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Abstract

Background Diversification driven by natural selection is a major source of biodiversity. Parasites and pathogens
impose important selective pressures on their hosts, contributing to high levels of polymorphism at immuno-
logically relevant genes within and among populations. The antigen-recognizing class [IB genes of the major
histocompatibility complex (MHC) are major targets of parasite-mediated selection and frequently show genetic
differentiation and local adaptation among populations. Accumulating evidence suggests that, besides allele
sequence, variation in MHC expression may contribute to functional differences among alleles and loci. Here,
we studied allele-specific MHC IIB expression in wild cichlid populations and evaluated patterns of expression
variation in relation to allele frequency, functional supertypes, and population structure.

Results Building on previous knowledge of MHC class IIB diversity associated with ecological divergence in
cichlid fish, we examined MHC expression patterns, their relationship with allele frequency, and their variability
among populations and species. In Midas cichlids, a few highly abundant alleles showed consistently low expres-
sion, while many less common alleles showed high expression and were restricted to particular host populations.
MHC alleles belonging to the same functional supertypes showed similar expression patterns. Lowly expressed
supertypes showed relatively consistent expression across populations, while highly expressed supertypes exhib-
ited substantially greater among-population variation. In the African cichlid dataset, putative MHC class IIB loci
also showed marked variation in expression. Interestingly, lowly expressed Midas cichlid alleles clustered phy-
logenetically with lowly expressed putative African loci, while most highly expressed variants formed separate
clusters.

Conclusions Our findings reveal a strong relationship between MHC allele frequency and expression, with the
most common alleles tending to show low expression and many less common alleles showing high expression.
The phylogenetic association between lowly expressed Midas cichlid alleles and African putative loci suggests
that low expression might be associated with distinct MHC lineages, although its functional significance remains
unresolved. MHC expression also varied substantially among populations, particularly for highly expressed
supertypes. Together, these results show that allele- and locus-specific expression provides an additional dimen-
sion of MHC diversity beyond sequence variation alone. Whether these expression patterns influence parasite
recognition or are shaped by parasite-mediated selection remains to be tested using direct parasite and infection
data.

Keywords Major histocompatibility complex - Gene expression - Cichlids - Host-parasite interactions

This Article in Press is shared early to give you faster access to new research. It is citable and carries a permanent DOI.
The final edited version will replace it automatically.

®) BMC Genomics https://doi.org/10.1186/512864-026-13370-x

Published online: 22 September 2026 . BMC



http://crossmark.crossref.org/dialog/?doi=10.1186/s12864-026-13370-x&domain=pdf&date_stamp=2026-9-22
https://doi.org/10.1186/s12864-026-13370-x

Article in Press https://doi.org/10.1186/512864-026-13370-x

Introduction

Host-parasite interactions are a major force driving evolution at different levels of biological organisation and in
particular can lead to an excess of genetic diversity in some genomic regions [ 1-4]. Infection by parasites triggers
the evolution of defence responses in the host that try to mitigate the costs of infection, which in turn induces
parasites to adapt to the new conditions, culminating in an evolutionary arms race [5, 6]. These highly dynamic
interactions generate and maintain genetic diversity among and within populations. A few genomic regions cod-
ing for genes of the host’s immune system show evidence of parasite-mediated balancing selection and conse-
quently maintain remarkably high levels of polymorphism [7, 8]. This is particularly true for the genes of the
major histocompatibility complex (MHC). The MHC is at the core of the immune defence of vertebrates against
parasites. MHC molecules present foreign antigens to T cells which initiates an adaptive immune response that
is specific to the infecting agent [9, 10]. There are two classes of MHC molecules that are encoded by highly
polymorphic gene families. MHC class I is expressed on most body cells and binds peptides from intracellular
parasites and pathogens (e.g. viruses). MHC class II molecules are expressed mainly on specialized antigen-
presenting cells, but their expression can be induced in other cell types as well. They present peptides loaded in
endosomal compartments, typically derived from extracellular antigens or infectious agents located in intracel-
lular vesicles, including metazoan parasites, bacteria, and extracellular viral particles [9, 10]. For simplicity we
will further refer to these collectively as parasites.

MHC class I and class II are highly dynamic multigene families, whose evolution is characterized by birth-and-
death processes. New genes arise through gene duplication, and some of these duplicated genes are retained in the
genome, while others become pseudogenes, acquire new functions, or are eliminated [11, 12]. Positive selection
acting on sites that interact directly with parasite-derived antigens promotes the accumulation of mutations across
paralogous gene copies. This process results in extensive polymorphism and copy number variation among and
within species and populations [13—15]. As a result, individuals, populations, and species each possess a distinc-
tive repertoire of MHC class I and class II variants, enabling their immune systems to recognize antigens derived
from a diverse array of parasites. These extreme levels of polymorphism are maintained by parasite-mediated
balancing selection, with MHC allele pools adapted to the local parasite communities [8, 16, 17]. Differentiated
local allele pools were inferred for a wide range of vertebrates [ 18—23] which tracks divergence of infecting para-
site communities [24—27]. Additionally, specific alleles are associated with resistance or susceptibility to specific
parasites [26, 28, 29]. Associations with parasite infections were also described for groups of functionally similar
alleles, i.e. supertypes, rather than single alleles [30, 31].

