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Introduction 15 

The genetics of an organism is one of the crucial determinants of its fitness. Sexual selection has 16 

therefore driven the evolution of mechanisms that favor the transmission of good parental genetic 17 

traits to the offspring (Thornhill 1983; Olsson et al. 1996; Firman et al. 2017). Accordingly, numerous 18 

morphological, physiological or behavioral adaptations enable females to bias paternity towards 19 

males carrying good or compatible genes, or males with good genes to outcompete the other males 20 

for mating (Parker 1970; Thornhill 1983; Andersson 1994; Eberhard 1996; Firman et al. 2017). 21 

However, more recent research has suggested that, because each gamete produced by an individual 22 

varies in their genetic pool, selection for genetic traits can not only operate between different 23 

individuals, but also within gametes (Nadeau 2017; Sutter and Immler 2020; Kekäläinen 2022). 24 

Accordingly, a steadily increasing number of genetic studies shows transmission ratio distortion, 25 

which is the preferential (i.e., non-Mendelian) transmission of certain alleles (Huang et al. 2013a; 26 

Friocourt et al. 2023). Mechanisms of transmission ratio distortion include female meiotic drive, 27 

within-ejaculate spermatozoa competition and early embryo lethality (Huang et al. 2013a; Fishman 28 

and McIntosh 2019; Friocourt et al. 2023).  29 

The major histocompatibility complex (MHC) has long been proposed as one of the prime 30 

genetic candidates influencing sexual selection (Birkhead and Pizzari 2002; Ziegler et al. 2005; Firman 31 

et al. 2017). The MHC is a group of polymorphic genes that encode for cell-surface proteins that 32 

display antigen peptides to T-cells. The MHC therefore plays critical role in adaptive immunity and 33 

defense against pathogens in vertebrates (Khan et al. 2022). Each MHC molecule can bind a limited 34 

set of antigens (Özer and Lenz 2021), and benefits of single MHC alleles against specific pathogens 35 

have repeatedly been reported (Sepil et al. 2013; Vlček and Štefka 2020; Canal et al. 2024; Ferreira et 36 

al. 2024). As a result, higher MHC diversity (e.g. heterozygosity or divergence) increases the number 37 

of antigens – and thus the number of pathogens - recognized (Pierini and Lenz 2018), and individuals 38 

with higher MHC diversity are thus expected to have increased fitness (Milinski 2006). Although 39 

numerous studies in a range of vertebrate taxa have investigated whether mate choice or between-40 

ejaculate female cryptic choice favour partners carrying the best or the more compatible MHC alleles 41 

(Kamiya et al. 2014), studies investigating transmission ratio distortion in regard to MHC are rare, and 42 

have yielded mixed results. For instance, while transmission ratio distortion has been detected in 43 

lesser kestrels (Falco naumanni), three-spined sticklebacks (Gasterosteus aculeatus) and dairy cattle 44 

(Alcaide et al. 2012; Pierini and Lenz 2018; Martin et al. 2022), it received little or no support in Soay 45 

sheep (Ovis aries), captive rhesus monkeys (Macaca mulatta), and Atlantic salmons (Sterck et al. 46 

2017; Promerová et al. 2017; Huang and Pemberton 2021).  47 
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Recently, inconsistent findings between studies have been suggested to stem from variations 48 

in the balance between the benefits and costs associated with MHC (Roved et al. 2017; Pineaux et al. 49 

2020; Schubert et al. 2025). For instance, costs associated with higher MHC diversity may relate to 50 

reduced repertoire of T-cell receptors and increased potential for autoimmune disorders (Nowak et 51 

al. 1992; Brown et al. 2024). Within a population, individuals vary on the strength of the immune 52 

response, risks of autoimmune disease, and exposure or susceptibility to each pathogen. For 53 

instance, compared to females, males have increased exposure to parasites, reduced innate 54 

immunity due to elevated testosterone levels, and reduced risks of autoimmune disease (Zuk and 55 

McKean 1996; Rolff 2002; Vincze et al. 2022). Males may thus benefit from higher MHC diversity 56 

more than females (Roved et al. 2017), as observed in great reed warblers (Acrocephalus 57 

arundinaceus), Alpine chamois (Rupicapra rupicapra) and banded mongooses (Mungos mungos) 58 

