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Abstract
Maintenance of genetic polymorphism remains one of the big questions of evolu-
tionary biology, which for a long time tended to be explained by balancing selec-
tion. This explanation was later criticized, but now is again accepted as an important 
mechanism in evolution. Human blood group systems seem affected by balancing 
selection especially strongly. In this preregistered study, we focused on stable coex-
istence of RhD-positive and RhD-negative subjects in a population. This is an evolu-
tionary conundrum, because carriers of the less frequent negative allele suffer from 
lower fecundity due to haemolytic disease of the newborn affecting RhD-positive 
infants born to RhD-negative women. One explanation of persisting stability of RhD 
polymorphism points to heterozygote advantage. Over the past decade, numerous 
studies demonstrated that RhD-positive subjects score better than RhD-negative ho-
mozygotes in psychomotor tests and physical health-related variables. Still, evidence 
of better health and performance of heterozygotes is scarce and merely indirect. 
We compared the physical and mental health of 2,539 subjects whose RhD geno-
type was estimated based on their and their parents' RhD phenotype. We confirmed 
that RhD-negative homozygotes fare worse in terms of physical and mental health 
than subjects with RhD-positive phenotype and that RhD-positive heterozygotes 
enjoy better health than both homozygotes. For the first time, we demonstrated that 
RhD-positive homozygotes might suffer from worse health than RhD-negative ho-
mozygotes. Our results strongly support the hypothesis that RhD polymorphism is 
maintained by heterozygote advantage and that balancing selection may have played 
an important role in human evolution in this context and in general.

K E Y W O R D S

balancing selection, frequency-dependent selection, heterozygote advantage, human 
evolution, polymorphism, viability

www.wileyonlinelibrary.com/journal/jeb
mailto:
https://orcid.org/0000-0002-0822-0126
https://orcid.org/0000-0002-0776-2070
https://orcid.org/0000-0003-2796-1226
https://orcid.org/0000-0002-3087-7538
mailto:flegr@cesnet.cz


     |  427FLEGR Et aL.

1  | INTRODUC TION

The origin, maintenance and fate of genetic diversity remain 
one of the central questions of evolutionary biology. Putting 
aside the dispute between proponents of the neutral theory of 
evolution (Kimura, 1968) and advocates of the selectionist, ‘bal-
anced’ approach (Dobzhansky, 1955; Lewontin, 1974; Lewontin 
& Hubby, 1966), it is now clear that both random drift and nat-
ural selection play an important role in maintaining genetic di-
versity (Andrés et al., 2010; Croze et al., 2016; Key et al., 2014). 
Among all forms of selection, balancing selection is a factor that 
contributes to the maintenance of genetic variability most directly 
(Croze et al., 2016; Hedrick, 2012; Key et al., 2014). One of its 
components is frequency-dependent selection, a mechanism by 
which the fitness value of alleles changes with their frequency in 
the gene pool. In cases where fitness negatively correlates with 
the frequency of the focal allele, the whole system may stabilize 
and maintain genetic polymorphism for a long time (e.g. Raffini 
et al., 2017; Raffini & Meyer, 2019).

Selection that varies over time and space, between the sexes, 
life stages or fitness components may be balancing in the long term 
(balancing selection sensu lato: Hedrick, 2012). Nonetheless, het-
erozygote advantage—also known as overdominance or heterosis—is 
usually recognized as the most immediate mechanism of balancing 
selection. Under this regime, heterozygotes for a particular gene 
locus exhibit higher fitness than either of the homozygotes. This re-
sults in an equilibrium such that both alleles stabilize at a frequency 
that maximizes the mean fitness of the population. Such systems 
are usually recognizable by a relatively higher proportion of few mi-
nority alleles with intermediate frequencies (e.g. Allison, 1954).

Despite expectations of some classic work of the modern evo-
lutionary synthesis (Dobzhansky, 1955; Lewontin, 1974; Lewontin 
& Hubby, 1966), balancing selection was until recently consid-
ered a rare phenomenon (e.g. Croze et al., 2016; Hedrick, 2012). 
Numerous new studies, however, show that it is an important way 
of maintaining genetic polymorphism, both in general and in human 
populations (Andrés et al., 2010; Croze et al., 2016; Hedrick, 2012; 
Key et al., 2014). Examples of systems maintained by balancing se-
lection include warfarin drug resistance in rats (Rattus norvegicus) 
(Greaves et al., 1977), self-incompatibility systems of flowering 
plants (Magnoliophyta) (Roux et al., 2013), the ABO blood system 
of primates (Segurel et al., 2012) or the major histocompatibil-
ity complex (MHC) of vertebrates (Andres et al., 2009; Spurgin & 
Richardson, 2010). A majority of known targets of balancing selec-
tion are related to immunity (Andres et al., 2009; Ferrer-Admetlla 
et al., 2008; Fumagalli et al., 2009; Hellgren & Sheldon, 2011; 
Single et al., 2007). These concern mainly genes associated with 
antigen recognition (Croze et al., 2016; Key et al., 2014), but also 
genes with much looser relation to immunity, such as olfactory re-
ceptors (Alonso et al., 2008; Croze et al., 2016), extracellular cell 
components (Andres et al., 2009) or pattern recognition receptors 
(Těšický & Vinkler, 2015). This is not surprising because it has long 
been suspected that the arms race between parasites and their hosts 

produces strong negative frequency-dependent selective pressures 
(Haldane, 1949).