The immune response to parasites may be modulated by the regulation of expression levels of particular MHC
alleles [32]. Different studies have suggested that not all MHC alleles are expressed [33—36], and that expres-
sion can be tissue-specific [37-39]. However, less focus has been placed on the importance of regulating MHC
gene expression for the response to parasites. Studies that focussed on the expression of specific MHC class 11B
alleles or on overall expression found that alleles and genotypes differ in expression [38, 40], expression of alleles
or genotypes increases in the presence of specific parasites [41], and increased expression may compensate for
suboptimal individual MHC diversity [42]. Despite that, it remains unresolved whether MHC expression levels
correlate with parasite infections. Identifying such associations requires higher, allele-specific resolution of MHC
expression. Studies that thoroughly assess allele-specific expression are scarce, particularly for non-model organ-
isms, and focuss predominantly on MHC class I. In birds, large variation in expression among MHC class I alleles
were identified [43—45]. In these studies, a set of alleles showed consistently low expression, and they were
attributed to the non-classical MHC, while classical MHC class I alleles were more polymorphic and showed
pronounced variation in expression. For MHC class 11, allele-specific high and low expression was identified in
humans and mice with consequences for disease risk, although environmental factors may have a considerable
effect on expression levels [32]. A study on newts inferring allele expression from whole transcriptome sequenc-
ing identified several highly expressed alleles and a strongly supported cluster of alleles with practically no
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expression [35]. In salmonids and medaka, three clusters of MHC class IIB loci were identified: one highly poly-
morphic cluster with high expression across all tested tissues and features of classical MHC IIB and two clusters
inferred to contain non-classical loci with low polymorphism and low, often tissue-specific expression [39, 46].
In this study, we used both allele-specific sequencing of the MHC IIB and transcriptome-wide expression data for
a comparative exploration of expression variation in this gene family across cichlid fish.

Cichlid fish are one of the most species-rich vertebrate family [47, 48]. They inhabit tropical and subtropical
freshwater systems where they have rapidly diversified as a result of natural and sexual selection [49-53]. Expo-
sure to divergent parasite communities could be a mechanism contributing to cichlid diversification [54—57].
Cichlid fish have one of the largest MHC class II repertoires described so far [33, 58], which could be driven
by parasite mediated selection. MHC allele pools exhibit considerable differentiation between populations and
closely related species [54, 59, 60], and at the same time, allelic lineages are shared among independent radia-
tions even across continents [61, 62]. Similar to other systems, MHC allele pool divergence in cichlid fish did not
entirely correspond to divergence in parasite communities [60, 63], indicating that selection may act at different
levels on the MHC, including expression.

In this study, we aimed to characterize patterns of MHC class Il expression in cichlid fish. We generated
MHC sequence data and identified MHC IIB alleles in the populations of the Neotropical Midas cichlid species
complex (Amphilophus spp.), estimated their frequencies and expression levels, and assessed the relationship
between frequency and expression. We then grouped functionally similar alleles into supertypes and examined
their distribution and expression patterns across Midas cichlid populations. Finally, we used available genomic
and transcriptomic data from African cichlids to quantitatively assess whether variation in expression among
putative MHC class II loci showed patterns comparable to those observed among Midas cichlid alleles and super-
types. We also examined the phylogenetic relationship between highly and lowly expressed Midas cichlid alleles
and putative African loci.

Material and methods
Sampling

We collected samples of Midas cichlid fish (340 in total) in Nicaragua in December in 2017 and 2018 from the
two Great Nicaraguan lakes and five crater lakes (Fig. 1, Table 1). We caught fish with gill nets, and euthanized
them with an overdose of Tricaine mesylate (MS-222) on cold water, following the procedures approved by
the American Veterinary Medical Association Guidelines for Euthanasia of Animals: 2020 edition (available at
https://www.avma.org/sites/default/files/2020-02/Guidelines-on-Euthanasia-2020.pdf). We stored muscle tissue
in absolute ethanol at —20 °C and we collected the spleen in RNAlater Stabilization Solution (Ambion, USA) and
stored it at —80 °C thereafter.

DNA and RNA extraction

We extracted DNA from fin, muscle, or spleen with the DNeasy Blood and Tissue kit (Qiagen, Germany) follow-
ing the manufacturer’s recommendations. We incubated a piece of tissue with 20 pl of Proteinase K in 180 pl of
ATL buffer at 56 °C for approximately 3 h. We mixed the lysate with 200 pl of AL buffer and 200 pl of ethanol
and transferred it to the spin column. We cleaned the DNA first with 500 pl of AW1 buffer and then with 500 pl
of AW2 buffer and eluted it in 200 pl of DNase/RNAse-free water. We removed remnant RNA by incubating the
DNA with 14 U of RNase A (Qiagen, Germany) at room temperature for 4 min and inactivated the RNase by
freezing at —20 °C. DNA was quantified with Qubit (Invitrogen, USA).

We extracted RNA from a fragment of 5 X 5 mm of spleen, which we homogenized with ceramic beads in 250 pl
of TRI Reagent at 6800 rpm for 3 x20 s in a Precellys Evolution homogenizer (Bertin Instruments, France). We
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Fig. 1 Map of the great lakes region in Nicaragua
(modified from NASA Photojournal PIA03364).
Sampled lakes are indicated. CL=Crater Lake

PACIFIC
OCEAN
Table 1 Number of indi- Lake Popu]ation n
viduals (n) of Midas cichlid Nicaragua A. citrinellus Nic 26
incluqed in the analyses in L Nicaragua A. labiatus Nic 22
the different lake (L) and L Managua A. citrinellus Man 50
crater lakes (CL) L Managua A. labiatus Man 12
CL Masaya A. cf. citrinellus Mas 26
CL Masaya A. cf. labiatus Mas 2
CL Apoyeque A. cf. citrinellus Apo 12
CL Apoyeque A. cf. labiatus Apo 6
CL Asososca Ledn A. citrinellus f. bent 18
CL Asososca Ledn A. citrinellus f. limn 20
CL Apoyo A. astorquii 19
CL Apoyo A. chancho 14
CL Apoyo A. globosus 5
CL Apoyo A. zaliosus 18
CL Xiloa A. amarillo 19
CL Xiloa A. xiloaensis 17
CL Xiloa A. sagittae 35

incubated the homogenate for 5 min at room temperature, then added 50 pl of chloroform. We incubated the mix-
ture for 2 min at room temperature and centrifuged it for 15 min at 12,500 rpm at 4 °C. We transferred the super-
natant to a new tube, added 125 ul of isopropanol, and incubated it overnight at —80 °C. We transferred the liquid
to a Direct-zol RNA Miniprep (Zymogen, USA) spin column and cleaned the RNA following the manufacturer’s
instructions. In short, we washed the spin column twice with 400 ul of RNA PreWash and once with 700 pl of
RNA Wash Buffer. We eluted the RNA in 40 pl of DNase/RNase-free water and treated it with DNase I (Thermo
Scientific, USA) following the manufacturer’s recommendations. RNA quantity and quality were measured with
a NanoDrop 1000 (Thermo Scientific, USA).