(Schaschl et al. 2012; Roved et al. 2018; Schubert et al. 2025). In addition, given the high intra-locus 59 

polymorphism of the MHC, trade-offs between the transmission of different beneficial MHC alleles 60 

may exist, and may depend on susceptibility or exposure to parasites. While female birds show 61 

higher prevalence of the blood parasite Heamoproteus than male birds, they tend to show lower 62 

prevalence of cestodes (Poulin 1996; McCurdy et al. 1998; Valdebenito et al. 2024), suggesting that 63 

males and females may potentially benefit from different MHC alleles. Sex-of-offspring-specific 64 

transmission ratio distortion has been rarely investigated for the MHC (but see Huang and 65 

Pemberton 2021), but it has been shown for other genes in barn owls (Tyto alba) (Ducret et al. 2016), 66 

laboratory mice (de la Casa-Esperón et al. 2000) and humans (but see Kasimatis et al. 2021; Lucotte 67 

et al. 2022). Although sex has often been the focus of research investigating variations in MHC 68 

optima within populations, other individual traits may modulate the costs and benefits associated 69 

with MHC. For instance, birth / hatching order, as well as social status and personality (Drent et al. 70 

2003; Ilany et al. 2021), may be associated with variations in immunity and infection risks (Saino et al. 71 

2001; Koolhaas 2008; Habig and Archie 2015). Such variations may lead to intra-locus conflicts that 72 

may be resolved via the evolution of transmission ratio distortion that is specific to the prospective 73 

offspring trait. Interestingly, in laboratory mice, transmission ratio distortion favoring MHC-74 

heterozygote embryos is detected in virus-infected parents but not in sham-infected parents (Rülicke 75 

et al. 1998).  76 

Here, we investigated transmission ratio distortion of MHC-IIB alleles in the black-legged 77 

kittiwake (Rissa tridactyla), a genetically monogamous seabird, with no extra-pair copulation 78 

(Helfenstein et al. 2004). In this species, female chicks, especially when hatched in second position 79 

(two eggs is the typical clutch size in the studied population of kittiwakes), suffer from low MHC-IIB 80 

diversity in term of reduced growth rate, tick clearance and survival (Pineaux et al. 2020). Therefore, 81 
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we tested whether, in contrast to other sex*hatching-order chicks, female late-hatched chicks had 82 

higher MHC-IIB diversity than expected under random association of gametes. In the studied 83 

population of kittiwakes, higher MHC-IIB diversity of the offspring is related to both the MHC-IIB 84 

dissimilarity between parents (Pineaux et al. 2022) and the MHC-IIB diversity of each parent (sup mat 85 

S1). Therefore, to determine which mechanism may potentially favor increased MHC-IIB diversity, we 86 

also tested whether chicks preferentially carried more MHC-IIB dissimilar maternal and paternal 87 

haplotypes than expected under random association of gametes, and whether they preferentially 88 

inherited the more MHC-IIB diverse paternal or maternal haplotype, in each sex*hatching-order 89 

category of chicks. In addition, in this population of kittiwakes, one specific MHC-IIB variant (i.e., the 90 

supertype “SUP6”; a supertype being a cluster of functionally similar MHC-IIB alleles) has recently 91 

been shown to confer protection against a sexually-transmitted bacterial infection and to be 92 

associated with increased fitness in breeding females, but not in breeding males (Ribeiro et al. 2025). 93 

We therefore expected non-random transmission of alleles favoring the transmission of SUP6 94 

especially in female offspring. We therefore tested for non-random transmission of SUP6 in each 95 

sex*hatching-order category of chicks and tested whether this potential preferential transmission 96 

was due to the male or female parent.  97 

 98 

Materials and methods 99 

Study site 100 

The study was carried out in 2006-2023 in a population of black-legged kittiwakes nesting on an 101 

abandoned U.S. Air Force radar tower on Middleton Island (59°26’N, 146°20’W), Gulf of Alaska. 102 

