partners,
resulting in the production of offspring with diverse genotypes that can recognize a broad array of
pathogens and hence increase their fitness [15,16,19]. In the grey mouse lemur (Microcebus murinus),
the fathers have lower allele sharing and a greater amino acid distance to the mother than the randomly
assigned males [20]. A study on blue petrels (Halobaena caerulea) revealed that females mated more
with functionally (not evolutionary) MHC-dissimilar males than with random males [21]. Similar
patterns have been observed in great frigatebirds (Fregata minor) [22], the Chinese rose bitterling
(Rhodeus ocellatus) [23], the pot-bellied seahorse (Hippocampus abdominalis) [24], the fat-tailed dwarf
lemur (Cheirogaleus medius) [25], and mandrills (Mandrillus spp.) [26]. Furthermore, to acquire the
best immunogenetic composition for their offspring, females would choose mates with the most
appropriate MHC diversity (maximum or intermediate), which is also referred to as the optimal
hypothesis, and it is an extension of the genetic compatibility hypothesis [10]. Studies in sticklebacks
(family Gasterosteidae) have found that females with many alleles prefer males with few alleles, and
vice versa, in order to obtain an optimal level of MHC diversity in their offspring for resistance against
parasites and pathogens [27,28]. Thirdly, the inbreeding avoidance hypothesis: the choosy sex is
expected to seek dissimilar partners, not only with regard to MHC, but also genome-wide, in order to
gain fitness benefits [29,30].

Mate choice results from non-random reproductive investment, which could happen at the
precopulatory stage or/and at the postcopulatory stage. In the precopulatory stage (or individual
recognition level), the choosy sex uses visual, acoustic, or odor cues to choose mates [15]. In the
postcopulatory stage, the females increase offspring quality/fitness by their eggs differentiating
between sperm during fertilization (sperm-egg recognition), and by following a differential allocation
strategy during embryo implantation (mother-fetus recognition) [16]. Human leukocyte antigen (HLA)
class I and class II molecules are expressed on sperm cell surfaces [31-33], making the complementary
cryptic female choice for MHC genotypes possible at the gamete level. Sperm selection that targets
different levels of MHC diversity has been reported in several species. In some rodent species, females
refuse to accept MHC-similar sperm [34], and in humans, females that mate with a male who has the
same HLA haplotype tend to have a greater chance of spontaneous abortion [35-37]. In red junglefowl
(Gallus gallus), the eggs favor sperm that is from MHC-dissimilar males [38]. In contrast, a fertilization
advantage for MHC-similar mates has been observed in Atlantic salmon (Salmo salar) [39], Chinook
salmon (Oncorhynchus tshawytscha) [40], and guppies (Poecilia reticulata) [41]. A recent study of the
three-spined stickleback (Gasterosteus aculeatus) revealed that sperm selection resulted in offspring
with an intermediate level of MHC diversity [42].

The giant panda (Ailuropoda melanoleuca) is an endangered species and its captive breeding has
always been focused in China. Giant pandas usually have polyandrous/polygynous multiple mating
systems [43]. Females are very choosy, and they have significantly higher copulation and birth rates
when paired with preferred males [44]. In breeding programs, natural mating as well as artificial
insemination are adopted to increase reproductive success [45]. Although the number of female giant
pandas that are available to breed has increased, the fertilization rate is still low (~50% for nearly
20 years). Furthermore, female giant pandas have spontaneous abortions when they are inseminated
by sperm from a male that they do not like [46]. Therefore, there may be an MHC-based mechanism
that determines mate choice and fertilization in giant pandas.
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It is best to investigate all MHC genes concerning mate choice, as MHC class I and class II
molecules mainly present intracellular and extracellular pathogen-derived antigens, respectively [9],
and the selection of MHC genes might influence mate choice results [47]. Few studies have focused
on a large region of the MHC due to a lack of structural knowledge and an effective genotyping
method [48], including a giant panda mate choice study that only used three MHC class II genes [49].
In previous studies, we characterized six functional MHC class II genes (Aime-DRA, Aime-DRB3,
Aime-DQA1, Aime-DQA2, Aime-DQB1, and Aime-DQB2) [50,51] and four classical MHC class I genes
(Aime-C, Aime-F, Aime-1, and Aime-L) [52], and we developed their genotyping protocols in the giant
panda. Therefore, our previous studies provide a good foundation to investigate the relationship
between a large number of MHC genes and female choice at the inter-individual, sperm-egg, and
mother-fetus recognition levels in giant pandas.

In the present study, we took advantage of multiple years of observations and the possession of
genetic data of a captive population in the Wolong Chinese Research and Conservation Center for
the Giant Panda. We aimed to: (1) test three mate choice hypotheses at the individual recognition
level (MHC-heterozygous choice, MHC-compatibility choice, and inbreeding avoidance) while using
10 MHC genes and seven microsatellites. If the heterozygote advantage is the main driving force of
female mate choice, more diverse males should be preferred than less diverse ones, regardless of the
females” MHC genotypes. If female choice favors the production of offspring with high fitness that
is based on MHC compatibility, we expect that females would choose MHC-dissimilar partners that
provide the most appropriate level of MHC dissimilarity (maximum or intermediate) in the offspring.
If mate choice aims to avoid inbreeding, then we expect genome-wide dissimilarity between partners
(MHC and microsatellites); (2) test whether cryptic female choice for MHC compatibility occurs at the
gamete level; and, (3) characterize successful embryo implantations by comparing the MHC genotypes
of mothers and their offspring.

2. Materials and Methods

2.1. Study Species and Behavioral Observations of Inter-Individual Recognition

Giant pandas were housed in the Wolong Chinese Research and Conservation Center for the Giant
Panda. Female giant pandas come into estrus from February to June [43], when their appetite decreases,
males’ urination frequency increases, and they rub their genitalia against the ground or walls [43,46].
Two rutting females and males are usually put into two adjacent cages. Neighboring pandas have
access to each other through a cage fence with full sight, hearing, and smell, but limited touch. Female
pandas face multiple males that are consecutively presented. Veterinarians use pre-mating behaviors
to determine when the males are sent to females for mating. If a female is interested in a male, then
they usually respond by sniffing and pushing the fence, before the male is sent to the female’s cage
to copulate. If a female is uninterested, then she does not respond or behaves aggressively. Female
mate choice at the inter-individual recognition level was determined by naturally analyzing mating
pairs that were recorded in a studbook [53]. There were 33 females and 21 males in the breeding
program from 1991 and 2008, except for 1994, but we failed to obtain samples from five females and
four males. Therefore, for the inter-individual recognition study, we included 182 natural mating
events that involved 28 females and 17 males.

2.2. Sperm-Egg and Mother-Fetus Recognition

Female giant pandas have an annual estrus cycle with spontaneous ovulation [54,55].
They naturally mate with multiple males and require artificial insemination with males that they
mate with and with males that they do not mate with but have good-quality sperm. Sperm from all
males have a chance to access the egg, but only one of them is successful through a mechanism at
the gamete stage, and sperm-egg recognition may occur at the gamete stage. Over 17 years, a total of
80 offspring (zygotes observed) were produced. Other zygotes were combinations of egg-to-sperm
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haplotypes, except for offspring haplotypes. The information that is required for natural mating and
artificial insemination was acquired from the studbook and SPARKS 1.5 [53].

In addition, we compared the difference between the zygotes observed and other zygotes
(combinations of egg-to-sperm haplotypes, except for offspring haplotypes) to mothers in successful
embryo implantation events, and called it the “mother-fetus recognition level”.

2.3. DNA Extraction, MHC and Microsatellite Genotyping, and the Definition of a Super Haplotype

We collected 110 blood and the fecal samples. Blood samples were obtained during a routine
medical examination and preserved in liquid nitrogen. Fecal samples were less than two days old and
stored in 95% ethanol. Genomic DNA extraction from the blood and fecal samples was conducted, as
described by Wan et al. [56].

We used seven microsatellite loci (Aim-3, Aim-5, Aim-10, Aim-11, Aim-13, Aim-14, and Aim-16)
that performed well in a previous paternity test [57] to conduct paternity analysis for 113
individuals. Polymerase chain reaction (PCR) amplification and genotyping mirrored that described
by Zhang et al. [58].

We used 10 functional Aime-MHC loci, including four class I loci (Aime-C, Aime-F, Aime-1, and
Aime-L) and six class II loci (Aime-DRA, Aime-DRB3, Aime-DQA1, Aime-DQA2, Aime-DQB1, and
Aime-DQB2). We genotyped all individuals at the polymorphic MHC class I exon 2-3 regions and
MHC class Il exon 2. The primer sets, PCR amplification, and genotyping were as described in two
previous studies [52,59].

A physical MHC map revealed that as well as four MHC class I genes, there were also six MHC
class II genes linked together [52,60]. In addition to using the above-mentioned independent MHC
loci, we analyzed the allele linkage relationships of four MHC class I genes, six MHC class II genes,
all MHC genes, genes in the DQ region, and genes in the DR region. For example, we identified
homozygotes in four MHC class I genes of the offspring and then inferred the linkage relationship
between the mother and father according to Mendel’s law. We named the linkage of four MHC class I
genes as SuperHaplotypel (SuHal). Using the same procedure, we named the linkage relationships
between six MHC class II genes and all MHC genes SuHall and SuHa, respectively. Genes in the DQ
and DR regions were simply called DQ and DR, respectively.

2.4. Paternity Test

We performed a paternity analysis with seven microsatellite loci while using an exclusive method
that was based on Mendel’s law, and MHC genotype data confirmed the results. Information on
mothers was obtained from the studbook [53].

2.5. Data Analysis

2.5.1. Female Mate Choice at the Inter-Individual Recognition Level

Three mate choice hypotheses, heterozygote advantage, genetic compatibility, and inbreeding
avoidance were tested at the inter-individual recognition level.