cDNA synthesis and qPCR testing

We synthesized cDNA with the RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific) following the
manufacturer’s instructions for gene-specific primers. We designed gene-specific reverse transcription primers
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that targeted the MHC IIB (5’-AACATGGCAGGATG-3") and two housekeeping genes (ACTB 5’-TCCCTGTT
GGCTTT-3’, EF1A 5’-GTCGTTCTTGCTGT-3"). We mixed approximately 450 ng of DNase-treated RNA with
20 pmol of each reverse transcription primer, 4 ul of 5 xreaction buffer, 1 pl of RiboLock RNase Inhibitor, 2 pl
of dNTPs, and 1 pl of RevertAid M-MuLV reverse transcriptase in a final volume of 20 pl and incubated it for
60 min at 42 °C, then for 5 min at 70 °C, and stored it at —80 °C.

We diluted the cDNA 1:20 and amplified MHC IIB, ACTB, and EF1A in a single PCR reaction. We reduced
the amplification of the housekeeping genes with blocking reverse primers with a 3’ amino linker. We deter-
mined the optimal blocking primer concentrations with qPCRs, gradually increasing the concentration of block-
ing reverse primers and decreasing the concentration of normal reverse primers, keeping the total concentration
of reverse primers constant at 0.3 uM. We approximated the amount of PCR product with the height of peaks of
the melting curves corresponding to each gene. We deemed the concentration of blocking primers that rendered
peaks of similar heights as optimal. We prepared qPCR reactions as described below for regular PCRs but using
the FastStart Universal SYBR Green Master (ROX). Cycling conditions were as follows: initial denaturation of
10 min at 95 °C and 40 cycle of 95 °C for 15 s, 50 °C for 30 s, and 72 °C for 1 min. This was followed by the
melting analysis. We determined the optimal number of thermal cycles for regular PCRs from the amplification
curves in order to avoid reaching the plateau phase.

MHC amplification and sequencing

MHC IIB was amplified from DNA with one forward and two reverse primers [60] and sequenced on a [llumina
MiSeq by LGC Genomics (Germany). Twenty-one samples of the 340 were amplified and sequenced in dupli-
cates. Briefly, PCRs were done in 20 pl containing 15 pmol of each primer and 2 x MyTaq PCR Mix with 1.5 U
of polymerase. Cycling conditions were as follows: 2 min denaturation at 96 °C followed by 20 cycles of 96 °C
for 15's, 50 °C for 30 s, 70 °C for 1 min. Following primer removal, libraries were prepared using the MiSeq v3
chemistry. Paired-end sequencing resulted in a mean of 15,700 2 x 300 bp reads per sample.

We amplified MHC IIB and housekeeping genes from cDNA in a single reaction for each sample. We did
PCRs in a reaction volume of 25 pl containing 12.5 pl 2 x FastStart PCR master mix (Roche, Germany), one
forward and two reverse MHC IIB primers [60], one forward, one reverse, and one blocking reverse primer for
each housekeeping gene, and 6.25 pl of diluted cDNA. Primer sequences and final concentrations are given in
Additional file 1 table S1. Cycling conditions were the same as for qPCRs with only 23 cycles followed by a
final elongation step of 7 min at 72 °C. We checked amplification success on an agarose gel. Adapter ligation and
paired-end sequencing on an [llumina NextSeq 500/550 v2 were done at LGC Genomics (Germany) using 20 pl
PCR product as starting material. This resulted in a mean of 636,677 2 x 150 bp reads per sample. We aimed for
very high coverage to be able to detect alleles with very low expression.

Read processing

We demultiplexed reads from gDNA sequencing and trimmed adapters with bcl2fastq v2.20 [64] allowing for up
to two mismatches in the barcode and discarding trimmed reads shorter than 20 base pairs (bp). We assembled
the reads into alleles using the AmpliSAT pipeline [65]. We merged reads with AmpliMERGE and cleaned them
with AmpliCLEAN, discarding reads with mean Phred scores <30 and missing forward or reverse primers. We
trimmed primers with a custom python script before calling alleles with AmpliSAS. To determine the best per
amplicon frequency (PAF) filter, we ran AmpliSAS with values from 2 to 3.5 with incremental steps of 0.1. We
compared the number of inferred alleles per sample between consecutive PAF values. The PAF value for which
the number of alleles per sample differed least from the less stringent value and from the more stringent value was
considered optimal. Additionally, we compared the agreement of samples that were PCR-amplified and sequenced
in duplicates for each PAF. Both methods identified 2.7 as the best PAF for our data and all further analyses used
the alleles called with this filter. Additional AmpliSAS parameters were as described in Bracamonte et al. [59].
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Alleles could not be called for three samples due to the low number of reads that passed quality filtering. We
renamed newly identified alleles in accordance with the naming system that we introduced in this previous study
(“acXXX” where XXX follows consecutive numbering [59]). We removed an allele with a 1-bp deletion leading
to a premature stop codon from further analyses. This procedure identified the composition of MHC alleles for
each sample (i.e. the MHC profile) with all putative alleles present in the genome (expressed and non-expressed).