Artificial nest sites created on the upper walls were observed from inside the tower through sliding 103 

one-way windows (Gill et al. 2002). This enabled us to easily capture and monitor breeders. Birds 104 

were individually identified using color and metal bands, and were sexed based on molecular 105 

methods (Merkling et al. 2012) or sex-specific behaviors (copulation and courtship feeding; Jodice et 106 

al. 2000). Nest sites were checked twice daily (9:00 and 18:00) to record laying, hatching and death 107 

events. All eggs were marked with nontoxic waterproof ink within 12h of laying. We focused on 108 

chicks hatched in 2006, 2009-2013, 2016-2018 and 2022-2023, because these chicks were blood 109 

sampled at hatching (in contrast to ca. 25 days-old in the other years), thereby avoiding our results to 110 

be potentially due to post-hatching selection mechanisms (e.g., differential mortality of the chicks 111 

after hatching). We excluded chicks sired by parents that were involved in experiments during the 112 

pre-laying or incubation period, such as food supplementation or use of anti-copulatory devices (Gill 113 

et al. 2002; White et al. 2008). In this population, most females lay two eggs, that hatch in the order 114 
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of oviposition (hereafter, first- and second-laid eggs are named A- and B-eggs respectively), and one-115 

egg and three-egg clutches are rare. Because we were interested in potential variations in 116 

transmission ratio distortion according to hatching order, we focused on chicks of two-egg clutches. 117 

In hatchlings, blood was collected by puncturing the metatarsal vein with a 25-gauge needle and 118 

collecting a drop of blood in a heparinized capillary tube. In adults, blood was collected with a 25-119 

gauge needle and a 1ml syringe from the brachial vein. We collected also tissues of 49 unhatched 120 

embryos which died in the egg at a late stage of incubation. Although these samples can be unique to 121 

test whether transmission ratio distortion is due to late embryo mortality, the low sample size did 122 

not allow us to test specifically for this effect. Chicks and embryos were sexed based on molecular 123 

methods (Merkling et al. 2012).  124 

 125 

MHC analyses 126 

Adult and chick DNA were extracted from blood samples using the Qiagen blood and tissue DNA 127 

extraction kit and the standard protocol. The DNA samples were used to amplify 258 bp fragments 128 

(including primers) of the exon 2 of the black-legged kittiwake MHC class-IIB. MHC-IIB shows usually 129 

stronger signal of positive selection than MHC-IIA (Dearborn et al. 2022). In addition, the second 130 

exon of the MHC IIB gene is often used to characterize the variability of MHC II genes, because it 131 

contains the antigen-binding domain. We used the MHC class-IIB specific primers (forward: 5′ 132 

GCACGAGCAGGGTATTTCCA or 5′ GCAYGAGCAGGGTATTTCCA and reverse: 5′ 133 

GTTCTGCCACACACTCACC) (Leclaire et al. 2014), which amplify at least three MHC class-IIB loci. 134 

Samples were sequenced with an Illumina MiSeq platform, using the 2 × 300 bp protocol (Fasteris SA, 135 

Plan-les-Ouates, Switzerland; see (Pineaux et al. 2020, 2023), for a detailed sequencing protocol). 136 

Amplicon sequences were analyzed with ampliSAS, a three-step pipeline that consists of read 137 

demultiplexing, unique sequence clustering, and erroneous sequence filtering (Sebastian et al. 2016). 138 

In AmpliSas, we used the parameters from Pineaux et al. (2023).  139 

The MHC haplotype reconstruction for each individual was performed based on the allelic 140 

segregation within families as described in Gaigher et al. (2016). No recombination was detected 141 

between the different MHC-IIB loci. This is in line with the two MHC IIB loci of the reference genome 142 

of the black-legged kittiwake being situated close to each other (i.e., 4870 bp apart; Sup mat S2; 143 

Genbank : GCA_028500815.1) (Sozzoni et al. 2023). Our MHC-IIB dataset includes the individual 144 

which the NCBI reference genomes originated from. Our haplotype reconstruction of this individual 145 

was in line with the maternal and paternal haplotypes published at NCBI (GCF_028500815.1 and 146 