In humans, many of these polymorphisms are associated with 
congenital diseases. Examples include the recessive ‘sickle-cell dis-
ease’ allele of the HBB gene conferring resistance against malaria 
(Allison, 1954), or recessive ‘cystic fibrosis’ alleles of the CFTR gene 
that improve resistance to certain infections (Cuthbert et al., 1995). 
Andres et al. (2009) identified at least 60 human genes that show 
signs of ancient balancing selection, of which five are clearly related 
to immunity, and seven are associated with various other diseases. 
Blood groups are another prominent set of human traits affected by 
balancing selection. It has been proposed that particular ABO geno-
types confer differential resistance to parasites and diseases (Segurel 
et al., 2012). Fumagalli et al. (2009) demonstrated that various types 
of balancing selection are also responsible for the maintenance of 
polymorphisms in the blood group systems CD55, CD151, SLC14A1, 
and possibly also BSG and FUT2. This is probably for immunologi-
cal reasons, as various blood system minority alleles correlate with 
resistance to pathogens. Moreover, Fumagalli et al. (2009) showed 
that pathogen richness correlates with minority allele frequencies in 
several blood systems. Other potential advantages of rarer alleles in 
these systems include faster healing or augmented water retention 
in dry climates, usually at the cost of increased risk of autoimmune 
disorders.

Another prominent blood group polymorphism traditionally sus-
pected of being maintained by balancing selection is the polymor-
phism in Rhesus factor, that is the RHD gene. The immunodominant 
antigen on the surface of human erythrocytes is the D epitope on the 
RhD protein, a product of the RHD gene, which is part of the trans-
membrane protein–glycoprotein complex (Rh complex) of human 
erythrocytes. The main role of the Rh complex is to transport the 
NH3 or CO2 gases and their ions (Kustu & Inwood, 2006; Nakhoul & 
Hamm, 2013), although the physiological function of this transport 
remains unknown. Moreover, in mammal species with biconcave dis-
coid erythrocytes, such as humans, this complex also plays an im-
portant role in maintaining the integrity of plasma membrane and 
cell shape (Le Van Kim et al., 2006; Nakhoul & Hamm, 2013). The 
human RHD gene is highly polymorphic: over 200 alleles have been 
described in various populations around the world (Flegel, 2011).

A large proportion of people of European origin carry the recessive 
d allele of the RHD gene (its frequency is about 40%), which represents 
a large deletion covering almost the entire RHD gene (Wagner & 
Flegel, 2000). The spread of the d allele and stable coexistence of RhD-
positive and RhD-negative individuals in European populations are 
well-known evolutionary enigmas (Fisher et al., 1944; Haldane, 1942). 
Carriers of the rarer d phenotype suffer from impaired fecundity. 
Before the advent of modern medicine, most RhD-positive children 
born to RhD-negative mothers who had been immunized by a previous 
birth of RhD-positive child suffered from severe haemolytic disease 
as newborns. Despite various efforts to explain RhD polymorphism 
by a combination of demographic factors (Feldman et al., 1969; Nei 
et al., 1981), it is clear that without the intervention of some form of 
balancing selection, the coexistence of d and D alleles would be in the 
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long run evolutionarily unstable: the less fit allele would be selected 
against, and all individuals in a population would eventually become 
either RhD negative or RhD positive.

The hypothesis that selection favouring heterozygotes (heterosis) 
plays a key role in maintaining RHD polymorphism was probably first 
explicitly formulated in late 1960s by Feldman et al. (1969), though 
supporting empirical evidence started to accumulate only about a de-
cade ago. Several papers showed that subjects with the RhD-positive 
phenotype—and especially heterozygotes with one D and one d al-
lele—are protected against certain adverse factors. Most prominent 
is protection against the health impact of toxoplasmosis, a common 
chronic infection by a protist parasite, but various studies also found 
indications of protection against the effects of fatigue, smoking and 
ageing (Flegr et al., 2010, 2012, 2018; Holub et al., 2011; Kaňková 
et al., 2010; Novotná et al., 2008). More recently, an ecological cor-
relative study performed in 66 countries for which allele frequen-
cies and WHO data on the incidence of 125 disorders were available 
(WHO, 2008) showed that the incidence of many disorders correlates 
positively with the frequency of RhD-negative subjects and nega-
tively with the frequency of RhD-positive heterozygotes in the pop-
ulation (Flegr, 2016). A large-scale cross-sectional study had further 
shown that RhD-negative subjects exhibit many signs of impaired 
health and increased incidence of many diseases and disorders (Flegr 
et al., 2015): RhD-negative subjects reported more frequent allergic, 
digestive, heart, haematological, immunological, mental health-related 
and neurological problems. Another recent study demonstrated that 
RhD-negative subjects scored worse than RhD-positive subjects on 
well-being, mental and physical health (Flegr et al., 2020). Over the 
past 12 years, at least 14 published studies demonstrated effects of 
RhD phenotype on human psychomotor performance and health, 
whereas to the best of our knowledge only two studies showed no 
such effect (Flegr & Dama, 2014; Halmin et al., 2017). Most studies, 
however, compared the health or psychomotor performance of indi-
viduals with RhD-negative and RhD-positive phenotype, and not RhD 
genotype, because RhD-positive homozygotes and heterozygotes can-
not be easily distinguished by a routine immunoagglutination test.