We demultiplexed and trimmed reads from cDNA sequencing in the same way as for gDNA sequencing (see
above). We trimmed primers with a custom python script and merged them with BBMerge v38.90 [66] using
the maxstrict setting and requiring a match between ratio mode and flat mode. We discarded reads shorter than
132 bp (expected length MHC —10 bp) and longer than 178 bp (expected length ACTB/EF1A+ 10 bp) using the
script reformat.sh from BBMap v38.90. We mapped the surviving reads of each sample to the corresponding
MHC profile, which included the sequences of the housekeeping genes ACTB and EF1A, with Bowtie2 v2.4.4
in end-to-end alignment mode [67]. Seed length for multiseed alignment was set to 32 bases with a seed inter-
val of 1 base. Re-seeding was set to 3 allowing for up to 20 seed extension attempts. Maximum and minimum
mismatch penalties were 12 and 6, respectively, and read gap opening and extension penalties were 8 and 5. We
sorted SAM files by coordinate and converted them to BAM files with samtools v1.9 [68]. We removed reads
with mapping quality <8. We quantified reads per MHC allele and housekeeping gene for each sample separately
with featureCounts [69] from the R package Rsubread v2.4.2 [70] using the MHC profile of the respective sample
as reference. We could not map and quantify reads for one sample, because its MHC profile could not be inferred
from DNA.

Quantification of African cichlid MHC expression

We used published data sets of transcriptome sequencing of the gills of adult individuals of several cichlid spe-
cies from Lake Tanganyika ([71]; BioProject PRINAS552202; species, sex, and accession numbers are given in
Additional file 1 table S2). We mapped the reads separately to the Oreochromis niloticus reference genome and to
a curated list of representative MHC alleles of loci and homology groups defined in Habliitzel et al. [61], hereafter
referred to as putative loci, with HISAT2 v2.2.1 [72] and quantified the reads with HTSeq [73]. We combined
these two sets of read counts for further analyses.

Data analysis

Phylogenetic reconstruction

We constructed a maximum likelihood phylogenetic tree of MHC IIB with all known Amphilophus alleles [33,
59] and the African alleles with IQ-TREE v2.0.6 [74]. We determined the best-fit nucleotide substitution model
with ModelFinder [75] implemented in IQ-TREE, using separate partitions for each codon position. ModelFinder
selected TVM +F+ G4 for codon positions 1 and 2 and K3P+G4 for codon position 3, and the phylogeny was
inferred using these partitions [76]. Node support was assessed using the ultrafast bootstrap method [77] with
10,000 replicates.

Analyses of MHC in the Midas cichlid

To group alleles into supertypes, we identified positively selected sites across all known Amphilophus MHC class
1IB alleles using four different methods: FEL and FUBAR, available on the Datamonkey server [78, 79]), and two
model comparisons implemented in CodeML (M2a vs. M1a and M8 vs. M7; [80]). We considered a site as posi-
tively selected if it was identified by at least two methods. We inferred the supertype of each allele as described
in Bracamonte et al. [59].
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Individuals for which either the MHC profile or expression estimates were unavailable were excluded from
further analyses. All statistical analyses were performed in R v4.5.0 [81], unless otherwise indicated.

We first analysed read coverage for both housekeeping genes to identify samples with insufficient coverage or
evidence of unsuccessful amplification or sequencing. For each sample, we calculated the proportion of house-
keeping gene reads covering each gene and used boxplots to identify and remove outlier samples. We additionally
excluded samples with coverage <50 for either housekeeping gene. The analyses were robust to this threshold, as
coverages thresholds ranging from 50 to 200 produced largely consistent results. We then normalized the expres-
sion of each MHC allele within each sample relative to the housekeeping genes. For this, we divided the number
of reads of each MHC allele by the number of reads of each housekeeping gene and considered the mean of these
normalizations as relative expression. We calculated frequency and mean expression of each allele and supertype
within the Midas cichlid species. We mapped mean expression and supertype identity to the allele phylogeny with
ggtree v4.0.5 [82].

Since the majority of alleles occurred in only very few individuals and were not shared among populations,
we restricted analyses to the most common alleles (i.e. occurring in more than 5% of individuals). To test for
differential expression among alleles, we fitted a generalized linear model (GLM) with a gamma hurdle distribu-
tion accounting for overdispersion. The common allele ac014 was not expressed in any individual and was thus
removed from the GLM analysis. We used the package glmmTMB v1.1.14 [83] to fit the GLM and checked
model assumptions with the package DHARMa v0.4.7 [84]. We included population as a random factor. We
determined which alleles differed with pairwise post-hoc tests using the package emmeans v2.0.4 [85] and we
accounted for multiple testing with the Benjamini—Hochberg correction. We further tested whether expression is
dependent on the frequency of an allele using a Spearman correlation. For supertypes, we assessed the relation-
ship between mean relative expression and frequency and mean relative expression and the number of alleles per
supertype (i.e. supertype size) with Spearman correlations.

In order to estimate whether expression patterns and the frequency-expression relationship could be influenced
by unequal sample sizes among alleles, we generated five resampled datasets with equal sample sizes across
alleles allele by randomly selecting the same number of individuals for each allele. We then repeated the analyses
described above, using a Tweedie distribution with overdispersion instead of a gamma hurdle distribution. We
classified alleles as highly or lowly expressed based on clusters of similar expression, and this classification was
subsequently extrapolated to rare alleles that were not included in the differential expression analysis.