GCA_028500815.1). We excluded all families in which the parental or offspring haplotypes could not 147 
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be reconstructed. The final dataset includes 1016 chicks, corresponding to 652 clutches sired by 428 148 

different pairs (n = 269 female A-chicks, 232 females B-chicks, 259 male A-chicks, 244 male B-chicks, 149 

and eight A-chicks and four B-chicks of unknown sex). Among these chicks, we detected 86 different 150 

haplotypes. Using sequencing coverage as in Gaigher et al. (2016), we found copy number variation. 151 

Most haplotypes had two genes, but 20 % of the haplotypes had one gene (n = 17 haplotypes), while 152 

6 % of the haplotypes had three genes (n = 5 haplotypes).  153 

To estimate MHC-IIB diversity and dissimilarity, we focused on the amino acid sequences of 154 

the peptide binding region (Leclaire et al. 2014). As in Pineaux et al. (2023), we estimated MHC-IIB 155 

diversity using two indices: the number of functional alleles and the degree of functional diversity (or 156 

divergence) of alleles across all MHC-IIB loci. We described the chemical binding properties of each 157 

amino acid in the PBR with Sandberg’s five physicochemical descriptors (z-descriptors) (Sandberg et 158 

al. 1998). This Sandberg’s matrix was used to construct a UPGMA dendrogram of alleles (function 159 

hclust in R), which represents clusters of functionally similar MHC-IIB sequences. The dendrogram 160 

was used as a reference to calculate the functional MHC-IIB diversity of an individual as the minimum 161 

total length of all the branches required to span its MHC-IIB alleles (function treedive in package 162 

vegan) (Petchey and Gaston 2006). The functional diversity and the number of functional alleles were 163 

correlated (r = 0.86, P < 0.0001). We estimated MHCIB dissimilarity between the paternal and 164 

maternal haplotypes using also two indices: the functional dissimilarity and the allelic dissimilarity. 165 

The functional dissimilarity was estimated using the tree distance (treedist function in the vegan 166 

package) (Oksanen et al. 2013), which is found by combining sequences in a common dendrogram 167 

and calculating how much of the sum of the branch length is shared and how much is unique. Allelic 168 

dissimilarity was based on a pure shared/non-shared allele basis and was calculated as 100 × (1− (the 169 

number of shared alleles/the total number of alleles)). 74% of the chicks had maternal and paternal 170 

haplotypes that shared no alleles, and only 4% of the chicks had similar maternal and paternal 171 

haplotypes. 172 

The MHC-IIB supertype called SUP6 was defined as in Ribeiro et al. (2025). Briefly, we 173 

performed K-means clustering procedures on the Sandberg’s matrix by using the find.cluster function 174 

in the adegenet R package. The optimal number of clusters was defined by comparing the Bayesian 175 

Information Criterion (BIC) values of different clustering solutions. We detected 16 supertypes. SUP6 176 

comprises nine MHC-IIB alleles, corresponding to three unique amino acid sequences of the PBR. 177 

SUP6 is found in 38 different haplotypes, and is carried by 20% of the chicks.  178 

 179 

Statistical analyses 180 
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In the first analyses, we investigated whether offspring had higher MHC-IIB diversity than 181 

expected under random association of gametes. Then we investigated whether the MHC-IIB 182 

dissimilarity between the paternal and maternal haplotypes was higher than expected, and whether 183 

chicks inherited more frequently the more diverse maternal or paternal haplotype than expected. In 184 

this latter analysis, we tested inheritance from the father and the mother separately. Next, we 185 

examined whether the frequency of SUP6 was over-represented in comparison with random 186 

association of gametes. In this analysis, we excluded chicks whose none of the parents had SUP6 (n = 187 

300 chicks excluded). We also excluded chicks sired by at least one SUP6-homozygous parents 188 

because the probability to carry SUP6 of the simulated offspring (probability = 1) would not differ 189 

from the real data (n = 150 chicks excluded). We also investigated whether the transmission ratio 190 

distortion of SUP6 was mainly due to paternal or maternal transmission by testing whether paternal 191 

or maternal inheritance of SUP6 was different from random expectation. In these latter analyses, we 192 

focused on chicks whose the father or the mother, respectively, was heterozygous for SUP6.  193 

In all these analyses, we used Monte Carlo simulations as in Huang and Pemberton (2021). 194 