We tested whether females prefer heterozygous males by utilizing three parameters: (1) The
number of heterozygotes (Hps) at MHC loci in males. We used 0 and 1 to represent homozygote
and heterozygote, respectively; (2) Multilocus heterozygosity (MLH) in males, i.e., the proportion
of heterozygous microsatellite loci that accounted for the total number of microsatellite loci; (3) d?
value (microsatellites), i.e., the genetic distance between the two alleles. We calculated the d? for each
individual according to the formula d? = 1/n X" (a; — aj)z, where a; and aj refer to the repeat length of
two individual alleles [61].

We tested whether female giant pandas prefer MHC-dissimilar or -similar males (choice for
genetic compatibility) with three parameters: (1) The number of MHC alleles that is shared between
females and males as “Nas”, which is twice the number of alleles that is shared by females and males
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divided by the total number of females and males [62]; (2) The pairwise functional amino acid distance
between MHC alleles of females and males, calculated as “Faadis” = D,p, + D,g + Dap + Dy, where A, a,
B, and b are four alleles in two mates [63]. Each amino acid was characterized by five physicochemical
variables: z1 (hydrophobicity), z2 (steric bulk), z3 (polarity), and z4 and z5 (electronic effects) [64].
The functional amino acid distance was the Euclidean metric of the two vectors, which consists of two
alleles from a female and male [65]. We not only considered the distance at all sites, but also at the
antigen binding sites (ABSs), as it is ABSs that determine pathogen binding and recognition and they
are considered a functional region [14,66,67]. We defined ABSs according to human sequences [68].

We tested the inbreeding avoidance hypothesis using Queller and Goodnight’s relatedness
(microsatellites) [69], as well as Nas and Faadis. Queller and Goodnight’s relatedness was calculated
in SPAGeDi v 1.4 [70] to estimate the genetic similarity between female and male giant pandas. If mate
choice aims to avoid inbreeding, we would expect to see choice that is based on compatibility at the
genome level (MHC and microsatellites), or female mate choice was targeted to MHCs.

We adopted three approaches to test each hypothesis. Firstly, we performed a randomization
test, which is a nonparametric approach that is based on Monte Carlo sampling, to test whether
female giant pandas randomly choose their partners for mating. We simulated the natural mating
scenario (same accessible males for each female in the respective year), with the exception that females
randomly chose males. We generated a null distribution by allowing each female to randomly choose
10,000 times between all males in the respective year. We then compared the mean of the values
that were obtained from 182 naturally mated pairs or males involved in natural mating with a set of
randomly matched pairs. We calculated the exact p values as twice the proportion of the simulations,
which gave higher values than those observed. If females preferred heterozygous males, we expected
that the mean values (Hops, MLH, and d?) of males that were naturally mated would be significantly
higher than those of the randomly assigned males. If females preferred MHC-dissimilar males, we
expected that the mean Nas of naturally mated pairs would be significantly lower than that of the
randomly assigned pairs, or that the Faadis of naturally mated pairs would be significantly higher
than that of the randomly assigned pairs. If females aim to avoid inbreeding, then we expected that
the mean values (Faadis and relatedness) would be higher than those of randomly assigned pairs.
The randomization tests were conducted in ResamplingStats v 4.0 (ResamplingStats Inc., Arlington,
TX, USA).

Secondly, we used a paired Student’s t-test (or Wilcoxon test if the model assumptions were
not met) to test whether the natural mating group exhibited higher heterozygosity and/or greater
MHC divergence than non-mating group by comparing the mean values of males that are involved in
natural mating and those of males that were not involved in mating. Hgps, MLH, and d? were used to
test the heterozygote advantage hypothesis, and Nas, Faadis, and relatedness were used to test the
compatibility and inbreeding avoidance hypotheses.

We employed a model-based approach to explore the association between genetic variables and
the probability of natural mating success. We performed a generalized linear mixed model (GLMM)
with a binomial distribution and logic link function for 956 paring events, and the dependent variable
was coded as 1 for a natural mating event and 0 for those that did not. The MHC genetic variables (Hy,,
Nas, and Faadis) were included as the fixed effects and female ID (to avoid female pseudoreplication),
male ID, and year (to account for differences among breeding years) were included as random effects.

2.5.2. Sperm-Egg Recognition Level

We used a randomization test, a paired Student’s f-test, and a GLMM to test the MHC compatibility
hypothesis at the sperm-egg recognition level.

Randomization was based on the data obtained (same males for fertilization or natural mating
in the respective year), with the exception that the eggs randomly chose sperm. We generated a null
distribution by allowing each egg to randomly choose 10,000 times between all of the sperm of the
respective year. Subsequently, we compared the mean MHC divergence from the zygotes that were
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observed (Faadis = Dag, where A and B are two haplotypes in two gametes, N = 65) with a distribution
of egg-to-sperm divergence from randomly assigned zygotes. The exact p values were calculated, as
described above.

Paired Student ¢-tests (or Wilcoxon tests if the model assumptions were not met) were used to
test whether the observed combination of eggs and sperm indicated greater MHC divergence by
comparing the mean values of the zygotes observed (offspring) with other zygotes.

We used a GLMM with a binomial distribution and logic link to test whether MHC divergence
between eggs and sperm influenced breeding success (successful births). The dependent variable was
coded as 1 for a breeding event and 0 for a non-breeding event. Egg-to-sperm MHC divergence (Faadis)
was included as a fixed effect and female ID, male ID, and year were included as the random effects.

The paired Student t-tests, Wilcoxon tests, and GLMMs were conducted in SPSS v. 20.0 (SPSS Inc.,
Chicago, IL, USA).

2.5.3. Mother-Fetus Recognition Level

We used paired Student t-tests or Wilcoxon tests, as appropriate, to test whether the zygotes
observed (offspring) had lower MHC divergence (Faadis) from the mother than other zygotes
(combinations of egg-to-sperm haplotypes, except for offspring haplotypes) by comparing the mean
Faadis of zygotes observed to the mother with other zygotes to the mother.

A GLMM with a binomial distribution and logic link was used to explore the association between
genetic variables and the probability of breeding success. The dependent variable was coded as 1 for a
breeding event and 0 for a non-breeding event. The MHC divergence of zygotes from the mother was
included as a fixed effect, and the random effects mirrored those described above.

We adjusted the p values with a false discovery rate of 20%, following the Benjamini-Hochberg
procedure for multiple testing [71,72].

2.6. Declarations Ethics Statement

All blood and fecal samples were collected from captive pandas that were housed in the Wolong
Chinese Research and Conservation Center for the Giant Panda. Blood samples were collected during
routine examinations with permission from the China Giant Panda Protection and Management Office.
We obtained specific permission from the China Research and Conservation Center for the Giant Panda
to take fecal samples from captive individuals during the non-breeding season. Permission to use the
samples was given by the State Conservation Center for Gene Resources of Endangered Wildlife of
China, where they were deposited.

3. Results

3.1. Microsatellite and MHC Diversity

The male MLH ranged from 0.286 to 1 (median = 0.714), d? ranged from 0.714 to 41.571
(median = 25.857), and Queller and Goodnight’s relatedness ranged from —0.484 to 0.829
(median = —0.070).

A total of 47 MHC sequences were isolated, which are the same as the published sequences,
and included 22 MHC class I alleles and 25 MHC class II alleles: seven Aime-C (Aime-C*01-08,
JX987000-]X987005, and JX987007), one Aime-F (Aime-F*01 and JX9870008), seven Aime-1 (Aime-1*01-07
and JX987009-JX987015), seven Aime-L (Aime-L*01-06 and JX987016-JX987021), seven DQA1
(DQA1*01-07), three DQA2 (DQA2*01-03), 6 DQB1 (DQB1*01-06), seven DRB3 (DRB3*01-05, 07-08),
one DRA, and one DQB2. We obtained only one allele at Aime-F, Aime-DRA, and Aime-DQB2, so we
excluded these three loci from the analysis.

Furthermore, we obtained 36 SuHa, 20 SuHal, 18 SuHall, 18 DQ, and seven DR. The linkage
relationships of SuHall, SuHal, SuHa, and DQ are presented in Figures S1-54, respectively. The
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number of super haplotypes in the DR region was the same as the allele number at DRB3, as there
were only two loci in the DR region, with DRA being a homozygote.

The mean number of variable amino acid sites in MHC class II genes was higher than that in MHC
class I genes with respect to the whole exon and all of the ABS sites (12.8% vs. 11.5%, respectively,
and 41.0% vs. 25.7%, respectively). This was found by comparing the variable amino acid sites in
SuHal and SuHall (Table S1). However, the mean difference between pairwise alleles in MHC class I
genes was greater than that in MHC class II genes (Table S1), as was the case for SuHal and SuHall.
Moreover, the number of variable amino acid sites and the difference between the pairwise alleles in
the DR region were both greater than those in the DQ region.

3.2. Inter-Individual Recognition

The number of males that were accessible to females ranged from three to 11 during the 17-year
period, and females naturally mated with 1-4 males.

3.2.1. Heterozygosity Advantage

Males Involved in Natural Mating Versus Randomly Assigned Males

Concerning super haplotypes, males that were involved in natural mating had significantly
more heterozygotes at SuHa, SuHall, and DQ than the randomly assigned males (Psyp, = 0.009,
Psypan = 0.011, and Ppg = 0.001; Figure 1a). Regarding individual loci, males that are involved in
natural mating had more heterozygotes at Aime-C, Aime-1, and Aime-DQB1 than randomly assigned
males (Pc = 0.020, Py = 0.000, and Ppgp1 = 0.000; Figure 1b). However, there were no significant
differences in heterozygosity at any other super haplotype or locus between the males that naturally
mated and randomly assigned males (Figure 1). Furthermore, we found no significant difference in
MLH or d? between males that naturally mated and those that were randomly assigned (Table 1).

(a)1.000 (b) 0%

High heterozygosity 97.5%
97.5% 0500 ° o _[
0.900 High hete it =
igh heterozygosity / . " N
e} o i
, 0800 ) o . PO— g 0700 _ . / Oabserved mean
k] = o simulated mean < LI - 25%  ®smuatedmen
o [e] L] - B 0.600 - B - = — canfidence interval
. - 2.5% .
sl - 0500 2 -
0.600 L4 "
_ Low heterozygosity 0.400 Low heterozygosity
0.500 0.300
SuHa SuHal SuHall DQ DR C | L DQA1 DQA2 DQB1 DRB3
Haplotype Locus

Figure 1. Mean individual major histocompatibility complex heterozygosity (H,ps) of males involved
in natural mating and randomly assigned males. (a) five super haplotypes; and, (b) seven individual
loci. Two-tailed 95% confidence intervals are indicated by black lines.
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Table 1. Microsatellite results from randomization and paired Student -tests.