In our present study, we took advantage of the fact that an RhD 
heterozygote can be easily identified based on the subject's RhD-
positive phenotype plus one RhD-negative biological parent (Kaňková 
et al., 2020). In relatively rich, low fecundity countries like the Czech 
Republic the vast majority of people know their biological parents' and 
their own RhD phenotype (Voracek et al., 2008). We can therefore 
easily establish the RhD genotype of not only the RhD-negative sub-
jects (dd) but also of RhD-positive heterozygotes (Dd). Naturally, peo-
ple who have two RhD-positive parents could be either DD or Dd (with 
higher probability of DD than in the general population). This makes 
this method less precise than molecular genotyping, but it enables re-
searchers to obtain large amounts of data relatively easily and cheaply 
using, for instance, clinical records or internet questionnaires.

We here present the results of such a study performed with 
2,539 participants. Our study was preregistered (see Section 2) 
and based on questionnaires about the RhD phenotype of respon-
dents and their parents, their physical health, mental health, sexual 

desire and fecundity. The main aim was to test two hypotheses: first, 
whether RhD heterozygotes enjoy better health than both RhD-
positive and RhD-negative homozygotes; and second, that subjects 
with RhD-negative phenotype enjoy worse health than subjects 
with RhD-positive phenotype. We thus directly test the role of bal-
ancing selection in maintaining human RHD gene polymorphism and 
ultimately contribute to a better understanding of the role of balanc-
ing selection in biological evolution.

2  | MATERIAL S AND METHODS

2.1 | Subjects

Most subjects were members of the ‘Labbunnies’ group, a commu-
nity of currently over 20,000 Czechs and Slovaks who voluntarily 
participate in various experiments related to evolutionary psychol-
ogy. Using several posts on the timeline of the Labbunnies Facebook 
group (administered by our research team), we invited group mem-
bers and their Facebook friends to participate in an anonymous 
study that would ‘investigate certain philosophical problems of per-
sonal identity, test evolutionary hypotheses regarding, for example 
the beauty of flowers, and study moral dilemmas related to autono-
mous cars'. Respondents received no remuneration for their partici-
pation in the study, but at the end of our 70-min questionnaire, they 
found a reward in the form of their own results for three tests that 
were part of the online questionnaire as well as the results of other 
similar studies.

At the beginning of the questionnaire, we asked participants 
for their informed consent. We informed them that ‘The study is 
anonymous and obtained data will be used exclusively for scientific 
purposes. Your cooperation in the project is voluntary and you can 
terminate it at any time by closing this website. You can also skip 
any questions you may find uncomfortable, but complete data are 
the most valuable. If you agree to participate in this research, press 
the “Next” button’. Only subjects who gave us their informed con-
sent by pressing the button were allowed to participate in the study. 
Between 9 May and 31 December 2017, we collected data from 
4,650 respondents. Not all, however, answered questions pertaining 
to their and their parents' RhD phenotypes. The project, including 
the method used to obtain electronic informed consent with partic-
ipation in this anonymous study, was approved by the Institutional 
Review Board of the Faculty of Science, Charles University (Komise 
pro práci s lidmi a lidským materiálem Přírodovědecké Fakulty 
University Karlovy)—No. 2017/08. The study was preregistered at 
Open Science Framework (OSF) prior to the start of data collection 
(https://osf.io/ykxpf).

2.2 | The questionnaire

In the anamnestic part of the questionnaire, which was run on the 
Qualtrics platform (https://www.qualt rics.com/), respondents 

https://osf.io/ykxpf
https://www.qualtrics.com/
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provided information about their age, body height and weight, and 
the size of the communities they currently reside in (ordinal variable 
urbanization—0: less than 1,000 inhabitants, 1: 1,000‒5,000 inhabit-
ants, 2: 5,000‒50,000 inhabitants, 3: 50,000‒100,000 inhabitants, 
4: 100,000‒500,000 inhabitants, 5: over 500,000 inhabitants, 6: 
Bratislava, 7: Praha), and the number of their children. Respondents 
were also asked about their ABO blood group (not used in the pre-
sent study) and, in the following question, about their Rh factor. 
Possible answers were ‘I do not know, I am not sure’, ‘negative (the 
rarer variant)’ or ‘positive (the more frequent variant)’. The answer 
‘I do not know, I am not sure’ was marked in advance. In the fol-
lowing two questions, we used the same range of options to ask 
respondents about the RhD phenotype of their biological mother 
and father. Based on the RhD phenotype of respondents and their 
parents, we were able to identify RhD-positive heterozygotes (i.e. 
RhD-positive subjects with one RhD-negative parent). The remain-
ing RhD-positive subjects, that is subjects with RhD-positive mother 
and father and those who did not answer questions on the RhD phe-
notype of their parents, represented a mixed group of homozygotes 
and heterozygotes, enriched by RhD-positive homozygotes in com-
parison with the general RhD-positive population.