For each individual, we determined the total number of alleles, the number of expressed alleles, and mean
relative expression. These parameters were also calculated separately for highly and lowly expressed alleles.
Relationships among these variables were examined using Spearman correlations. We then tested whether the
number of supertypes and the number of expressed supertypes per individual differed among Midas cichlid
populations by fitting a GLMs with a zero-truncated generalized Poisson distribution. We determined which
populations differ in number of supertypes and number of expressed supertypes with pairwise tests. We further
determined whether the frequency and mean expression of supertypes differed among populations. To test for
differences in frequencies, we fitted a GLM with a beta distribution. We transformed frequencies with the formula
(y * (n — 1) + 0.5)/n, where y is the frequency and r is the number of samples for the respective lake, to ensure val-
ues were within the interval (0,1). The model included lake, supertype, and their interaction as fixed factors. To
test for differences in expression, we fitted a GLM with a compound Poisson-gamma distribution that included
population, supertype and their interaction as fixed factors. For both frequency and expression, we accounted for
overdispersion of supertypes. We performed pairwise tests of lake or population differences by supertypes and
supertype differences by lake or population.

African cichlid MHC

We standardized read counts by library size, estimated dispersion, and normalized counts with DESeq2 v1.36.0
[86]. We extracted normalized read counts of putative MHC IIB and MHC IIA loci and used them as proxy for
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expression. We tested for differential expression among putative MHC 1IB and MHC IIA loci by fitting GLMs
with a Gamma distribution including species, locus and their interaction as fixed factors. We accounted for over-
dispersion by species and for zero-inflation in the case of MHC IIA. We inferred pairwise expression differences
between putative loci and between species. Since the interaction term was significant for MHC IIA, we did the
pairwise tests by categories of the other factor.

Results
MHC expression patterns in the Midas cichlid

We found a total of 159 alleles in 321 Midas cichlid samples that clustered into 14 supertypes (four to 38 alleles
per supertype) and two unassigned alleles that did not cluster in any supertype (Fig. 2, Additional file 1, Tables
S2, S3). One allele (Amci-DXB*040101) was present in all individuals, and another (ac001) was present in all
but three individuals, while 52 alleles were singletons, i.e. they occurred in a single individual (Additional file
1 Table S3). In total, 146 alleles were expressed in at least one individual, while 13 were not found expressed in
any individual (Additional file 1 Table S3). For the non-expressed alleles, nine were singletons, three were rare
(present in only a few individuals), while one was relatively abundant (allele ac014 present in 17.1% of all indi-
viduals; Additional file 2 Fig. S1). For the expressed alleles, 22 were only expressed in some of the individuals
in which they occurred while the remaining 124 expressed alleles were always expressed (Additional file 1 Table
S3). Mean relative expression (i.e., number of reads normalised by number of house-keeping gene reads) of the
expressed alleles ranged from 4*10-5 to 24.2 (Additional file 1 Table S3).

Mean relative expression of supertypes (ST) ranged from 0.0002 for ST7 to 8.9 for ST3 (Additional file 1 Table
S4). Supertypes ST1, ST2, and ST7 formed three well-defined clusters on the MHC phylogeny (Fig. 2) and had
comparatively low nucleotide diversity (Additional file 1 Table S4). STS, ST8 and ST9 also formed three well-
defined clusters with low to moderate nucleotide diversity (Fig. 2, Additional file 1 Table S4). Despite that, ST7

Fig. 2 Phylogeny of Midas cichlid
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and ST8 had dN/dS ratios well above one, indicative of positive selection, while dN/dS of ST1, ST2 and ST9 was
below one (Additional file 1 Table S4).

Frequency-expression relationship

Twenty-seven alleles occurred in more than 5% of all individuals and were therefore considered common alleles.
Expression differed significantly among the common alleles (¥2=18,127, df=25, p<0.001). Pairwise compari-
sons identified three to five groups of alleles with similar expression levels (Fig. 3, Additional file 1 Table S5,
Additional file 2 Fig. S2) and one non-expressed allele that was excluded from the analysis. Five common alleles
were classified as lowly expressed and one allele, the ubiquitous allele of ST1, had low-intermediate expression.
Despite their low expression, these alleles were among the most frequent, with two occurring in>99% of indi-
viduals. Indeed, the four most frequent alleles belonged to the lowly expressed group (Fig. 4a). Among highly
expressed alleles, the two most frequent showed comparatively low mean relative expression, while alleles with
higher expression tended to occur at lower frequencies. Overall, expression of common alleles was negatively
correlated with allele frequency (rho=—0.51, p<0.001; Fig. 4a). This relationship was weaker at the supertype
level (rho=-0.45, p=0.09; Fig. 4b), although the three supertypes with the lowest mean relative expression (ST1:
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Table 2 Descriptive diver- Mean SD Median Min Max
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Fig. 5 Correlation between number of alleles and number of expressed alleles per individual for all alleles (a), only highly
expressed alleles (b), and only lowly expressed alleles (¢). The ubiquitous and consistently low-intermediate expression is
not included in the lowly expressed group. Spearman’s rho and p-values are given

0.067, ST2: 0.001, ST7: 0.0002) occurred in more than 75% of individuals. Applying the same 5% frequency
threshold, ST10 (six alleles, five of which occur in individuals included in this analysis; mean relative expres-
sion=4.6) and ST14 (four alleles, three of which occurred in individuals included in this analysis; mean relative
expression=0.95) were rare, while all other supertypes were common (Additional file 1 Table S4). Mean relative
expression was not correlated with supertype size (tho=0.19, p=0.49).