Compatibility Test Heterozygote Advantage Test
Relatedness MLH d?
Randomization Observed —0.087 0.751 25.961
Test @ Simulated mean —0.065 0.744 27.491
95% CI [—0.090, —0.040] [0.713, 0.775] [24.319, 30.648]

P 0.079 0.651 0.345
Paired test P Potential fathers —0.093 0.782 25.157
Other males —0.061 0.741 27.480

Statistics t=1.592 Z =0.556 t=0.913
P 0.115 0.578 0.364

2 Comparison between the natural mating group and the randomly assigned group. ® Comparison between the
natural mating group and the non-mating group.

Males Involved in Natural Mating Versus Natural Non-Mating Males

Males that were involved in natural mating had a higher proportion of heterozygotes at SuHa,
SuHal, SuHall, and SuHaDQ than those natural non-mating males (males not involved in mating,
Psyta = Psutal = PsuHalr = Ppg = 0.000; Figure 2a). This pattern was found at all loci, except Aime-L
and Aime-DRB (P¢ = 0.000, Py = 0.000, Ppga1 = 0.001, Ppga2 = 0.007, and Ppgg; = 0.000; Figure 2b).
We found no significant differences in MLH or d? between males that were involved in natural mating
and other males (Table 1).

@ heterozygotes in naturally mated males o heterozygotes in natural non-mating males
O homozygotes in naturally mated males B homozygotes in natural non-mating males
*
(a) o0 * * * (b) o * * * * *
80% - 80%
60% - 60%
40% - 40%
20% - 20% -
0% - 0%
SuHa SuHal SuHall DQ DR C | L DQA1 DQA2 DQB1 DRB3

Figure 2. Proportions of heterozygotes and homozygotes in males involved in natural mating and
natural non-mating males. (a) five super haplotypes; and, (b) seven individual loci. Asterisk shows
results with p values that are smaller than 0.05.

Relationship between Male MHC Heterozygosity and Natural Mating Success

Being encouraged by the results above, we combined seven polymorphic MHC loci (DQA1,
DQA2, DQB1, DRB3, Aime-C, Aime-1, and Aime-L) to model the relationship between male MHC
heterozygosity and natural mating success, and found a nonsignificant relationship between overall
male MHC heterozygosity and natural mating success (F = 2.963, df = 954, P = 0.86). Female ID, male
ID, and year did not have any effect on natural mating success.

3.2.2. Genetic Compatibility and Inbreeding Avoidance

Naturally Mated Pairs versus Randomly Assigned Pairs

There was a significant difference in Nas at SuHa, SuHall, DQ, and DR between naturally
mated pairs and randomly assigned pairs (PsyHa = 0.006, Psyyan = 0.000, Ppg = 0.000, and Ppr
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= 0.000; Figure 3a). Males that were involved in natural mating had significantly lower Nas at
Aime-DQA1, DQA2, DQB1, and DRB3 than the randomly assigned pairs (Ppga1 = 0.038, Ppgaz = 0.001,
Ppgge1 = 0.000, and Ppgrps = 0.000; Figure 3b). However, we did not find any significant differences in
Nas at SuHal or other loci (Figure 3).

0.6 b) 12 97.5%
@) 97.5% ) /
05 High sharing - .
° 0o High sharing -
- o %
LA 5 . 2.5% 2.5%
® - . - Oobserved mean ® Oobserved mean
® 03 - © @ simulated mean © 06 s - ® simulated mean
=z —confidence interval = N M ~ confidence interval
: R °
5 031 @ . .
0.1 Low sharing °
Low sharing
0 0
SuHa SuHal SuHall  DQ DR c l L DQA1 DQA2 DQB1 DRB3
Haplotype Locus

Figure 3. Mean allele sharing values (Nas) in females and males involved in natural mating and
in females and randomly assigned males. (a) five super haplotypes; and, (b) seven individual loci.
Two-tailed 95% confidence intervals are indicated by black lines.

Naturally mated pairs had significantly higher Faadis at SuHa, SuHall, DQ, DR, Aime-C, DQA1,
DQA2, DQB1, and DRB3 than randomly assigned pairs with respect to all sites and the ABS sites
(Table 2). However, we did not find a significant difference in Faadis at SuHal, Aime-I, or Aime-L
between the pairs with respect to all sites and ABS sites (Table 2). In addition, there was no significant
difference between the naturally mated pairs and randomly assigned pairs in genetic relatedness at
microsatellites (Table 1).

Table 2. Functional amino acid distances for female genetic compatibility between the observed pairs
and randomly assigned pairs.

Locus Region Simulated Mean [95% CI] ~ Observe Mean P
SuHa ABS 123.873 [121.759, 125.899] 127.832 0.001
ALL 136.412 [134.088, 138.677] 140.728 0.000
SuHal ABS 93.169 [90.939, 95.359] 94.326 0.297
ALL 101.310 [98.883, 103.635] 102.285 0.416
SuHall ABS 73.374 [71.216, 75.579] 78.033 0.000
ALL 82.600 [80.143, 85.028] 87.462 0.000
DQ ABS 53.815 [51.715, 55.876] 58.000 0.000
ALL 57.319 [55.059, 59.577] 61.433 0.001
DR ABS 45.051 [43.434, 46.662] 47.498 0.002
ALL 53.531 [51.588, 55.516] 56.510 0.003
C ABS 60.340 [58.005, 62.674] 62.840 0.036
ALL 63.839 [61.359, 66.265] 66.431 0.038
I ABS 46.787 [44.406, 49.218] 45218 0.196
ALL 50.388 [47.956, 52.819] 48.681 0.172
L ABS 33.315 [31.085, 35.588] 32.624 0.548
ALL 39.862 [37.267, 42.449] 38.584 0.340
DQA1 ABS 32.307 [30.740, 33.938] 35.587 0.000
ALL 35.121 [30.740,33.938] 38.400 0.000
DQA2 ABS 11.596 [10.674, 12.542] 13.076 0.001
ALL 11.603 [10.674, 12.542] 13.076 0.001
DQB1 ABS 32.821 [30.624, 35.005] 36.002 0.005
ALL 34.555 [32.231, 36.817] 37.924 0.003
DRB3 ABS 45.051 [43.434, 46.662] 47.498 0.002
ALL 53.531 [51.588, 55.516] 56.510 0.003

Note: Bolded figures indicate a significant difference after false discovery rate correction. ABS, antigen binding site.
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Naturally Mated Pairs versus Non-Mating Pairs

The comparison between naturally mated pairs and non-mating pairs that are based on allele
sharing, functional amino acid distances, and genetic relatedness was the same as between naturally
mated pairs and randomly assigned pairs (Figures 4 and 5 and Tables 1 and 3). We found no evidence
to support the inbreeding avoidance hypothesis when comparing the results of the MHC genes

(significant) and microsatelites (nonsignificant).

(@) 259 [ naturally mated pairs non-mating pairs  (b) 2.5 3 naturally mated pairs non-mating pairs
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SuHa SuHal SuHall DQ DR (@ | i DQA1 DQA2 DQB1 DRB3
Haplotype Locus

Figure 4. Proportion of allele sharing (Nas) in naturally mated pairs and non-mating pairs (a) five
super haplotypes, and (b) seven individual loci. Asterisk shows results with p values that are smaller
than 0.05.
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Figure 5. Functional amino acid distances (Faadis) in naturally mated pairs and non-mating pairs.

(a) functional amino acid distance of all sites; and, (b) functional amino acid distance of antigen binding
sites (ABSs). Asterisk shows results with p values that are smaller than 0.05.

Table 3. Mean functional amino acid distances at five super haplotypes in naturally mated pairs and

non-mating pairs.

Locus Natural Mated Pairs Non-Mating Pairs Statistics P
SuHa ABS 126.209 119.677 t=3.310 0.001
ALL 138.990 132.018 t=23.298 0.001
SuHal ABS 92.315 90.284 t=1.054 0.294
ALL 100.215 98.262 t=0.932 0.353
SuHall ABS 77.548 70.363 t=23.960 0.000
ALL 86.828 79.532 t=3.630 0.000
DQ ABS 57.961 50.322 Z=—4.604 0.000
ALL 61.375 53.769 Z=—4435 0.000
DR ABS 46.879 44.284 t=2298 0.024
ALL 55.732 52.649 t=2235 0.027

Note: Bolded figures indicate a significant difference after false discovery rate correction. ABS, antigen binding site.
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Relationship between MHC Divergence between Females and Males and Natural Mating Success

The model-based analysis confirmed the randimization results. We found a negative relationship
between allele sharing females and males and natural mating success at SuHa, Suhall, DQ, and DR.
Separately examining the MHC loci revealed that the overall negative trend might have been caused by
lower allele sharing at DQA1, DQA2, DQB1, and DRB3 between the mated pairs (Figure 6). A positive
relationship was found between the functional amino acid distance of females to males and natural
mating success at SuHa, Suhall, and DQ, and at three individual loci (DQA1, DQA2, and DQB1;
Table 4). The model-based analysis indicated that higher natural mating success resulted from more
MHC-dissimilar mating pairs. These results support the MHC genetic compatibility hypothesis.
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Figure 6. Relationship between shared major histocompatibility complex (MHC) alleles and frequency
of successful natural mating. (a) SuHa, including four MHC I loci (Aime-C, Aime-F, Aime-1, and Aime-L)
and six MHC II loci; (b) SuHall, including six MHC II loci (DQA1, DQA2, DQB1, DQB2, DRB3, and
DRA); (c) DQ, including DQB1, DQB2, DQA1, and DQA2; and, (d) DR, including DRB3 and DRA;
(e-h) Four individual loci.
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Table 4. Association between natural mating success and major histocompatibility complex functional
amino acid distances of females and males.