In order to compare the relative importance of the influence of 
RhD phenotype on health, well-being and biological fitness with 
other important factors, we looked for associations between health, 
fecundity and sexual desire using three unrelated but well-known 
risk factors: body mass index (BMI) calculated from body height and 
body weight, frequency of smoking, that is how many cigarettes they 
smoke a day (ordinal scale 0: 0, 1: 0‒0.1, 2: 0.1‒1, 3: 1.1‒3, 4: 3.1‒10, 
5: 11‒20, 6: 21‒40, 7: over 40), and frequency of alcohol consumption 
in a volume that would make it illegal for the person to drive a car 
(ordinal scale: 0: never, 1: at most once a month, 2: at most twice a 
month, 3: at most four times a month, 4: at most twice a week, 5: 
every other day, 6: every day, 7: nearly all the time). In contrast to our 
previous studies, we did not ask respondents about their consump-
tion of illegal drugs or drugs/vitamins/supplements not prescribed 
by a medical professional.

Using scales of 0–100, participants rated how strongly they are 
sexually aroused by persons of the same and of the opposite sex. The 
higher of these two arousal-related variables was then designated 
as our variable sexual desire. The main outcome variables used here, 
physical health and mental health, were obtained in another section 
of the questionnaire where the respondents rated how they have 
been feeling physically and (separately) mentally during the past two 
years using six-point ordinal scales ranging from 1 (very bad) to 6 
(very well). Next, respondents listed how many kinds of drugs pre-
scribed by a medical professional for mental health problems they 
used over the past month and how many kinds of prescription drugs 
for other health problems they used over the same period of time. 
Respondents also expressed, using scales of 0 (definitively not) to 
100 (definitively yes), whether and to what extent they suffer from 
anxieties, depressions, manias, obsessive/compulsive behaviour, 
auditory hallucinations, visual hallucinations, burnout syndrome 
and headaches. For example, they were asked ‘Do you suffer from 

obsessive (compulsive) behaviour?’ In the heading of this section of 
the questionnaire, participants were reminded that they ought to in-
dicate what issues (‘feelings, moods, or behaviours’) they are strug-
gling with right now, that is not problems they were diagnosed with 
in the past. They were also requested to try and estimate how much 
they would struggle with a particular problem if they stopped using 
medication prescribed for the issue. Using a list of 25 mental health 
disorders and epilepsy, they also noted which they suffer from (i.e. 
which ‘had been diagnosed by medical professionals’). Based on their 
responses, we computed the variable number of mental health disor-
ders. For English translation of relevant parts of the questionnaire, 
see Appendix S1.

2.3 | Statistics

Before analyses, we filtered out <3% of questionnaires submitted 
by subjects who failed our two attention tests (‘Now kindly check 
the answer number two (four).’) or provided a suspect combination 
of answers to other questions, for instance excessively high/low 
height, weight, age, an unrealistically high number of neuropsychi-
atric disorders, or answered all or nearly all questions by the same 
code, etc. In accordance with preregistration, the data of all five 
subjects who indicated that they had been diagnosed with either 
Parkinson's or Alzheimer's disease were also removed. Descriptive 
statistics (preparation of graphs and frequency tables), computation 
of simple univariate tests (two-sided, unpaired t tests, χ2 test) and 
ordinal regressions with sex, RhD phenotype/genotype and their in-
teraction as explanatory factors plus age and size of the place of liv-
ing as covariates were performed using Statistica v. 8. Partial Kendall 
correlation tests were performed in R v. 3.3.1 (R Core Team, 2018), 
package ppcor v. 1.1 (Kim, 2015).

In the confirmatory part of the study, we controlled for age 
and/or sex (when analysing a mixed set of men and women). In the 
exploratory part, we also controlled for age, tobacco smoking and 
alcohol consumption. In accordance with preregistration, two pre-
registered one-sided hypotheses were tested with one-sided tests 
and all other hypotheses with two-sided tests. The level of signifi-
cance was always set to 0.05. Correction for multiple tests was done 
using the Benjamini–Hochberg procedure with false discovery rate 
preset to 0.25 (Benjamini & Hochberg, 1995), using the Excel sheet 
published by McDonald (2014). All relevant data are available at 
figsh are.com/s/d199d ec0ba 0fc5e fde29.

2.4 | Differences between the preregistered and 
implemented protocol

We hoped to collect data from about 10,000 subjects before the 
preregistered end of the study (31 December 2017). It turned out, 
however, that the main topics of our questionnaire—those pertaining 
to philosophical problems of personal identity, beauty of flowers and 
autonomous cars—were apparently less attractive than the topics of 

http://figshare.com/s/d199dec0ba0fc5efde29
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our previous questionnaires. In the end, we thus obtained data from 
less than half of the originally planned respondent number, so the 
number of subjects tested for association between RhD-negative 
phenotype and health was about 50% lower than anticipated in the 
preregistration. On the other hand, we had anticipated that only 
about 15% of respondents would provide the RhD phenotype data 
of their parents, whereas that percentage turned out to be much 
higher. In the end, the number of subjects tested for the effect of 
RhD heterozygosity on health was thus slightly higher than expected 
in the preregistered protocol.