Individuals carried a median of seven alleles, of which a median of six were expressed (Table 2). Across indi-
viduals, the number of alleles carried and the number expressed), were strongly correlated (tho=0.79, p<0.001;
Fig. 5a). Individuals carried a median of four highly expressed alleles and two lowly expressed alleles (Table 2),
while the ubiquitous allele with low-intermediate expression was expressed in all individuals. For both highly
and lowly expressed alleles, the number of alleles carried was positively correlated with the number of expressed,
although the relationship was considerably stronger for highly expressed alleles (highly expressed: tho=0.98,
p<0.001, lowly expressed: rho=0.48, p<0.001; Fig. 5b, c¢). Only ten individuals did not express all of their
highly expressed alleles, while 271 individuals did not express all of their lowly expressed alleles. Mean+SD
relative expression per individual was 2.2+2.0 overall, 4.4+4.1 for highly expressed alleles, and 0.001+0.002
for lowly expressed alleles (Table 2). Individuals possessed a median of six supertypes, of which a median of five
were expressed (Table 2). ST1 was present in every individual and ST7 was present in all but two. The propor-
tion of individuals carrying only one allele of a given supertype ranged from 67% for ST2 to 100% for ST10,
ST12 and ST14. Up to three alleles of the same supertype were observed, although infrequently, for ST2 (4.5%
of individuals), ST3 (0.7%), ST7 (0.6%) and ST9 (0.4%).
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Supertype frequency and expression diversity in the Midas cichlid populations

Midas cichlid populations differed significantly in the number of supertypes that an individual possessed
(Table 3a). After accounting for multiple testing, 47 pairwise comparisons between populations showed signifi-
cant differences (Additional file 1 Table S6). In general, populations from the large lakes possessed alleles from
more supertypes than those from crater lakes, with the exception of Crater Lake (CL) Xiloa whose fish had simi-
lar numbers of supertypes to those from the large lakes. The deep benthic species A. xiloaensis from CL Xiloa
had the highest number of supertypes. The deep benthic species A. chancho from CL Apoyo had similar number
of supertypes to populations from the large lakes and higher numbers than other fish from CL Apoyo. On the
other hand, A. labiatus from Lake Nicaragua had lower numbers than other populations from the large lakes and
was more similar to those from the crater lakes. Populations also differed in the number of supertypes that an
individual expressed (Table 3b), although less strongly than for the number of supertypes. In total, 36 pairwise
comparisons were significant (Additional file 1 Table S6). As for the number of supertypes, fish from CL Xiloa
and A. chancho expressed similar numbers of supertypes as fish from the large lakes and A. labiatus from Nica-
ragua expressed similar numbers of supertypes as fish from crater lakes.

Frequencies differed between supertypes and between fish from different lakes for a given supertype
(Fig. 6a,c,e,g, Table 3¢, Additional file 2, Fig. S4), although the differences between supertypes were much more
pronounced (69% pairwise comparisons significant; Additional file 1 Table S7) than between lakes (18% pairwise
comparisons significant). Supertypes could roughly be grouped into four groups based on similar frequencies
and these differed only minimally among lakes (Additional file 1 Table S7). Supertypes ST1, and ST7 were both
present in all or most fish in all lakes (Fig. 6a,e) while ST2 and ST9 were highly abundant in all lakes (Fig. 6g,
Additional file 2 Fig. S4). Supertypes ST3, ST4, STS, ST6, ST8 and ST11 were moderately abundant (Fig. 6c,
Additional file 2 Fig. S4). They were present in all lakes, although not in all populations. ST12 and ST13 had low
abundance and were not present in all lakes (Additional file 2 Fig. S4). ST10, and ST14 were rare and were thus
not included in the analysis. The ‘unassigned 2°, a single allele, was only present in a single A. xiloaensis indi-
vidual and was therefore also excluded. When comparing frequencies between lakes for each supertype, several
supertypes were less frequent in CL Masaya and CL Apoyeque than in other lakes (Additional file 1 Table S7,
Additional file 2 Fig. S4). CL Masaya was characterized by lower frequency of ST9, CL Apoyeque was charac-
terized by lower frequencies of ST7 and ST9, and CL Asososca Ledn was characterized by lower frequencies of
ST5 and ST9 (Fig. 6e,g, Additional file 1 Table S7, Additional file 2 Fig. S4).

Mean supertype expression differed between supertypes and between populations (Fig. 6b,d,f,h, Table 3d,
Additional file 2 Fig. S4). As for supertype frequency, differences between supertypes were more pronounced
(52% pairwise comparisons significant; Additional file 1 Table S8) than differences between populations (11%
pairwise comparisons significant; Additional file 1 Table S8). Contrary to frequencies, expression level differ-
ences were more gradual without clear distinctions, except for supertypes ST2, and ST7 for which expression was

Table 3 Results of general- Factor Chisq dar p-value
ized linear model analyses a) Number of supertypes per individual
for Midas cichlid MHC 11B Population 117.56 16 <0.001
supertypes b) Number of expressed supertypes per individual
Population 76.32 16 <0.001
¢) Supertype frequency
Lake 88.14 6 <0.001
Supertype 2739.04 11 <0.001
Lake:Supertype 219.16 66 <0.001
d) Supertype mean expression
Population 707.45 162 <0.001
Supertype 10,352.58 158 <0.001
Population:Supertype 402.88 165 <0.001
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Fig. 6 Frequency and expression of four representative Midas cichlid supertypes across lakes and populations. Frequency
(a, ¢, e, g) and expression levels (b, d, f, h) are shown for ST1, ST6, ST7 and ST9, respectively. Populations are coloured
according to habitat type. The number of individuals carrying each supertype (n) is indicated in each panel. Expression val-
ues are shown as mean+95% CI

uniform with the exception of elevated expression in A. xiloaensis (Fig. 6f, Additional file 1 Table S8, Additional
file 2 Fig. S4), and ST4, ST11 and ST13 that showed uniform expression. For all other supertypes, expression
differed in some populations but not in others. When comparing expression of supertypes between populations,
A. zaliosus from CL Apoyo and A. xiloaensis and A. sagittae from CL Xilo4 showed higher expression than all
other populations for several supertypes (Fig. 6, Additional file 1, Table S8, Additional file 2 Fig. S4). Further-
more, A. citrinellus from lake Nicaragua also showed higher expression for some supertypes (Fig. 6d, Additional
file 1 Table S8, Additional file 2 Fig. S4). On the other hand, populations in CL Asososca Leon and CL Apoyeque
showed lower expression for several supertypes (Fig. 6b,d,h, Additional file 1 Table S8, Additional file 2 Fig. S4).