For each offspring of the dataset, we randomly chose one of the two haplotypes of each of its 195 

parents to create a simulated diplotype. We carried out 5000 simulation runs. Then, we compared 196 

the mean value of the MHC-IIB diplotypes of the real offspring (e.g., mean MHC-IIB diversity, mean 197 

MHC-IIB dissimilarity or mean SUP6 frequency) with the 2.5% and 97.5% tails of the distribution of 198 

the values of the 5000 simulation runs. We carried analyses within the four “sex – hatching order” 199 

categories separately (i.e., female A-chicks, female B-chicks, male A-chicks and male B-chicks). In all 200 

analyses, we excluded offspring sired by two homozygous parents, because the diplotype of the 201 

simulated offspring would not differ from the real data (n = 2 chicks excluded). No offspring were 202 

sired by heterozygous parents with identical MHC-IIB genotype. 203 

To determine whether transmission ratio distortion translated into variations in MHC-IIB 204 

diversity or SUP6 frequency between the different sex*hatching-order categories of chicks, we tested 205 

whether MHC-IIB functional diversity, the number of MHC-IIB functional alleles or SUP6 frequency 206 

varied with sex, hatching order and their two-way interaction. We used linear mixed models with the 207 

lmer function in the R package lme4 when testing functional diversity, cumulative link mixed models 208 

with the clmm function in the R package ordinal when testing the number of alleles, and generalized 209 

linear mixed models with a binomial distribution of error with the glmer function in the R package 210 

lme4 when testing SUP6 frequency. In all models, we included hatching year and pair identity as 211 

random factors. For these analyses, we also included hatchlings sired by parents that were not 212 

genotyped at MHC-IIB (n = 1270 chicks in total).  213 
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 214 

Results 215 

Female A-chicks had higher MHC-IIB diversity than expected under random association of gametes 216 

(allele number: P = 0.010, Fig. 1a, and functional divergence: P = 0.036; n = 269 chicks). Their two 217 

haplotypes were more dissimilar at MHC-IIB than expected (allele sharing: P = 0.008, Fig. 1b, and 218 

functional dissimilarity: P = 0.029; n = 269 chicks). They did not preferentially inherit the more 219 

diverse haplotype of their father or their mother (functional divergence: P = 0.42, n = 126 chicks, and 220 

P = 0.87, n = 157 chicks, respectively). Female A-chicks had a higher probability to carry SUP6 than 221 

expected under random association of gametes (P = 0.016, n = 147 chicks; Fig. 1c).  222 

 223 

Figure 1: For female A-chicks, (a) mean number of MHC-IIB alleles (i.e., MHC-IIB diversity), (b) mean MHC-IIB 224 

allele sharing (i.e., MHC-IIB dissimilarity) between the two haplotypes, and (c) mean proportion of chicks 225 

carrying the MHC-IIB supertype SUP6. Histograms represent the means of each simulation runs (n = 5000 runs). 226 

The black line represents the mean of the simulated distribution, and the black dashed lines represent the 2.5% 227 

and 97.5% quantiles of the simulated distribution. The red line is the observed mean. 228 

 229 

Male A-chicks tended to have higher MHC-IIB diversity than expected under random 230 

association of gametes when considering the number of alleles (P = 0.053, n = 257 chicks; Fig. 2a), 231 

but not when considering functional divergence (P = 0.13, n = 257 chicks). In contrast to female A-232 

chicks, their two haplotypes were not more dissimilar at MHC-IIB than expected (allele sharing: P = 233 

0.96, Fig. 2b, and functional dissimilarity: P = 0.72; n = 257 chicks). Male A-chicks did not 234 

preferentially inherit the more diverse haplotype either from their father or from their mother 235 

(functional divergence: P = 0.63, n = 147 chicks, and P = 0.057, n = 141 chicks, respectively). Similar to 236 
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female A-chicks, male A-chicks had a higher probability to carry SUP6 than expected under random 237 

association of gametes (P = 0.008; n = 140 chicks; Fig. 2c). 238 

239 
 Figure 2: a) Mean number of MHC-IIB alleles (i.e., MHC-IIB diversity) in male A-chicks, b) mean MHC-IIB allele 240 

sharing (i.e., MHC dissimilarity) between the paternal and maternal haplotypes of male A-chicks, and c) mean 241 

proportion of male A-chicks carrying the MHC-IIB supertype SUP6. Histograms represent the result of 242 

simulations. The black line represents the mean of the simulated distribution, and the black dashed lines 243 

represent the 2.5% and 97.5% quantiles of the simulated distribution. The blue line is the observed mean.  244 