ABS ALL

F P F P
SuHa 9.004 0.003 8.518 0.004
SuHal 1.241 0.266 0.919 0.338
SuHall 10.933 0.001 8.634 0.003
DQ 11.649 0.001 10.11 0.002
DR 3.33 0.068 2.861 0.091
C 3.849 0.050 3.498 0.062
I 0.406 0.524 0.475 0.491
L 0.122 0.727 0.469 0.494
DQA1 10.915 0.001 9,465 0.002
DQA2 4.688 0.031 4.688 0.031
DQB1 6.953 0.009 6.88 0.009
DRB3 3.33 0.068 2.861 0.091

Note: There were 954 degrees of freedom for each genetic variable tested. Bolded figures indicate a significant
difference after false discovery rate correction. ABS, antigen binding site.

3.3. Sperm-Egg Recognition

We successfully assigned 16 fathers to 80 offspring, including 30 twins. In 65 cases, adult females
accepted sperm from 1-4 adult males, including males that are involved in natural mating and
artificial insemination.

3.3.1. Observed Zygotes (Offspring) Versus Randomly Assigned Zygotes

We found no significant difference between the observed zygotes and the randomly assigned
zygotes in Faadis (egg-to-sperm MHC divergence) at all types of super haplotype and all MHC loci,
except for DQA1 and DQA2 (Table S2). The Faadis of the observed zygotes at DQA1 and DQA2 was
outside the 97.5% hypothesis distribution with respect to all sites and the ABS sites (Figure 7, Table S2).
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Figure 7. Frequency distributions of functional amino acid distances (Faadis) between eggs and
randomly assigned sperm after 10,000 simulations. (a) whole exon2 of Aime-DQA1; (b) antigen binding
site (ABS) within exon2 of Aime-DQA1; (c) whole exon2 of Aime-DQA?2; and, (d) ABS within exon2 of
Aime-DQA2. Two-tailed 95% confidence intervals are indicated by black dashed lines. MHC, major
histocompatibility complex.
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3.3.2. Observed Zygotes (Offspring) Versus Other Zygotes

The results between the observed zygotes and other zygotes (combinations of egg-to-sperm
haplotypes, except for offspring haplotypes)) were similar to those between the observed zygotes
and randomly assigned zygotes (Table 5, Figure 8). Observed zygotes had higher Faadis values at
DQAT1 and DQAZ2 than other zygotes at all sites and ABS sites (Ppgai1-ass = 0.008, Ppgai-arr = 0.012,
PDQAZ-ABS = 0.000, and PDQAZ-ALL = 0.000; Figure 8)

Table 5. Mean functional amino acid distances at five super haplotypes in observed zygotes and

other zygotes.

Locus Observed Zygotes ~ Other Zygotes Statistics P
SuHa ABS 31.119 31.153 Z=-1.184 0.237
ALL 34.056 34.383 t=-0.228 0.820
SuHal ABS 22.290 23.649 Z = —0.096 0.924
ALL 24.082 25.684 Z=-0.027 0.978
SuHall ABS 19.959 18.785 Z=-1.696 0.090
ALL 22.136 21.261 Z=-1.108 0.268
DQ ABS 15.164 13.717 Z=-2.624 0.009
ALL 15.997 14.677 Z=-2526 0.012
DR ABS 11.857 11.633 Z=-0.304 0.761
ALL 13.924 13.943 Z=-0.023 0.982

Note: Bolded figures indicate a significant difference after false discovery rate correction. ABS, antigen binding site.
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Figure 8. Functional amino acid distance (Faadis) for genetic compatibility at seven major
histocompatibility complex loci between observed zygotes and other zygotes. (a) functional amino acid
distance of all sites; and, (b) functional amino acid distance of antigen binding sites (ABSs). Asterisk
shows results with p values that are smaller than 0.05.

3.3.3. Relationship between Breeding Success and MHC Divergence of Zygotes

The model-based analysis revealed that a large MHC functional amino acid distance between
eggs and sperm at DQ (mainly at DQA1 and DQA?2) and Aime-C resulted in higher breeding success,
indicating the preference for maximum MHC divergence between eggs and sperm (Table 6).
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Table 6. Association between breeding success and major histocompatibility complex functional amino
acid distances between egg and sperm haplotypes.

ABS ALL
df F P F P

SuHa 472 0.671 0413 0.989 0.320
SuHal 467 1.827 0.177 2.072 0.151
SuHall 453 0.531 0.466 0.120 0.730
DQ 453 0.001 0.982 12.32 0.000
DR 344 0.007 0.935 0.101 0.751
C 283 0.205 0.651 0.135 0.714
I 256 5.440 0.020 5.749 0.017
L 252 0.902 0.343 1136 0.288
DQA1 399 7.058 0.008 6.325 0.012
DQA2 146 16.090 0.000 16.09 0.000
DQB1 242 0.107 0.743 0.072 0.788
DRB3 344 0.007 0.935 0.101 0.751

Note: Bolded figures indicate a significant difference after false discovery rate correction. ABS, antigen binding site.

3.4. Mother-Fetus Recognition

There was no significant difference in Faadis between the observed zygotes and their mothers
and other zygotes and their mothers at all super haplotypes and all loci, except for Aime-C and Aime-I
(Figure 9, Table S3). The observed zygotes had significantly lower Faadis to mothers at Aime-C and
Aime-I than other zygotes (p < 0.05, Figure 9).

0 [ mothers - observed zygotes B [ mothers - observed zygotes
(a) 80 mothers - other zygotes (b) 804 mothers - other zygotes

c 1 L DQA1 DQA2 DQB1 DRB3 c ! L DQA1 DQA2 DQB1 DRB3
ALL ABSs

Figure 9. Functional amino acid distances (Faadis) at seven major histocompatibility complex loci
between mothers to observed zygotes (offspring) and between mothers to other zygotes. (a) functional
amino acid distances at all sites; and, (b) functional amino acid distances at antigen binding sites
(ABSs). Asterisk shows results with p values that are smaller than 0.05.

We did not find a significant relationship between breeding success and the functional amino acid
distance of mothers to a combination of egg and sperm haplotypes at any MHC loci (Table 54).

4. Discussion

4.1. Female Choice at the Inter-Individual Recognition Level

We found that female giant pandas preferred males with MHC-heterozygous and MHC-dissimilar
genotypes, which supports the heterozygosity advantage and disassortative choice of the compatibility
hypotheses, respectively. It has been proposed that females usually use male ornaments as a cue for
choosing MHC-heterozygous males, and olfaction as a cue for choosing MHC-dissimilar males [15].
Body color varies among giant pandas, and it may reflect condition [73-75]. Therefore, we propose
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that female giant pandas assess males’ physical condition in order to choose MHC-heterozygous mates
by evaluating the depth of body color. During the mating season, giant pandas secrete musk from their
anal glands and in their urine, which is highly odorous [43], thus it is possible that females use odor to
choose among male MHC genotypes. Animals can simultaneously use two cues, and the two strategies
are not mutually exclusive, particularly in species with both good vision and olfaction [19,76,77].
A recent study on giant pandas reported multimodal signal behavior between females and males,
including olfaction, vision, and hearing [55], supporting the use of two strategies. It has been reported
that female pandas use odor cues prior to face-to-face meetings, so we propose that females choose
MHC-dissimilar mating partners based on odor cues alone, and they use body color depth to visually
choose MHC-heterozygous males. A “multiple-cue strategy” was also found in a study of female mice
that changed strategy when the males’ urinary scent-marking rate changed [78], and in lizards that use
coloration as a mate choice cue at long distances, but use odor at short distances [79]. Using multiple
cues to choose a mate may be more common than expected, as females gain more information and
reduce their selection costs [80].

The preference for MHC-dissimilar mates might be due to inbreeding avoidance in giant panda
populations. In general, if mate choice aims to avoid inbreeding, then we expected to see significantly
lower relatedness in the observed pairs than in randomly assigned pairs [20,63,81]. However, our
results revealed no significant difference between observed pairs and randomly assigned pairs (Table 1),
suggesting that female giant pandas do not attempt to avoid inbreeding. Avoiding inbreeding may not
be as important to females as maximizing the number of MHC polymorphisms in their offspring in
order to resist pathogens. In addition, we did not find any evidence for the heterozygote advantage
hypothesis that is based on the MLH and d? results, suggesting that overall genetic diversity has no
effect on mate choice. These findings indicate that female mate choice targets functional MHC genes
rather than other regions, or it is a byproduct of inbreeding avoidance.

Some studies have reported that giant pandas are susceptible to parasites and viruses [82-85],
suggesting that the MHC genes are important in female mate choice at the inter-individual recognition
level. Furthermore, our results show that females favored partners that were the most MHC-dissimilar
to themselves, resulting in offspring with high heterozygosity. Whether offspring have high
immunocompetence should be addressed in future studies regarding the relationship between MHC
heterozygosity and immunocompetence in the giant panda.

4.2. Cryptic Female Choice at the Sperm-Egg Recognition Level

Female giant pandas usually mate with multiple males, possibly to increase fertilization success
and offspring genetic quality, as has been found in other species [3,86,87]. Our results revealed
that sperm and eggs do not randomly combine, and that sperm from zygotes observed was more
dissimilar to eggs at DQA1 and DQA2 than sperm from other zygotes (Figures 7 and 8 and Table 5).
Two mechanisms may explain this: cryptic female choice or sperm competition [15,16,20], but we
could not identify which was the most important. Nevertheless, combined sperm and eggs had the
maximum functional amino acid distance, which supports the female MHC-disassortative choice of
compatibility hypothesis that is described above.

4.3. Mother-Fetus Recognition Level

The observed zygotes were more similar to mothers at Aime-C and Aime-I than the randomly
assigned zygotes and other zygotes (Figure 9). These findings suggest that the observed zygotes had
higher compatibility at Aime-C and Aime-I, which could decrease or block graft rejections from the
mother’s immune system. MHC class I molecules play an important role in the immune reaction
between the mother and fetus, e.g.,, HLA-G molecules are present at the mother-child interface of
trophoblastic cells and protect the fetus from the lytic activity of maternal uterine natural killer
cells [88,89]. The identification of an HLA-G ortholog in the giant panda would elucidate the effects of

340



Cells 2019, 8, 257

mother-fetus immunity in this species; however, MHC class I genes have similar loci, making HLA-G
orthologs difficult to identify in the giant panda.