In the preregistration, the output variable was called health prob-
lems, but the questionnaire included no such variable. To make the 
results of the present study comparable to those of previous studies, 
we thus replaced it by two other outcome variables from the ques-
tionnaire, namely physical health and mental health (both ranging 1 
to 6), performed a correction for multiple (two) tests, and reported 
the corresponding results. We additionally performed equivalent 
multivariate analyses using the various health parameters described 
above as outcome variables.

3  | RESULTS

3.1 | Data description

The sample (n = 2,539) consisted of 756 men (173, i.e. 22.88% of 
whom were RhD negative) of mean age 37.4 years (SD 12.8) and 
1,783 women (405, i.e. 22.71% of whom were RhD negative) of 
mean age 35.5 years (SD 12.6). The men were thus significantly older 
than the women (t = 4.07, p < .00001, Cohen's d = 0.153), although 
the frequency of RhD-negative subjects did not differ between the 
sexes (χ2 = 0.009, p = .929). Of the men, 314 provided information 
about the RhD phenotype of their mother and 259 about the RhD 

phenotype of their father. According to these reports, 23.6% of moth-
ers and 23.17% of fathers were RhD negative. Of the women, 1,087 
provided information about the RhD phenotype of their mother and 
870 about the RhD phenotype of their father; 26.0% of mothers and 
17.9% of fathers were RhD negative. Interaction between the RhD 
and sex was not significant for the mothers (χ2 = 0.782, p = .377) or 
the fathers (χ2 = 3.540, p = .060).

3.2 | Confirmatory analyses

We tested two predictions derived from two preregistered hypoth-
eses (Figure 1):

1. RhD-positive heterozygotes, that is RhD-positive subjects with 
one RhD-negative parent, will report fewer health problems 
than other study participants, that is, fewer problems than 
RhD-negative subjects and subjects who report having two 
RhD-positive parents (and can be therefore either heterozygotes 
or homozygotes).

2. RhD-negative subjects (homozygotes) will report more health 
problems than RhD-positive study participants.

Ordinal regressions with either physical or mental health (scale 
1–6) as the dependent (outcome) variable, sex, RhD phenotype (pos-
itive or negative) and interaction between sex and RhD phenotype 
as explanatory factors, plus age and size of place of residence as co-
variates, showed that RhD-negative subjects were in worse physical 
health (Wald statistic = 6.33, p = .006, one-sided test; 0.012 after 
the Bonferroni correction for two tests) but not worse mental health 
(Wald statistic = 1.42, p = .117, one-sided test) than RhD-positive 
subjects (subsuming heterozygotes and homozygotes). Post hoc 
tests showed that in men the effect of RhD-negative phenotype on 

F I G U R E  1   Differences in overall 
physical (left) and mental (right) health 
among RhD-negative homozygotes, 
RhD-positive heterozygotes, and the 
remaining mixed group of RhD-positive 
homozygotes and heterozygotes. The 
RhD-positive mix contains all RhD-
positive homozygotes and part of RhD-
positive heterozygotes (see Sections 2 
and 4). High values on the y axis denote 
better health. Vertical bars denote 0.95 
confidence intervals and numbers above 
the bars show the number of subjects in 
particular groups
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physical health was very strong and on mental health very weak, 
whereas in women the effect on physical health was slightly weaker 
than on mental health (see Figure S1 and Table S1).

The same ordinal regression analyses with either physical or men-
tal health as dependent (outcome) variable, sex, RhD heterozygosity 
(homozygote (+/+) or (−−) versus heterozygote (+/−)) and interaction 
between sex and RhD heterozygosity as explanatory factors, plus 
age and size of place of residence as covariates, showed that hetero-
zygotes enjoy nonsignificantly better physical health (Wald statis-
tic = 2.34, p = .063, one-sided test) and significantly better mental 
health (Wald statistic = 6.14, p = .007, one-sided test; p = .014 after 
the Bonferroni correction for two tests) than the remaining (homo-
zygotic) subjects (see Figure S2 and Table S2).

We also detected a very strong negative effect of age (Table S2) 
and a significant negative effect of female sex on health in all of the 
above analyses, except for the analysis of the effect of RhD pheno-
type on physical health. We detected no effect of the size of the place 
of residence (all p-values > .60), and never any interactive effects 
between sex and RhD phenotype or sex and RhD heterozygosity on 
physical or mental health (all p-values > .12). Our ordinal regression 
models are shown in Tables S1 and S2, and the overall similar results 
of equivalent multivariate analyses using all 14 physical and mental 
health-related variables as dependents are given in Tables S3–S6.