 245 

Because both male and female A-chicks showed positive transmission ratio distortion for 246 

SUP6 (P = 0.0016, n = 292 A-chicks, when pooling the two sexes), we tested whether this observed 247 

distortion stemmed from maternal or parental inheritance by pooling male and female A-chicks 248 

together, thereby increasing the sample size. We found that the transmission ratio distortion of SUP6 249 

was driven by maternal inheritance (P = 0.040; n = 193 chicks; Fig. 3), rather than paternal 250 

inheritance (P = 0.28; n = 217 chicks; Fig. 3).  251 
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 252 

Figure 3: Mean proportion of A-chicks carrying SUP6 a) transmitted by the father and b) transmitted by the 253 

mother, when considering in a) chicks whose father carried SUP6 and b) chicks whose mother carried SUP6. 254 

Histograms represent the result of simulations. The black line represents the mean of the simulated 255 

distribution, and the black dashed lines represent the 2.5% and 97.5% quantiles of the simulated distribution. 256 

The purple line is the observed mean. 257 

Neither female, nor male B-chicks had higher MHC-IIB diversity than expected under random 258 

association of gametes (functional diversity: P = 0.93 and P = 0.91, and number of MHC-IIB functional 259 

alleles: P = 0.62 and P = 0.80, Fig. S3, in female and male B-chicks respectively; n = 232 female B-260 

chicks and n = 244 male B-chicks). They did not have higher probability to carry SUP6 than expected 261 

(females: P = 0.11, n = 139 and males: P = 0.43, n = 134 chicks; Fig. S3).  262 

In newly-hatched chicks, the number of functional MHC-IIB alleles varied with hatching order 263 

(LR = 5.18, P = 0.023; Fig. 4), but not with sex (LR = 0.32, P = 0.57; Fig. 4) or their two-way interaction 264 

(LR = 0.01, P = 0.91). However, neither the probability to carry SUP6 nor the functional diversity 265 

varies with hatching order (χ² = 1.88, P = 0.17 and F1,643 = 2.65, P = 0.10), sex (χ² = 1.28, P = 0.25 and 266 

F1,1180 = 0.41, P = 0.52) or their two-way interaction (χ² = 1.45, P = 0.23 and F1,1100 = 0.06, P = 0.81, 267 

respectively). 268 
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 269 

Figure 4: a) Mean number of MHC-IIB alleles and b) mean frequency of chicks carrying SUP6, in relation to sex 270 

and hatching-order. Sample sizes are 338 female A-chicks, 290 female B-chicks, 337 male A-chicks and 305 271 

male B-chicks. 272 

 273 

Discussion 274 

We found evidence for non-random transmission of alleles according to MHC-IIB genes in the black-275 

legged kittiwake, a genetically monogamous seabird. Female A-chicks had higher MHC-IIB diversity 276 

and a higher probability to carry MHC-IIB dissimilar haplotypes than expected under random 277 

association of gametes. In addition, both male and female A-chicks had a higher probability to carry 278 

the MHC-IIB supertype “SUP6” than expected. In contrast, we did not detect non-random 279 

transmission of alleles according to MHC-IIB genes in B-chicks.  280 

We found that female A-chicks have higher MHC-IIB diversity than expected under random 281 

transmission of alleles, while the MHC-IIB diversity of male chicks did not differ from random 282 

expectation (albeit it was close to significance in male A-chicks). This result is in line with the fitness 283 

benefits associated with higher MHC-IIB diversity detected in female chicks but not male chicks in 284 

kittiwakes (Pineaux et al. 2020). However, in this latter study, the benefits of MHC-IIB diversity were 285 

measured at the chick stage only (Pineaux et al. 2020). Benefits observed for juvenile performance 286 

may not be reflected in lifetime fitness. For instance, in Soay sheep (Ovis aries), while MHC diversity 287 