4.4. Hierarchical and Cooperative Effects

From the super haplotype level to individual loci, female mate choice was hierarchical in nature.
For example, we found that SuHa, which represents all of the functional MHC genes in giant pandas,
predicted MHC-heterozygous female choice. However, when separately analyzing SuHal and SuHall,
the effect could only be observed in SuHall. When we then excluded DR from SuHall and analyzed DQ
alone, the heterozygosity advantage could still be detected. In contrast, the heterozygosity advantage
could not be detected when only analyzing DR. Finally, when we focused on the individual locus level,
only one out of three DQ genes (DQB1) still predicted female choice. A similar pattern was found for
the genetic compatibility hypothesis.

Alternatively, multiple MHC genes that act cooperatively can explain the above example. The
effect of DQ seemed to be larger than that of DQB1 alongside DQA1 and DQA2. The integration of the
loci or super haplotypes had a greater effect than the sum of the loci or super haplotypes.

The SuHa results were inconsistent with those of SuHall with respect to inter-individual
recognition, suggesting that SuHall is more important than SuHal. This may have been caused
by greater variation in SuHall than in SuHal.

4.5. Relative Importance of MHC-I, MHC-II, DQ, and DR

MHC class I, MHC class II, DQ, and DR were differentially important at the inter-individual,
gamete, and mother-fetus recognition levels. More MHC II genes predicted compatible female mate
choice than the MHC I genes, e.g., naturally mated males were more dissimilar to their partners at
SuHall but not at SuHal. Furthermore, all four of the MHC class II genes (DQA1, DQA2, DQBI, and
DRB3) predicted compatible female mate choice, while only one out of three MHC class I genes had a
significant result. At the gamete level, the sperm were more dissimilar to eggs at DQ than at DR. At
the mother-fetus recognition level, the observed zygotes (offspring) were more similar to their mothers
at MHC class I genes, but not at MHC class II genes.

Genes that predict female mate choice or gamete selection may be more important than other
MHC loci that are involved in pathogen resistance, as revealed by many studies in which distinct
molecules that are coded by different alleles recognize specific pathogens, and their ability to resist
pathogens differs [11-14], such as the DQ region. The DQ region in the giant panda differs to that in
other mammals, because it contains more genes and alleles than the DR region [59]. DRB3 exhibited
the most variation among the seven individual polymorphic loci. MHC polymorphisms may be driven
by sexual selection [10], which is in line with our results at DQ and DRB3.

Our findings suggest that MHC loci do not play equal roles in female mate choice at the
inter-individual recognition level or at other levels, and that targeted MHC loci may be key for
female mate choice at the individual recognition level. Therefore, more MHC loci should be isolated
and large MHC regions surveyed.

5. Conclusions

Our results for Aime-C, Aime-1, and DQ support the heterozygosity hypothesis, while the results
for Aime-C, DQ, and DR support the genetic compatibility hypothesis. Comparisons of combined
sperm and other sperm-to-eggs revealed that sperm competition or Aime-DQA1- and DQA2-associated
gamete selection occurred. The comparison of zygotes observed (offspring) and other zygotes revealed
the possible Aime-C- and Aime-I-associated maternal immune tolerance mechanisms. We suggest
that captive breeding programs should consider the MHC constitution. Our study provides a good
foundation for studying the relationships between the MHC constitution, individual fitness (lifetime
reproductive success), and mate choice cues in the giant panda.
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Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/8/3/257/s1.
Figure S1, Allele linkage relationships of six major histocompatibility complex (MHC) class II genes for SuHall.
Asterisk indicates recombinational SuHall. Figure 52, Allele linkage relationships of four major histocompatibility
complex (MHC) class I genes for SuHal. Figure S3, Allele linkage relationships between SuHal and SuHalI for
SuHa. Figure 54, Allele linkage relationships of DQ genes. Asterisk indicates recombinational DQ super haplotype.
Table S1, Genetic variation in major histocompatibility complex (MHC) class I and class II molecules and super
haplotypes. Table S2, Functional amino acids in observed zygotes and randomly assigned zygotes. Table S3, Mean
functional amino acid distances at five super haplotypes between mothers and observed zygotes and between
mothers and other zygotes. Table 54, Association between breeding success and major histocompatibility complex
(MHC) functional amino acid distances of the mother and a combination of egg and sperm haplotypes.
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Abstract: A unique new nonclassical MHC class I lineage was found in Teleostei (teleosts, modern
bony fish, e.g., zebrafish) and Holostei (a group of primitive bony fish, e.g., spotted gar), which
was designated “H” (from “hexa”) for being the sixth lineage discovered in teleosts. A high level
of divergence of the teleost sequences explains why the lineage was not recognized previously.
The spotted gar H molecule possesses the three MHC class I consensus extracellular domains «1, x2,
and «3. However, throughout teleost H molecules, the «3 domain was lost and the «1 domains showed
features of deterioration. In fishes of the two closely related teleost orders Characiformes (e.g., Mexican
tetra) and Siluriformes (e.g., channel catfish), the H ectodomain deterioration proceeded furthest,
with H molecules of some fishes apparently having lost the entire a1 or a2 domain plus additional
stretches within the remaining other («1 or «2) domain. Despite these dramatic ectodomain changes,
teleost H sequences possess rather large, unique, well-conserved tyrosine-containing cytoplasmic
tail motifs, which suggests an important role in intracellular signaling. To our knowledge, this
is the first description of a group of MHC class I molecules in which, judging from the sequence
conservation pattern, the cytoplasmic tail is expected to have a more important conserved function
than the ectodomain.

Keywords: major histocompatibility complex; MHC; evolution; nonclassical; fish

1. Introduction

1.1. The Structure and Function of Classical MHC-I

Classical MHC class I (MHC-I) molecules consist of extracellular 1, «2, and «3 domains, plus
a connecting peptide (CP)/transmembrane (TM)/Cytoplasmic (CY) region. Such a “heavy chain”
molecule forms a complex together with a single domain molecule 3;-microglobulin ($,-m) and a
peptide ligand, and this pMHC-I complex is presented at the surface of cells for screening by CD8* T
cells [1,2]. This system helps CD8" T cells to detect virus-infected and cancerous cells, which can then
be eliminated.

The «3 and f,-m domains are typical immunoglobulin superfamily (IgSF) structures, while the
al and &2 domains form a unique structure of two anti-parallel helical structures on top of a 3-sheet,
which, in the case of classical MHC-I, forms a groove in which peptides of ~9 amino acids length
can be bound [1]. Classical MHC molecules are renown for extensive polymorphism, which resides
mostly in the peptide-binding domains and affects the sets of peptides presented by different allelic
MHC molecules [3,4]. This polymorphism is believed to increase the resistance of a population against
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pathogens. Throughout jawed vertebrates (Gnathostomata), polymorphic sequences of classical MHC-I
can be found [5], and for teleost fish, the ability of such molecules to bind 3;-m and peptide ligand
was proven and their ability to stimulate cytotoxic CD8* T cells suggested by a variety of data ([6-8],
reviewed in [9]).

1.2. Classical and Nonclassical MHC-I Can Show Differences in Domain Organization

At various times during evolution, classical MHC-I genes duplicated and new copies diverged
into “nonclassical” MHC-I genes [10,11]. Depending on the respective molecule, nonclassical MHC-I
molecules have retained similarity more or less with classical MHC-I and perform a wide variety
of functions within and outside the immune system [12]. The evolutionary younger nonclassical
MHC-I molecules especially tend to share features with the classical molecules, such as peptide
binding, whereas many of the more ancient nonclassical lineages exhibit more diverged functions and
properties [10,12]. The number of molecular domains can also differ from the classical MHC-I situation.
For example, ZAG (zinc-a2-glycoprotein, alias AZGP1; [13]) is a soluble mammalian nonclassical
MHC-I molecule which consists of &1, «2, and «3 domains, which does not bind f,-m and can bind
fatty acids [14,15]. Another example is represented by EPCR (endothelial protein C receptor, alias
PROCR; [16]) which is a nonclassical MHC-I molecule found in birds, reptiles, and mammals (reviewed
in [10]), and which is a transmembrane molecule that promotes protein C activation (reviewed
in [17]) and possesses only «1 and a2 ectodomains that form a hydrophobic groove that can bind
hydrophobic molecules [18]. EPCR molecules belong to the same nonclassical MHC-I lineage as
CD1 molecules [10,16], which are also found in mammals [19], birds, and reptiles (reviewed in [10]),
although CD1 are transmembrane molecules that retained the «1, a2, and «3 ectodomain organization
and p,-m binding ability of classical MHC-I. Like EPCR, CD1 molecules have a groove for binding
hydrophobic molecules [20], but in the case of CD1, they present these to T cells (reviewed in [21]).
Other nonclassical MHC-I transmembrane molecules in mammals without an 3 domain and without
a 3o-m partner are members of the RAET/ULBP (retinoic acid early transcripts/UL16 binding proteins)
family [22]. RAET/ULBP molecules tend to have closed grooves, are not involved in presentation of
small ligands, and can interact with NKG2D receptors on natural killer (NK) cells (reviewed in [12]);
while some members of this family have transmembrane domains, others are associated with the
membrane by means of a GPI anchor (reviewed in [23]). Although the evidence is somewhat thin [10],
it has been proposed that the RAET/ULBP family forms a phylogenetic group together with the
MIC/MILL family of NKG2D binding nonclassical MHC-I molecules which typically do possess an
«3 domain [24]. Therefore, besides the EPCR/CD1 situation, the RAET/ULBP/MIC/MILL group may
provide another example of related molecules with and without an «3 domain.