3.3 | Exploratory analyses

We then investigated the physical and mental health of subjects with 
different RhD genotypes in more detail. Figure 1 shows differences 
between the physical and mental health of RhD-negative homozy-
gotes, RhD-positive heterozygotes, and the remaining mixed group 
of RhD-positive homozygotes and heterozygotes (for determination 
of these three groups, see Materials and methods and Discussion). 
Repeated-measures ANCOVA with both physical health and men-
tal health as dependent (outcome) variables, sex, RhD genotype and 
the sex by RhD genotype interaction as independent factors, plus 
age and size of place of residence as covariates, showed a significant 
effect of the RhD genotype (F2,1697 = 3.851, p = .021, η2 = 0.005). 
Separate analyses showed a significant effect of RhD genotype on 
both physical health (F2,1698 = 3.462, p = .032, η2 = 0.004) and mental 
health (F2,1697 = 3.105, p = .045, η2 = 0.004; see Figure 1 for numbers 
of subjects in particular groups). No interactive effects between the 
genotype and other variables were observed in these three analyses.

For post hoc exploratory analyses of the effects of RhD genotype 
on particular health-related variables, the number of respondents' bi-
ological children, and level of sexual desire, we used nonparametric 
partial Kendall correlation tests with age as a covariate (dropping the 
effect of size of place of residence that was always nonsignificant in all 
previous analyses). To compare the relative strength of effects of RhD 
genotype or phenotype with the effects of known adverse factors, 
we used alcohol consumption, tobacco smoking and BMI as internal 
controls. Table 1 shows that RhD genotype had significant effects 
on several health-related variables, whereby the strength of these 

effects was comparable to other factors under investigation. For in-
stance, the negative effect of RhD-negative phenotype was stronger 
than that of alcohol consumption, but weaker and less frequent than 
that of tobacco smoking, and of comparable strength to the effect of 
high BMI (with the exception of BMI's very strong negative effect on 
physical health). We detected no effect of RhD genotype on fecundity 
(number of biological children) or the level of sexual desire.

RhD-heterozygous men were on average 1 cm shorter (lower 
body height) (F2,751 = 3.19, p = .042, η2 = 0.008) and 5 kg heavier 
(higher body mass) (F2,750 = 2.12, p = .121, η2 = 0.006), and conse-
quently had higher BMI (F2,750 = 5.56, p = .004, η2 = 0.015) than men 
with other RhD genotypes, in particular RhD-negative homozygotes; 
no such differences were observed in women (Figure 2). Differences 
between RhD-positive heterozygotes and homozygotes might be 
actually even larger, as differences between heterozygotes and the 
mixed group of RhD-positive homozygotes and heterozygotes were 
of a similar magnitude as those between heterozygotes and RhD-
negative homozygotes (see Figure 2). ANCOVA with genotype and 
sex as fixed factors and age as covariate showed that both geno-
type and the genotype–sex interaction had significant effects on the 
BMI (genotype: F2,2,517 = 4.93, p = .007, η2 = 0.004; genotype–sex: 
F2,2,517 = 4.72, p = .017, η2 = 0.003). We repeated all partial Kendall 
analyses while controlling for two additional potential confounding 
variables, namely smoking and alcohol consumption, but the results 
remained approximately the same (see Table S7).

4  | DISCUSSION

In accordance with our two preregistered hypotheses, RhD het-
erozygotic individuals reported better health than other, mostly 
homozygotic study participants, and RhD-negative subjects suf-
fered from worse physical and mental health than RhD-positive 
participants (Figure 1, Figures S1 and S2). Unexpectedly, we also 
found the mental health (of primarily females) and physical health 
(of males) of RhD-positive homozygotes to be as bad or even 
worse than that of RhD-negative homozygotes. This seems to con-
tradict the results of previous studies, as well as the results of our 
partial Kendall tests (see column 7 of Table 1). However, most pre-
vious studies compared the health of RhD-negative subjects with 
the health of both homozygous and heterozygous RhD-positive 
subjects (i.e. subjects with RhD-positive phenotype), which could 
effectively mask effects by averaging potential disadvantages of 
homozygotes with health advantages of heterozygotes. Merely 
three of the many recent studies of this topic specifically investi-
gated the main prediction of the balancing selection hypothesis in 
trying to identify possible advantages of RhD heterozygotes: the 
correlational study of Flegr (2016), and a study of blood donors 
with completely known RhD genotypes by Novotná et al. (2008). 
Most recently, additional indirect evidence was offered by Kaňková 
et al. (2020), who showed that RhD heterozygous mothers, that is 
RhD-positive women who gave birth to at least one RhD-negative 
child, tend to deliver more sons than daughters. According to 
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TA B L E  1   Correlation between RhD phenotype and genotype and health-related variables