increases juvenile survival, it is not associated with adult lifespan or lifetime breeding success (Huang 288 

et al. 2022). Further research investigating the benefits of MHC-IIB diversity over the entire individual 289 

lifetime are needed to determine whether sexual antagonist selection over MHC-IIB diversity may 290 

have driven the evolution of sex-specific non-random transmission of MHC-IIB alleles. At the 291 

proximate level, non-random associations of gametes favouring higher MHC-IIB diversity can be due 292 
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to preferential transmission of gametes carrying the most MHC-IIB diverse parental haplotype or to 293 

preferential association of MHC-IIB dissimilar paternal and maternal gametes. In the present study, 294 

we did not detect the former mechanism but detected the latter in female A-chicks. Similarly, in 295 

three-spined sticklebacks (Gasterosteus aculeatus),  haplotype-specific fertilization bias toward 296 

gametes with complementary MHC compatibility has been detected (Lenz et al. 2018). In humans, 297 

spermatozoa have higher survival rate in the reproductive tract fluid of MHC-dissimilar women, 298 

suggesting that molecular interactions between sperm and female’s reproductive tract may play an 299 

important role in mediating MHC-IIB disassortative fertilization (Jokiniemi et al. 2020; Magris et al. 300 

2021).  301 

We found that A-chicks had higher probability to carry the MHC-IIB supertype “SUP6” than 302 

expected under random association of gametes, while no deviation was detected in B-chicks. In 303 

kittiwakes, SUP6 is associated with higher reproductive performance in females, but not in males 304 

(Ribeiro et al. 2025). Because the transmission of an haplotype may trade-off with the transmission 305 

of other beneficial haplotypes, we expected transmission ratio distortion favoring the transmission of 306 

SUP6 in female offspring but not male offspring. However, we did not detect sex-of-offspring specific 307 

transmission ratio distortion, suggesting no fitness cost of carrying SUP6 in males.  In contrast, like 308 

for MHC-IIB diversity in females, we detected a clear hatching-order specific non-random 309 

transmission of gametes. The hatching order of an offspring is known to be associated with 310 

difference in offspring size and the hormones, micronutrients and immunofactors deposited by the 311 

females into eggs, leading to variations in behavior, immunity or physiology (Kozlowski and Ricklefs 312 

2010; Hadfield et al. 2013; Stier et al. 2015; Fortuna et al. 2023). These differences can have long-313 

term effects on survival or reproductive success of the offspring at adulthood (Song et al. 2019; 314 

Bebbington and Groothuis 2023). In kittiwakes, B-chicks are smaller, have higher androgen levels, 315 

lower corticosterone levels, and recruit earlier than A-chicks in our studied population (Gasparini et 316 

al. 2007; Benowitz-Fredericks et al. 2013; Vincenzi et al. 2013; Young et al. 2017). Therefore, it is 317 

possible that the exposure or immune response to parasites varies with hatching order, even on a 318 

long-term, thereby selecting for different optimum in MHC-IIB diversity and MHC-IIB composition 319 

between A- and B-chicks. 320 

In kittiwakes, like in various other bird species (e.g., Dearborn et al. 2016; Gaigher et al. 2016; 321 

Winternitz et al. 2023), copy number variation of MHC-IIB genes is observed. In kittiwakes, while 322 

most haplotypes carry two-gene copies, a few of them carries either one or three gene copies. SUP6 323 

is often found in three gene-copy haplotypes, and 98.6% of the chicks who carried a three-gene-324 

copies haplotype carried SUP6.  The presence of SUP6 is therefore associated with higher MHC-IIB 325 

diversity (mean ± SE of allele number and divergence in chicks not carrying vs. carrying SUP6: 2.88 ± 326 
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0.02 vs 3.72 ± 0.03 alleles and 5.05 ± 0.05 vs. 5.96 ± 0.04, respectively; Kruskal-Wallis test: χ²1 = 327 

402.19, P < 0.0001 and χ²1 = 165.76, P < 0.0001, respectively; n = 1136 chicks) (Ribeiro et al. 2025). 328 

The transmission ratio distortion of SUP6 may therefore be one of the mechanisms favoring higher 329 