Expression diversity in African cichlids

Similar to the Midas cichlid, we found variation in MHC IIB expression in African cichlids (Fig. 7a). Two puta-
tive loci (DBB & DCB) had low expression while the others had moderate to high expression. These two putative
loci clustered with two Midas cichlid supertypes with exclusively lowly expressed alleles (DBB with ST1 and
DCB with ST7), while most moderately to highly expressed putative loci clustered separately from Midas cichlid
alleles (Fig. 2, Additional file 2 Fig. S1). Expression differed significantly among the putative loci, and these dif-
ferences were consistent between species (Table 4a). Only the DEB and the DFB loci showed similar expression
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Species:Locus 111.157 96 0.138
b) MHC 114
Species 417.505 12 <0.001
Locus 4804.484 3 <0.001
Species:Locus 60.228 36 0.007
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levels, as did the two unknown hg loci (Additional file 1 Table S9). Most pairwise comparisons among species
(64%) also indicated significantly different expression (Additional file 1 Table S9). Shuja horei had generally
higher expression than other species, while the two Tropheus species showed lower expression than other spe-
cies. Furthermore, P. macrognathus, P. polyodon and P. ephippium had similar levels of MHC IIB expression
and J. pfefferi, I. loocki, L. labiatus, P. fasciolatus and S. diagramma also showed similar MHC IIB expression
across loci. While expression varied considerably among putative MHC IIB loci only one putative MHC 11A
locus showed high expression (Fig. 7b), although all four differed significantly from each other in all species
analysed except for DCA vs DDA (Table 4b, Additional file 1 Table S10). Similar to MHC IIB, species differed
in expression at MHC IIA loci, although less consistently than for MHC IIB (Table 4b, Additional file 1 Table
S10). As for MHC IIB, S. horei had higher expression than most other species at all MHC IIA loci and Tropheus
sp. ‘black’ had lowest. Across all MHC IIA loci, I. loocki, P. famula, P. macrognathus, P polyodon, P. ephippium
and P. babaulti formed a cluster of similar expression and L. labiatus, P. fasciolatus, S. diagramma and T. moorii
formed a second cluster (Additional file 1 Table S10).

Discussion

This study examines allele-specific MHC expression in the Neotropical Midas cichlid, a fish lineage with one of
the largest MHC class II allele repertoires described to date. Consistent with previous findings [59], we found
extensive MHC sequence diversity across Midas cichlid populations, including a few common and widespread
alleles and a large proportion of less frequent alleles occurring in relatively few individuals. Expression varied
markedly among alleles and was negatively associated with allele frequency: the most common alleles tended to
show low expression, while many less common alleles showed substantially higher expression. A notable qualita-
tive phylogenetic pattern was that lowly expressed Midas cichlid alleles clustered with lowly expressed putative
MHC loci from African cichlids, while most highly expressed alleles and putative loci formed separate clusters
in the African and Neotropical lineages.

Variation in expression among MHC alleles has previously been described in both model and non-model
organisms for both MHC class I [43, 45, 87] and MHC class 11 [13, 35, 40]. In Midas cichlids, expression levels
differed by several orders of magnitude among alleles. Moreover, MHC supertypes, which group alleles with
putatively similar functional properties, tended to comprise alleles with similar mean expression levels. We also
observed pronounced differences in expression among putative MHC class II loci within the African dataset.
Together, these patterns suggest that expression level may represent an additional dimension of functional dif-
ferentiation among MHC alleles and loci.

Allele-specific MHC expression has been shown to be modulated by genetic, epigenetic and environmental
mechanisms [32, 88]. For MHC class I, previous studies have suggested an association between expression level,
which was carried through from transcription to protein [87], and peptide-binding properties, with alleles dif-
fering in both the breadth of the peptides they bind and their level of cell-surface expression [89, 90]. Although
MHC class I and MHC class II both present bound antigens to T cells, they differ substantially in antigen process-
ing and presentation [91]. It therefore remains unknown whether a comparable relationship between expression
level and peptide-binding properties occurs in MHC class II. If such a relationship exists, it could contribute to
the expression patterns observed here, including similar expression levels among alleles within supertypes. How-
ever, our study did not measure antigen-binding properties or parasite infection. Therefore, whether the observed
variation in MHC class II expression is related to differences in antigen recognition or contributes to parasite-
mediated selection remains to be tested.

In the Midas cichlid, two clusters of lowly expressed alleles (ST1 and ST2) showed low sequence diversity
and no evidence of positive selection, features that are more consistent with non-classical MHC class IIB alleles
than with classical alleles [39, 46]. Indeed, a previous study placed these alleles closer to another putative non-
classical allele or pseudogene than to the remaining MHC alleles [33]. A quantitatively similar phylogenetic
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association was observed for the putative African locus DBB, which clustered tightly with ST1, and showed the
second-lowest expression among the putative African loci. It was previously described to have low polymor-
phism and an amino acid conformation that may result in a distinct tertiary structure of the mature protein [61],
all of which is consistent with non-classical MHC loci described in salmonids and suggested for other teleost fish,
including the cichlid tilapia [46, 92].