1.3. MHC-I in Teleost Fish and the Target of the Present Study

In teleost fish, there are currently five described MHC class I lineages denoted U, Z, S, L, and P,
and all essentially contain transmembrane heavy chain molecules with the canonical three extracellular
domains organization ([25-29]; reviewed in [30]), although at least at the genetic level, some variation
in the number of domains can be found (e.g., [30-32]). Defined by polymorphism, expression pattern,
and expectations for peptide binding ability, all identified teleost classical MHC-I genes belong to the
U lineage, while the U lineage also contains nonclassical MHC-I genes (reviewed in [30]). Among
teleost MHC-I, only classical U has been well studied at the genetic, structural, and functional levels
(reviewed in [9]), whereas for Z, S, L [25,27-29], and P [30], only genetic information is available.
Among the nonclassical lineages, only Z lineage members are expected to bind (probably N-terminally
modified) peptides in a way reminiscent of the peptide binding mode of classical MHC-I [28,30].

In the present study, we describe a sixth MHC-I lineage in teleosts. Previously, this lineage had
not been noted in teleost fish because of the high level of divergence. We designated the lineage H,
after the Greek hexa for six. Teleost H sequences are highly unusual in showing an unprecedented
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level of deterioration of their ectodomains, while having a large, unique, well-conserved motif in their
cytoplasmic tails.

2. Materials and Methods

2.1. Datamining

A mixture of annotated and un-annotated MHC-I sequences were identified using various
blastn and tblastn searches of Ensembl and NCBI databases using evolutionary diverged, as well as
species-specific, sequences. Genes, genomic regions, and regional genes were identified using either
the Ensembl blast browser: https://www.ensembl.org/index.html [33] (Nile tilapia Orenill.0; stickleback
BROAD S1; tetraodon TETRAODON 8.0; Spotted gar LepOcu 1) or the NCBI genome browser https:
//'www.ncbinlm.nih.gov/genome for the remaining species with available genomes (see Supplementary
Table S1 for further details). Some open reading frames were predicted using FGENESH [34], aligning
genomic and expressed sequences using Splign (https://www.ncbi.nlm.nih.gov/sutils/splign/splign.cgi)
and, in some other cases, exons and exon-intron junctions were defined using ORF finder in the
Sequence Manipulation suite [35], followed by manual inspection. Deduced amino acid sequences
are presented in Supplementary Text S1, while data on genomic sequences and matching expressed
sequences are compiled in Supplementary Table S1.

2.2. Usage of the Word MHC-I

Our usage of the word “MHC-1" is based on phylogeny [10] and not on location (in the human
genome) or function. Therefore, we do not use the distinction between “MHC-1” and “MHC-I-like” as
used by some other researchers because we find that to be troublesome when discussing deep MHC
evolution across species borders. Among MHC-I molecules, we distinguish between classical and
nonclassical based on known or expected presence of classical functions.

2.3. Experimental Analysis of Mexican Tetra HAA Transcript Sequences

Total RNA was isolated using TRIzol (Gibco) from the gill and mixed internal organs
of a Mexican tetra (Astyanax mexicanus) purchased from a pet shop. Animal handling and
experiments were in agreement with regulations at Fujita Health University. Total RNA was
reverse—transcribed into cDNA using ReverTra Ace (TOYOBO, Osaka, Japan), and the coding
sequence of Asme-HAA gene was amplified by Ex-Taq HS (Takara Bio, Shiga, Japan) using
primers Asme-HAA 5'UTR.F1 (5'-AAATCATACCTGGGGTCAGCTGTTA-3") and Asme-HAA 3'UTR.R1
(5"-GCGAAGCACAACCACATGGTCATGA-3") designed at 5" and 3’ untranslated regions, respectively,
of the Transcriptome Shotgun Assembly sequence report GFIF01006274. The PCR conditions were:
denaturation at 98 °C for 30 s, 40 cycles of denaturation at 98 °C for 10 s, annealing at 54 °C for 30 s,
and elongation at 72 °C for 90 s, and final elongation at 72 °C for 3 min. The PCR products were cloned
into pGEM-T Easy vector (Promega, Madison, WI, USA) and sequencing reactions were performed
with BigDye Terminator v3.1 Sequencing Standard kit (Applied Biosystems, Foster City, CA, USA),
and the nucleotide sequences were determined using 3130x] Genetic Analyzer (Applied Biosystems).
For both the gill and the mixed internal organ samples, multiple clones were determined to exclude
PCR and sequencing artefacts, and for both samples, two different sequences were amplified that
only show a single silent nucleotide exchange in the Asme-HAA coding sequence, Asme-HAA*01 and
Asme-HAA*02 (Supplementary Text S2), which were deposited at GenBank as accessions LC494124
and LC494125.

2.4. Phylogenetic Analysis

Alignments of deduced MHC-I amino acid sequences were made by hand based on considerations
on sequence similarity, relatedness of the sequences, and structure as described previously [10].
The transmembrane domain of HLA-A2 was predicted by TMPRED software, https://embnet.vital-it.
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ch/software/TMPRED_form.html [36]. A phylogenetic tree using the best conserved domain, namely
the x2 domain, was inferred using the Neighbor-Joining method [37] with bootstrap testing according
to Felsenstein [38]. During the bootstrapping process, 132 failed, so bootstrap values are based on
only 868 replicates. Thus, some pairwise distances could not be estimated, such as between sequence
Iefu-HAA and Taru-TR6. The evolutionary distances were computed using the p-distance method [39].
The lineage clustering was supported by another phylogenetic tree constructed using Maximum
Likelihood method based on the optimal JTT matrix-based model [40] (Supplementary Figure S1).
Evolutionary analyses were conducted in MEGA7 [41].

2.5. Synonymous Versus Non-Synonymous Nucleotide Substitution Rates

The teleost HAA sequence fragments encoding the unique cytoplasmic tail motif were analyzed
by the Synonymous Non-synonymous Analysis Program, SNAP v2.1.1, https://www.hiv.lanl.gov/
content/sequence/SNAP/SNAPhtml [42]. A similar analysis was performed for the available parts of
the full-length coding sequences of characiform HAA.

2.6. Expression Analyses

Transcriptional values (Reads Per Kilobase per Million mapped reads or RPKM) were calculated
using CLC Genomic Workbench 6.0.5 (https://www.qiagenbioinformatics.com/products/clc-genomics-
workbench). Reads were mapped with high stringency, i.e., greater than 95% identity over more than
90% of the total length of the query read. Only open reading frame query sequence was used for each
gene. Transcriptomes used in this study were: Atlantic salmon (Salmo salar) gills (SRR1422858), head
kidney (SRR1422860), gut (SRR1422859), ovary (SRR1422871), testis (SRR1422872), spleen (SRR1422870),
heart (SRR1422862), brain (SRR1422856), nose (SRR1422867), liver (SRR1422865), skin (SRR1422869),
eye (SRR1422857) [43]; Northern pike (Esox Lucius) gills (SRR1533653), kidney (SRR1533657), intestine
(SRR1533659), ovary (SRR1533651), testis (SRR1533661) [44]; Zebrafish (Danio rerio) gills (SRR1524239),
kidney (SRR1524243), intestine (SRR1524245), ovary (SRR1524248), testis (SRR1524249); Spotted
gar (Lepososteus oculatus) gills (SRR1524251), kidney (SRR1524255), intestine (SRR1524257), ovary
(SRR1524259), and testis (SRR1524260).

3. Results

3.1. Identification of H Lineage Sequences in Holostei and Teleostei

H lineage sequences were found in Teleostei and Holostei by blast similarity searches using a
spotted gar (Lepisosteus oculatus) sequence that we previously reported as LO1 (Lepisosteus oculatus
sequence 1) [30] and which we now recognize as a member of the previously unknown H lineage
and therefore renamed Leoc-HAA (nomenclature as suggested in [45]). The sequences presented
in the current study were found in public databases (Supplementary Text S2) and, in the case of
Asme-HAA of Mexican tetra (Astyanax mexicanus), also confirmed by experiments (Supplementary
Text S2). Phylogeny of the fish clades to which the investigated species belong is shown in Figure 1.
Finding of H lineage members in both Holostei and Teleostei implies that the lineage is more than
300 million years old ([46]; Figure 1). We were unable to find H lineage members in other clades
of species.

3.2. Genomic Positions of Detected H Lineage Genes Reveal Orthology

Genomic positions of representative H lineage genes are shown in Figure 2 and reveal orthology of
the HAA genes in teleost fish and spotted gar. In the present study, in cases where the genomic location
is not known, the first H lineage genes detected for a species are also named HAA (Supplementary
Text S1, Table S1). Salmonid fishes experienced a whole genome duplication early in their evolution
(e.g., [43,47]), which explains the gene duplication and the presence of HAA and a similar HBA gene in
similar genetic surroundings (Figure 2 and Supplementary Table S1). In Atlantic salmon and rainbow
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trout (Figure 2 and Supplementary Text S1), but potentially not in coho salmon (Oncorhynchus kisutch;
Supplementary Text S1), the HBA became a probable pseudogene. In common carp (Cyprinus carpio)
two H lineage loci, HAA and HBA, are situated closely together (Table S1), indicating their origin by
tandem duplication.
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Figure 1. Phylogeny of the fish clades investigated in this study according to Near et al. [46]. A timescale
is depicted in millions of years ago (MYA) above the figure. As for the investigated fish species: Holostei
include bowfin and spotted gar; Elopomorpha include European eel and American eel; Cypriniformes
include common carp, zebrafish, and horned golden-line barbel; Siluriformes include channel catfish,
blue catfish, southern catfish, and amur catfish; Gymnotiformes include glass knifefish; Characiformes
include Mexican tetra, tambaqui, and pacu; Clupeomorpha include Atlantic herring, Hilsa ilisa, sardine,
and allis shad; Protacanthopterygii include Atlantic salmon, rainbow trout, coho salmon, and Northern
pike; and Neoteleostei include Nile tilapia, stickleback, tetraodon, yellow croaker, red-lip croaker,
guppy, medaka, and turquoise killifish. Clades possessing HAA gene sequences are boxed in blue.
The teleost specific third whole genome duplication (TGD) and the salmonid specific fourth whole
genome duplication (SGD) are shown.
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Figure 2. Genomic locations of H lineage loci in representative teleost fishes and spotted gar. H lineage
genes and their flanking genes in Tilapia (Oreochromis niloticus), Atlantic salmon (Salmo salar), Zebrafish
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(Danio rerio), Mexican tetra (Astyanax mexicanus), and Spotted gar (Lepisosteus oculatus) are shown
as boxes. In Atlantic salmon, the region is duplicated and found on two different chromosomes.
Red boxes represent intact H lineage genes, striped red represents a probable H lineage pseudogene,
and light blue shading is used for non-MHC genes present in three or more species, while grey
shading represents non-MHC genes showing poorer conservation in this region. The database sequence
position of the depicted genomic region is shown in small font on the left side of each region, and if
known the chromosome number is shown at the bottom of the figure. The 1 symbol indicates a
probable pseudogene.