Age Place p−/p+ +−/p− +−/+m +m/p− Alcohol Smoking BMI

All

Physical health −0.05 0.01 −0.05 0.10 0.04 0.04 0.04 −0.06 −0.13

Mental health 0.10 0.00 −0.04 0.11 0.06 0.03 0.03 −0.10 −0.01

Drugs mental health 0.09 0.00 −0.02 0.04 0.02 0.01 −0.05 0.10 0.04

Drugs other 0.12 0.00 −0.03 −0.01 −0.03 0.03 −0.06 −0.04 0.10

Number of disorders −0.02 0.05 0.05 −0.03 0.02 −0.05 −0.06 0.12 0.01

Anxiety −0.11 0.02 0.04 −0.06 −0.02 −0.04 0.00 0.05 −0.02

Phobias −0.15 0.00 0.05 −0.03 0.02 −0.06 −0.03 0.02 0.01

Depression −0.11 0.01 0.04 −0.06 −0.02 −0.04 0.00 0.09 0.00

Mania −0.12 −0.02 0.04 −0.01 0.02 −0.04 0.04 0.07 0.02

Compulsive behaviour −0.19 0.00 0.02 −0.03 0.00 −0.03 0.02 0.04 0.00

Hallucination auditory −0.04 −0.01 0.03 −0.03 0.01 −0.04 0.00 0.02 0.03

Hallucination visual −0.01 −0.01 0.03 −0.01 0.02 −0.04 0.00 0.03 0.04

Burnout −0.01 0.00 0.02 −0.06 −0.03 −0.02 0.00 0.06 0.03

Headache −0.10 0.00 0.02 0.01 0.02 −0.02 −0.02 0.01 0.01

Number of children 0.52 −0.08 −0.01 −0.01 −0.02 0.01 −0.03 −0.06 0.03

Sexual desire 0.03 −0.04 −0.01 0.00 −0.01 0.02 0.00 −0.02 0.00

BMI 0.24 −0.05 −0.01 0.03 0.02 0.01 −0.01 0.04 NA

Height 0.00 0.03 0.00 −0.03 −0.03 0.01 0.09 0.05 0.08

Weight 0.19 −0.03 −0.01 0.01 0.00 0.01 0.03 0.05 0.69

Men

Physical health −0.11 0.03 −0.10 0.15 0.02 0.10 0.00 −0.10 −0.13

Mental health 0.09 0.01 −0.02 0.10 0.06 0.01 −0.01 −0.15 −0.02

Drugs mental health 0.06 0.08 0.01 0.05 0.05 −0.02 −0.05 0.18 0.09

Drugs other 0.22 0.04 −0.01 −0.03 −0.03 0.01 −0.06 −0.07 0.12

Number of disorders −0.11 0.08 0.07 0.04 0.10 −0.09 −0.11 0.15 0.07

Anxiety −0.11 0.01 0.03 −0.06 −0.02 −0.03 0.01 0.11 0.02

Phobias −0.18 0.03 0.07 −0.03 0.05 −0.08 −0.02 0.12 0.04

Depression −0.11 −0.01 0.06 −0.03 0.03 −0.07 0.01 0.18 0.01

Mania −0.16 −0.02 0.01 0.08 0.06 −0.02 0.04 0.07 0.00

Compulsive behaviour −0.21 0.03 0.00 0.06 0.05 −0.01 0.00 0.08 0.00

Hallucination auditory −0.04 −0.01 0.00 0.01 0.01 −0.01 0.00 0.05 0.00

Hallucination visual 0.01 −0.01 0.02 0.05 0.05 −0.03 0.01 0.04 0.00

Burnout −0.04 0.01 0.02 0.02 0.03 −0.03 −0.01 0.06 0.02

Headache −0.09 −0.01 0.02 0.14 0.12 −0.04 −0.01 0.01 −0.02

Number of children 0.51 −0.05 −0.04 0.06 0.01 0.04 0.04 −0.05 0.09

Sexual desire 0.07 −0.07 0.03 −0.01 0.02 −0.03 −0.01 −0.04 0.07

BMI 0.27 −0.01 −0.01 0.11 0.08 0.00 −0.08 0.05 NA

Height −0.05 0.04 −0.05 −0.04 −0.07 0.06 0.04 0.02 −0.02

Weight 0.23 0.01 −0.02 0.12 0.06 0.02 −0.05 0.06 0.71

Women

Physical health −0.04 0.00 −0.02 0.08 0.05 0.02 0.05 −0.05 −0.15

Mental health 0.10 0.00 −0.04 0.11 0.06 0.03 0.03 −0.08 −0.04

Drugs mental health 0.12 −0.02 −0.03 0.03 0.00 0.03 −0.04 0.09 0.05

Drugs other 0.09 −0.01 −0.03 0.00 −0.04 0.04 −0.04 −0.02 0.10

(Continues)
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the Trivers–Willard hypothesis (Trivers & Willard, 1973), females 
in better physical (or psychological) condition should bear more 
sons. This is because in polygynous or serially monogamous spe-
cies where the biological fitness of males depends on their status 
more strongly than it does in females (e.g. in humans), females in 
good condition should invest preferentially in their sons to in-
crease their reproductive success. The more male-biased sex ratio 
of heterozygotic women was thus interpreted as indirect evidence 
of their better health.