A different pattern emerged for ST7. Although most ST7 alleles showed very low or undetectable expression
and low genetic diversity, which could be compatible with a non-classical function [46], they also showed evi-
dence of positive selection and clustered phylogenetically with putatively classical MHC alleles. The putative
African locus DCB also showed low expression within the African dataset and was phylogenetically closely
related to ST7. This combination of low expression with signatures more typical of classical MHC suggests that
ST7 may represent a distinct mode of MHC regulation rather than simply a non-classical or degenerating lineage.
One possibility is that these alleles retain classical antigen-presenting functions but are expressed only under
particular conditions, in tissues not sampled in this study or at specific developmental stages [37-39].

In African cichlids, two MHC IIB lineages were identified without inter-lineage recombination: the DBB-
DEB-DFB lineage and the DCB-DBB lineage [61]. Our phylogeny recovered a broadly similar grouping pattern.
While the lowly expressed DCB forms a distinct lineage with the monophyletic, lowly expressed ST7 and the
monophyletic sister ST5, the remaining alleles and putative loci, all belonging to the highly expressed groups,
are either scattered throughout the phylogeny or form distinct cichlid lineage-specific clusters. The latter alleles
and putative loci may thus have arisen by recent gene duplication [93] and be subject to concerted evolution
[12]. Accordingly, substantial recombination was described for the DBB-DEB-DFB lineage [61]. Whether the
contrasting patterns of expression and diversity observed for ST1, ST2 and ST7, and their phylogenetic associa-
tions with the putative African loci DBB and DCB, reflect shared evolutionary or functional properties remains
unresolved. Addressing this question will require expression analyses across tissues and developmental stages,
together with functional characterization of the encoded molecules.

Previous work in the Midas cichlid showed that many MHC alleles are geographically restricted, occurring
only in individuals from a single lake or even in specific populations within lakes [59]. In our study, these less
common alleles tended to show higher expression, while the most common alleles generally showed low expres-
sion, a pattern similar to that reported for MHC class I in house sparrows [45]. Additionally, supertypes com-
posed of less common, highly expressed alleles showed greater variation in expression among populations. This
again suggests that highly expressed alleles may be more responsive to environmental factors and may evolve
under different selective or regulatory regimes than the more common, lowly expressed alleles. Whether this
population-specific expression is related to local parasite communities or other environmental factors remains to
be tested.

Interestingly, the highly expressed putative African cichlid loci, unlike the lowly expressed variants, clustered
separately from the Midas cichlid alleles in the phylogeny, further suggesting distinct evolutionary trajectories
for highly and lowly expressed MHC variants. Within the African cichlid dataset, we did not find evidence that
expression of highly expressed putative loci varied more strongly among species than that of lowly expressed
putative loci. However, such a pattern may have been obscured by the inclusion of all putative loci in the analysis
without distinguishing between classical and putatively non-classical loci.

Technical and methodological considerations

We have taken care to minimize confounding effects in our study and tested the robustness of our analyses.
Nonetheless, we cannot exclude the possibility that limitations intrinsic to the study designs influence our results.
Expression estimates for Midas and African cichlids were obtained at different genomic levels, from different
tissues, using different sequencing approaches and normalization procedures, precluding direct quantitative com-
parison of expression levels between the two datasets. Although a reference genome is available for the Midas
cichlid, which allows MHC loci to be identified in the genome, the amplified exon 2 fragment is too short and
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diverse to reliably assign alleles to loci. Similarly, allelic information cannot be reliably extracted from the avail-
able short-read transcriptome data for African cichlids. Nevertheless, two of the three least expressed Midas
cichlid supertypes clustered with the two least expressed putative African loci. Given the methodological differ-
ences between datasets, we interpret this only as a qualitative phylogenetic association. Whether this association
reflects conserved functional properties of these MHC lineages and requires direct functional investigation.

Co-amplification of multiple targets in a single PCR reaction introduces competition among targets for
resources such as dNTPs and polymerase, potentially introducing an amplification bias in which more abundant
targets and those with more specific primer binding are preferentially amplified, particularly in the later PCR
stages when reagents become depleted [94, 95]. This, in turn, can bias quantification. We have taken precautions
to reduce amplification bias. We used high concentrations of blocking primers to reduce amplification of the more
abundant housekeeping genes to ensure sufficient amplification of the MHC target, which was extensively tested
in quantitative PCRs, and we used a limited number of amplification cycles to avoid depletion of PCR reagents.
Furthermore, our primers were designed to minimize dimerization which can further deplete reagents and reduce
amplification efficiency of the targets. Finally, we removed samples from the analysis for which the ratio of reads
between the two housekeeping genes suggested an amplification or sequencing bias. Hence, we do not expect that
PCR amplification bias has substantially affected our analysis.

Conclusions

We found marked differences in expression among Midas cichlid MHC class IIB alleles that were associated with
allele frequency. Moderate to high expression was characteristic of less common alleles, while low expression
predominated among the most common alleles. Although many highly expressed alleles occurred at relatively low
frequencies, the supertypes to which they belonged were widely distributed, suggesting that functionally similar
alleles may be maintained despite allele turnover among individuals and populations. The lowly expressed puta-
tive loci of African cichlids clustered phylogenetically with lowly expressed Midas cichlid alleles, while this pat-
tern was not observed for most highly expressed alleles and putative loci. This phylogenetic association suggests
that low expression may be associated with distinct MHC lineages, although its functional significance remains
unresolved. Overall, our results show that allele-specific and locus-specific expression could provide an impor-
tant additional dimension to MHC sequence variation and should be considered when assessing the potential
functional relevance of MHC alleles. In particular, allele frequency alone may not reflect functional importance.
Whether the observed differences in allele frequency and expression are associated with parasite recognition or
maintained by parasite-mediated selection remains to be tested.

Supplementary Information The online version contains supplementary material available at https://doi.org/10.1186/
s12864-026-13370-x.
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