The H lineage loci appear not to be linked with the classical Mhc region (e.g., compare the H loci
positions in Figure 2 with the positions of the classical MHC-I loci in reference [30]), which is quite
common among nonclassical MHC-I (e.g., [10,30]).

3.3. Intron-Exon Organization of H Lineage Genes and Losses of Ectodomain Exons

Comparison of available genomic and cDNA information (Supplementary Table S1) allowed
analysis of intron-exon organization. Intron-exon organizations of representative H lineage genes
are shown in Figure 3, and sequences encoded by the «1, a2, and a3 exons are separately aligned
in Figure 4. Spotted gar Leoc-HAA encodes all domains of a consensus MHC-I molecule, including
al, a2, «3, and CP/TM/CY domains, and the intron-exon organization is as commonly found among
MHC-I genes (Figure 3). In contrast, cDNA analysis indicates that teleost fish H lineage genes do
not possess «3 domain exon sequences (Figure 4 and Supplementary Text S1) and analysis of the
genomic region sequences confirms this absence (Figure 3). Furthermore, in neither cDNA (Figure 4;
Supplementary Text S2) nor genomic DNA (Figure 3) could an a1 domain exon sequence be found
for Mexican tetra Asme-HAA, and this «1 absence was confirmed at the cDNA level for another
characiform fish, pacu (Piaractus mesopotamicus) (Figure 4; Supplementary Text S1). Characiformes are
related with Siluriformes and Gymnotiformes (Figure 1; [46]), and in Siluriformes, the deterioration of
a consensus type MHC-I ectodomain is also pronounced. For example, in the two investigated fish of
the genus Silurus, Southern catfish (Silurus meridionalis) and Amur catfish (Silurus asotus), the o2 exon
appears to be entirely lacking according to investigated cDNA sequences (Figure 4; Supplementary
Text S1); however, genomic information for these Silurus H genes is absent and, theoretically, there
might be additional transcripts from the same genes that do include an a2 exon. Yet, for the related
siluriform species channel catfish (Ictalurus punctatus), both cONA and genomic sequence information
is available (Supplementary Table S1), providing solid evidence that large parts of both «1 and «2 exon
consensus were lost (Figures 3 and 4), and this probably relates to the same lack of importance of the
ectodomains as reflected in the complete loss of 1 exon sequences in characiform H and of x2 exon
sequences in Silurus H. Lack of conservation pressure for maintaining H lineage ectodomains may also
explain the short «1 and «2 sequences of Eivi-HAA of glass knifefish (Eigenmannia virescens) belonging
to Gymnotiformes (Figure 4), although the fragment losses are less extreme compared to those in
Characiformes and Siluriformes. Teleost fishes other than Characiformes/Siluriformes/Gymnotiformes
(C/S/G) possess H lineage sequences with an «2 length that is quite similar to MHC-I consensus, but
their «1 sequence length is considerably shorter than the consensus, although not as short as in H
sequences in C/S/G fish (Figures 3 and 4).
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Figure 4. Alignment of deduced H lineage amino acid sequences with other representative MHC-I

sequences. Color shading of residues highlights conserved features and is explained in the main text.

The sequences are divided into leader, «1, a2, x3, and CP/TM/CY regions, the borders of the first four

domains being defined by (expected) exon borders. Numbers under the alignment are based on residue
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positions in mature HLA-A2 protein, and B-strand (S) and helix (H) structural indications are based
on the pHLA-A2 structure in the PDB database accession 3PWN. Non-shaded cysteines are in
purple font. Font colors of non-shaded residues are based on reference [48], with basic residues
in red, acidic residues in blue, and green residues being more hydrophilic than the orange ones.
The (part.) indications refer to incomplete sequence information. H sequence references are as follows:
Orni (Oreochromis niloticus, Nile tilapia) -HAA (TSA: GBAZ01123113); Gaac (Gasterosteus aculeatus,
Stickleback) -HAA (DW655318); Lacr (Larimichthys crocea, Yellow croaker) -HAA (XP_010741942.1); Pore
(Poecilia reticulata, Guppy) -HAA (XP_008432358.1 and TSA: GFHH01045885); Teni (Tetraodon nigroviridis,
Tetraodon) -HAA (CAGO07665.1); Nofu (Nothobranchius furzeri, Turquoise killifish) -HAA (JZ2213307);
Sasa (Salmo salar, Atlantic salmon) -HAA (XP_013995094.1); Onmy (Oncorhynchus mykiss, Rainbow trout)
-HAA (XP_021468778.1); Onki (Oncorhynchus kisutch, Coho salmon) -HAA (TSA: GDQG01022519.1) and
-HBA (TSA: GDQG01022514.1); Eslu (Esox Lucius, Northern pike) -HAA (XP_010881869); Cyca (Cyprinus
carpio, Common carp) -HAA (KTG41314) and -HBA (KTG33590); Sirh (Sinocyclocheilus rhinocerous,
Horned golden-line barbel) -HAA (Genomic sequence NW_015649561.1:87.947-91.348); Dare (Danio rerio,
Zebrafish) -HAA (XM_003197841); Asme (Astyanax mexicanus, Mexican tetra) -HAA (LC494124);
Pime (Piaractus mesopotamicus, Pacu) -HAA (Bioproject PRJEB6656:); Coma (Colossoma macropomunt,
tambaqui) -HAA(TSA: GGHL01056846 and Bioproject PRINA292457); Icpu (Ictalurus punctatus,
Channel catfish) -HAA (TSA: JT437950); Icfu (Ictalurus furcatus, Blue catfish) -HAA (Bioproject
PRJNA195453); Sime (Silurus meridionalis, Southern catfish) -HAA (Bioproject PRINA427243); Sias
(Silurus asotus, Amur catfish) -HAA (TSA: GHGF01004423); Eivi (Eigenmannia virescens, Glass
knifefish) -HAA (TSA: GGGZ01064726); Alal (Alosa, Allis shad) -HAA (TSA: GETY01043622); Clha
(Clupea harengus, Atlantic herring) -HAA (Genomic sequence NW_012220971.1: 1.071.225-1.073.475);
Teil (Tenualosa ilisha, Hilsa ilisa) -HAA (QYSC01123722.1: 356.174-357.933); Sapi (Sardina pilchardus,
Sardine) -HAA (TSA: GGSC01229082); Amca (Amia calva, Bowfin) -HAA (TSA: GEUG01019669); Leoc
(Lepisosteus oculatus, Spotted gar) -HAA (XP_015216910). The references of the other sequences are
Sasa (Salmo salar, Atlantic salmon) -SAA (ACY30362.1), -LCA (XP_013983104.1), -ZAAa (ACX35596.1),
-UBA (*0301, XP_014032819); Leoc (Lepisosteus oculatus, Spotted gar) -Z (LO14, TSA: GFIM01040660),
-L (LO12, JH591577:52,184-56,541), -U (TSA: GFIM01032149); Asme (Astyanax mexicanus, Mexican
tetra) -S (AM33, ENSAMXG00000017444), -P (TSA: GFIF01000014); Taru (Takifugu rubripes, Fugu) -P
(Scaffold_497:44,782-49,340); and Human HLA-A2 (AAA76608.2). See Supplementary Table S1 and
Text S1 for more details.

3.4. Deduced Amino Acid Sequences of Teleost H Lineage Molecules Reveal Deterioration of Ectodomains and
the Possession of an Unusual Cytoplasmic Tail Motif

In Figure 4, the deduced amino acid sequences of H lineage sequences are compared with
representative sequences of other MHC-I lineages found in teleost fish, and with the human classical
MHC-I molecule HLA-A2. Black shading highlights residues or sets of similar residues that probably
were also present before the evolutionary separation of the MHC classes I and 11 [10,49], gray shading
highlights residues or sets of similar residues that are common in and rather specific for classical
MHC-I ([10] and our ongoing investigations), and yellow shading highlights conserved residues
which in classical MHC-I are involved in binding the peptide termini [3,5]. The depicted Atlantic
salmon Sasa-UBA*0301 sequence is an allele of the polymorphic classical UBA locus [30,50]. From
its length and shading pattern in Figure 4, it is readily concluded that spotted gar Leoc-HAA shows
an overall similarity to classical MHC-I and may build a similar structure, whereas it lost four of
the classical MHC-I residues used for binding of peptide termini and possibly does not possess a
groove for peptide binding. Holostei are classified into the orders Lepisosteiformes and Amiiformes,
represented by spotted gar and bowfin (Amia calva), respectively. Although an a3 domain is present
in spotted gar Leoc-HAA, in bowfin Amca-HAA and teleost H lineage sequences, the 3 domain is
absent (Figure 2), which suggests that the «3 domain was independently lost in the bowfin and teleost
fish ancestors. However, the absence of an «3 domain in bowfin Amca-HAA would need confirmation
at the genomic level because the single available cDNA sequence might represent only one of multiple
splicoform variants.
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Because of the large degree of diversification between the sequences, some regions of the Figure 4
alignment are only tentative. Except for the apparent and differential losses of ectodomain parts, it is
difficult to find common features that collectively distinguish the H lineage ectodomains from other
MHC-I lineages. The only readily distinguishable specific feature may be the acidic residue at position
100, shaded blue in Figure 4. Nonetheless, phylogenetic tree analysis shows that the H lineage «2
domain sequences do share overall specific similarity as the H sequences form a single cluster (Figure 5;
we refrained from such analysis for the «1 domain because of uncertainty about the correct alignment).