MHC-IIB diversity in A-chicks, and might be at the origin of the slight, albeit non-significant, higher 330 

MHC-IIB diversity than expected in male A-chicks. 331 

Numerous proximal mechanisms for transmission ratio distortion of alleles have been 332 

suggested (Huang et al. 2013b; Friocourt et al. 2023). They include female meiotic drive, competition 333 

between male or female gametes, and zygote mortality. In the present study, non-random 334 

transmission of SUP6 was detected when SUP6 is inherited from the mother, not from the father. 335 

This result suggests that the observed non-random transmission of SUP6 is not driven by differential 336 

mortality at the embryo stage, or competition among sperm cells based on SUP6. Instead, it may be 337 

due to female meiotic drive, which is the transmission advantage of a certain genetic element during 338 

meiosis (Sandler and Novitski 1957; Srinivasa and Zanders 2020; Knief et al. 2020). It may also be due 339 

to differential atresia of follicles based on SUP6 carried by the oocytes. In mammals, MHC genes are 340 

expressed in the immature oocyte (Doyle et al. 2009), and may thus play a role in the protection from 341 

pathogenic organisms and the modulation of premature ovarian failure. The mechanism driving the 342 

hatching-order specific non-random transmission of SUP6 is also not known. The environment of the 343 

female reproductive tract is likely to vary between the A- and B-eggs, which might therefore 344 

potentially modulate transmission ratio distortion mechanisms. In mice, post-copulatory selection for 345 

MHC heterozygosity has also been shown to be influenced by an external factor, a viral infection 346 

(Rülicke et al. 1998). Clearly, further studies are required to clarify the molecular mechanisms 347 

responsible of the transmission ratio distortion of SUP6 in A-chicks. 348 

We found that newly-hatched A-chicks had higher MHC-IIB diversity than newly-hatched B-349 

chicks. This difference is likely the result of the ratio transmission distortion favoring higher MHC-IIB 350 

diversity in A-chicks observed in the present study. This result contrasts however with the results of 351 

Pineaux et al. (2020), which detected no differences in MHC-IIB diversity between A- and B-chicks at 352 

hatching. The difference between the two studies is due to the inclusion in Pineaux et al. (2020) of 353 

the chick cohorts sampled after hatching (sup mat), and in which chicks may therefore have gone 354 

through post-hatching selection processes, e.g., mortality of B-chicks with low MHC-IIB diversity 355 

(Pineaux et al. 2020). In contrast, while we also detected transmission ratio distortion for SUP6 in A-356 

chicks, we did not find newly-hatched A-chicks to carry SUP6 more frequently than newly-hatched B-357 

chicks. First, SUP6 is carried by ca. half of the parents only (i.e., 44% of the mothers and 50% of the 358 

fathers). Selection process favoring transmission of SUP6 can therefore possibly occur only in half of 359 

the chicks, which may result in an apparent low effect size when considering all chicks.  360 
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In conclusion, we detected evidence for transmission ratio distortion based on MHC-IIB in a 361 

genetically monogamous species. Our results are consistent with the other reproductive strategies 362 

based on MHC-IIB dissimilarity between mates detected in the species, namely mate choice and sex-363 

allocation (Pineaux et al. 2022; Thel et al. 2025). They add thus evidence to the significant role of 364 

MHC-IIB in sexual selection in kittiwakes. In addition, while post-copulatory selection has been 365 

suggested to be the consequence of females copulating with different males during a single 366 

reproductive cycle, and has therefore been studied intensively in polygamous species (Firman et al. 367 

2017), our results suggest that post-copulatory selection may provide a great evolutionary advantage 368 

in genetically monogamous species also (Otto et al. 2015; Kekäläinen 2022). Finally, the hatching-369 

order specific transmission ratio distortion detected in the present study shows that, in contrast to 370 

suggested (Song et al. 2019), the hatching position of an offspring may influence its genetic traits. 371 

This may explain some of the hatching-order effects detected in kittiwakes and other species 372 

(Massemin et al. 2002; Cam et al. 2003; Dey et al. 2014; Song et al. 2019), and paves the road for 373 

further studies investigating its generality, as well as the driving evolutionary and proximal processes. 374 
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