98 - Onki-HAA

Anro HA1
Clha-HAA H

99 Sapi-HAA

75

99 Pime-HAA
35 g6 E Coma-HAA
Asme-HAA
39 Eivi-HAA
73 [ lepu-HAA
99; lefu-HAA
f Amca-HAA
57 Leoc-HAA
Taru-TR6 P

Asme-P

Sasa-LCA L
Leoc-LO12
Sasa-SAA

Asme-AM33
Sasa-ZAAa
Leoc-LO14 Z

HLA-A2

020

Figure 5. Phylogenetic tree based on 2 domain amino acid sequences of representative H lineage and
other MHC-I molecules as aligned in Figure 4. Clusters with the six different MHC class I lineages
found in teleosts are shown with colored boxes. The evolutionary history was inferred using the
Neighbor-Joining method [37]. The optimal tree with the sum of branch length = 15.21024459 is
shown. The percentage of replicate trees in which the associated taxa clustered together in the bootstrap
test (1000 replicates) are shown next to the branches [38]. The tree is drawn to scale, with branch
lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree.
The evolutionary distances were computed using the Poisson correction method [39] and are in the
units of the number of amino acid substitutions per site. The analysis involved 38 amino acid sequences.
All ambiguous positions were removed for each sequence pair. There were a total of 104 positions in
the final dataset. Evolutionary analyses were conducted in MEGA?7 [41]. Sequence references can be
found in legend to Figure 4 and in Supplementary Text S1.
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Among classical MHC-I cytoplasmic tails, the YXXA motif (X denotes any possible residue) is
rather well conserved (shaded magenta in Figure 4), although in teleost fish the tyrosine is commonly
replaced by phenylalanine (Figure 4; [51]). The YXXA motif in classical MHC-I plays a role in endocytic
trafficking of surface MHC-I molecules and the loading with exogenous antigens [52,53]. These residues
are not present in the H lineage sequences.

However, in sharp contrast to the diversification of their ectodomains, the teleost H lineage sequences
show remarkable conservation of a large motif in the cytoplasmic tail GV(I/L)GS(I/L/V)(I/V)HYP. In Figure 4,
the single residues within this motif in teleost H are shaded blue and the variable residues are shaded
green. We are not aware of a similar cytoplasmic tail motif in other proteins, but the conserved tyrosine
suggests involvement in intracellular pathways by means of phosphorylation. The conservation of
hydrophobic residues at some positions within the cytoplasmic tail motif suggests interaction with
another as yet unidentified protein. Equally, the conservation of a hydrophilic serine at position 304 in
the teleost H lineage transmembrane domain sequences, and maybe also the partial conservation of a
proline at position 290, suggest interaction of the TM domain with some other molecule. Examples of
molecules believed to use a conserved serine/threonine or proline within the transmembrane domain
for intermolecular protein binding are CD74 [54,55] and Ig«x [56], respectively. The identity of the
molecules putatively interacting with the HAA TM/CY regions can only be guessed. In H molecules
of Holostei, only parts of the teleost H lineage GV(I/L)GS(I/L/V)(I/V)HYP cytoplasmic tail motif are
found, but, importantly, the tyrosine within the motif is conserved, as is the unusual serine within the
TM domain. Thus, unique features of the H lineage transmembrane and cytoplasmic tail domains
have been conserved over 300 million years, underlining their probable importance.

3.5. Nucleotide Sequences Encoding the Teleost H Lineage Cytoplasmic Tail Motif Indicate Purifying Selection

A possible explanation for the deterioration of the H lineage ectodomains in teleosts could
be that the proteins lost their function and that the teleost H genes and gene transcripts are only
nonfunctional remnants of an evolutionary past, or, alternatively, that teleost H genes only have a
function at the transcript level. Because a lack of protein function is reflected in the rates of synonymous
versus non-synonymous (ds versus dn) substitutions that accumulate in a gene, the nucleotide
sequences encoding the cytoplasmic tail GV (I/L)GS(I/L/V)(I/V)HYP motif were compared between
all teleost H lineage molecules shown in Figure 4 and between the H lineage molecules of only
Characiformes/Siluriformes/Gymnotiformes (C/S/G) (Supplementary Text S3A-C). The results in
Supplementary Text S3 show that the ds/dn ratio among H lineage molecules of all compared teleost
aligned is 14.60 and that, among the H lineage molecules of the C/S/G teleost subgroup, it is 20.03.
These numbers indicate purifying selection at the amino acid level and suggest that H lineage proteins
are functional in teleosts, including in C/S/G fish.

The characiform HAA sequences Asme-HAA, Pime-HAA, and Coma-HAA are sufficiently similar
and dissimilar for allowing reliable alignment and meaningful ds/dn analysis for the available part
of their full-length coding sequences, and the calculated ds/dn ratios were 2.00 for Asme/Pime, 2.35
for Asme/Coma, and 1.71 for Pime/Coma (Supplementary Text S3D). This is additional evidence for
purifying selection at the amino acid level in characiform H lineage sequences, even after losses of
both the «1 and o3 domains.

3.6. Expression Pattern

The tissue distribution of H lineage transcripts was determined by analysis of transcriptome
data. Initially, we investigated a panel with a wide variety of Atlantic salmon tissue transcriptomes
available in GenBank [43]. This analysis showed highest expression in Atlantic salmon ovary with
low to medium expression levels in other tissues, disregarding liver and skin where the expression
levels were insignificant (Table 1). The expression levels are comparable to those of other non-classical
Atlantic salmon MHC-I genes, such as UDA, LDA, and ZBAa, and are generally much lower than
found for the classical UBA gene (Table 1, data from [30]). We then analyzed the expression of HAA
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genes in transcriptome data publicly available for several ray-finned fish species and found an overall
low to medium expression level (Table 1). The high expression level found in Atlantic salmon ovary
was neither seen in ovary samples from the other species shown in Table 1 nor in rainbow trout ovary
(GenBank ERR324375; rainbow trout data not shown). However, in general, it is difficult to compare
transcription values between animals and samples as the biological age and status of the animals,
providing the transcriptomes are not well defined. From Table 1, it can be concluded that H lineage
genes are transcribed in most tissues in species ranging from spotted gar to Atlantic salmon, but the
detected expression pattern is not helpful for predicting a specific function.

Table 1. HAA transcription in various tissues of several teleost fish species. Transcriptional values are
given as RPKM, i.e., Reads Per Kilobase per Million mapped reads. See Materials and Methods section
for dataset references. * Tissue denoted kidney is defined as head kidney in Atlantic salmon but as
kidney in the other species. ** Intestine/gut is defined as gut in Atlantic salmon but as intestine in the
other species. Atlantic salmon RPKM values in grey colored cells for the classical UBA locus and the
nonclassical UDA, LDA, and ZBAa genes originate from our previous study [30].

Tissue\Gene Sasa-HAA Eslu-HAA Dare-HAA Leoc-HAA Sasa-UBA Sasa-UDA Sasa-LDA Sasa-ZBAa

Gills 9.48 1.57 3.50 0.95 253.57 5.65 3.36 43.46
Kidney * 11.49 1.79 4.11 3.55 66.97 4.05 417 9.42
Intestine/gut ** 16.47 1.90 441 11.09 361.72 427 1.86 18.57
Ovary 56.84 2.66 8.65 1.35 1.25 429 6.08 0.11
Testis 10.49 1.54 3.18 2.07 60.84 6.31 1.14 2.70
Spleen 9.62 n/a n/a n/a 260.43 6.63 272 19.47
Heart 2.85 n/a n/a n/a 16.79 1.35 1.24 8.11
Brain 5.61 n/a n/a n/a 17.65 1.75 0.30 3.34
Nose 240 n/a n/a n/a 60.70 5.44 2.02 8.61
Liver 0.94 n/a n/a n/a 12.92 0.78 1.23 4.30
Skin 0.17 n/a n/a n/a 4.84 6.31 0.09 0.08

Eye 1.77 n/a n/a n/a 11.75 0.79 0.15 2.76
Query Length (bp) 741 741 693 1056 1068 1068 1080 1128

4. Discussion

In the present study, a sixth lineage of teleost MHC-I sequences is presented and designated H.
H lineage sequences are also found in Holostei, and spotted gar HAA at least looks structurally similar
to classical sequences. Spotted gar HAA has all domains found in classical MHC-I, and those domains
are of similar length and have many of the MHC-I and MHC-I/II characteristic residues (gray and
black shading in Figure 4), although several of the classical residues for binding of peptide termini
(yellow shading in Figure 4) were lost. In contrast to the spotted gar HAA sequence, the teleost H
lineage sequences show an unprecedented deterioration of the canonical MHC-I ectodomain structure,
with a loss of the a3 domain and a seemingly random loss of stretches and residues within the «1 and
«2 domains, or even of the entire a1l or a2 domains. Although firm conclusions cannot be drawn,
the impression from the sequence comparisons is that, in teleost H lineage molecules, the ectodomain
lost most of its function. In contrast, unique residues in the transmembrane domain and cytoplasmic
tail which are found in Holostei H molecules are also conserved in teleosts and suggest binding of a yet
unknown partner molecule and intracellular signaling through tyrosine phosphorylation. Especially
among teleost H molecules, the conservation of a large cytoplasmic motif including the mentioned
tyrosine is impressive. We are not aware of any previous descriptions of a group of MHC molecules
with such deteriorated ectodomains or with such an impressive cytoplasmic tail motif. Regarding the
often posed question of how the unique MHC peptide-binding domain structure emerged in evolution
the teleost H sequences are quite interesting, as they seem to provide evidence that also partial MHC
structures can be stable. Therefore, future studies should not only investigate the function but also the
structures of the H lineage molecules.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/8/9/1056/s1,
Text S1: Gene specifics and sequences; Text S2: Mexican tetra amplification; Text S3: Substitution rates; Table S1.
Genomes, genomic location and expressed match; and Figure S1. Maximum Likelihood phylogenetic tree.
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