Admittedly, our method also could not identify all heterozygotes, 
leading to the subset of RhD-positive homozygotes being diluted by 
a substantial fraction of RhD-positive heterozygotes (i.e. children of 
heterozygotic parents plus subjects who did not answer questions 
about their parents’ RhD phenotype). In case Hardy–Weinberg equi-
librium applies to our sample, these ‘hidden heterozygotes’ would 
comprise up to 60% of this mixed group (but see possible issues 
with reporting RhD phenotype and randomness of our sample dis-
cussed below). More specifically, the group of RhD-positive women 
originally consisted of about 35% homozygotes and 65% heterozy-
gotes, which changed to about 41% share of homozygotes after the 
exclusion of self-identified heterozygotes; the proportion of male 
RhD-positive homozygotes thus changed from about 38% to 43%. 
As heterozygotes clearly had the highest health scores of all partici-
pants (filled triangles in Figure 1), they must have increased the mean 
health indices of this mixed group (open circles in Figure 1). Given 

that the subgroup of male RhD-positive homozygotes in Figure 1 
enjoyed approximately the same mental health as the group of RhD-
negative homozygotes despite being contaminated by an unknown 
fraction of heterozygotes, the actual group consisting solely of RhD-
positive homozygotes therefore actually could be in worse health 
than the RhD-negative subjects. In this context, at least one ear-
lier study found that RhD-negative subjects might actually be more 
resistant to certain viral infections than the rest of the population 
(Flegr et al., 2015). Nevertheless, the observation that (the domi-
nant) RhD-positive homozygotes might suffer from equal or even 
greater health impairment than RhD-negative recessive homozy-
gotes provides new and strong support for the hypothesis that the 
RhD polymorphism is maintained by selection in favour of heterozy-
gotes in human populations.

From all proposed mechanisms of balancing selection, het-
erozygote advantage turns out to be one of the rarer ones at the 
intraspecific level (Hedrick, 2012). It is therefore especially inter-
esting that the RHD gene is also present in several nonhuman pri-
mates (Blancher & Socha, 1997). Although the specific deletion (see 
Section 1) of the RhD-recessive allele has probably emerged after 
human speciation (Westhoff & Wylie, 1996), the Rh blood system 
is polymorphic also in nonhuman primates, supporting the possibil-
ity of heterosis being more a frequent phenomenon than previously 
thought, at least with respect to polymorphisms of blood or other 
immunity-related systems.

Age Place p−/p+ +−/p− +−/+m +m/p− Alcohol Smoking BMI

Number of disorders 0.02 0.03 0.03 −0.05 −0.02 −0.03 −0.03 0.12 0.01

Anxiety −0.09 0.02 0.03 −0.06 −0.03 −0.03 0.02 0.04 −0.01

Phobias −0.13 −0.01 0.03 −0.03 0.00 −0.04 −0.01 −0.01 0.03

Depression −0.11 0.01 0.03 −0.07 −0.04 −0.03 0.00 0.05 0.01

Mania −0.10 −0.01 0.05 −0.04 0.01 −0.05 0.04 0.06 0.03

Compulsive behaviour −0.18 0.00 0.03 −0.05 −0.02 −0.03 0.03 0.02 0.00

Hallucination auditory −0.04 −0.01 0.05 −0.04 0.01 −0.05 0.01 0.01 0.05

Hallucination visual −0.01 −0.02 0.04 −0.03 0.01 −0.04 0.00 0.03 0.07

Burnout 0.00 0.00 0.02 −0.08 −0.05 −0.01 0.01 0.07 0.04

Headache −0.09 0.00 0.01 −0.03 −0.02 −0.01 0.00 0.02 0.05

Number of children 0.53 −0.09 0.01 −0.04 −0.03 0.00 −0.06 −0.07 0.02

Sexual desire 0.01 −0.03 −0.03 0.01 −0.01 0.03 0.00 −0.02 −0.04

BMI 0.22 −0.07 −0.01 0.03 0.02 0.01 −0.01 0.03 NA

Height −0.04 0.03 0.00 0.04 0.03 0.00 0.04 0.04 −0.01

Weight 0.18 −0.05 −0.02 0.05 0.02 0.01 0.00 0.04 0.74

Note: The table shows the direction and strength of particular effects measured with a nonparametric partial Kendall Tau correlation test, controlling 
for age, place of living and sex (first third of the table). The column headings denote subjects with RhD-negative (p−) or RhD-positive phenotype (p+), 
RhD-positive heterozygotes (+−) or a mixed RhD-positive subset consisting of RhD-positive homozygotes plus -heterozygotes (+m) who reported 
no RhD-negative parent. Positive Tau indicates that the genotype/phenotype to the left of the slash has a higher value of the variable listed in the 
first column than the genotype/phenotype to the right of the slash. In accordance with preregistration, one-sided variants of tests were applied. 
Significant Taus are printed in bold. No correction for multiple tests was performed in this exploratory part of the study, although the majority of 
significant associations remained significant after such correction with Benjamini–Hochberg procedure when two-sided tests were performed. Still, 
some unexpected associations, for example, the higher physical health index of women consuming more alcoholic drinks, may indicate the presence 
of artefacts of multiple tests.

TA B L E  1   (Continued)
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One of the most important steps in search of a better under-
standing of balancing selection and the maintenance of genetic 
polymorphism in general is to link particular alleles of specific loci 
with identifiable phenotypic effects (Key et al., 2014). Aside from 
the generally known and expected decline in overall health with age 
(Table 1), we here managed to identify several associations of RhD 
genotype with particular physical or mental health-related variables 
(Table 1). Especially in women, RhD-negative subjects were gener-
ally less healthy and RhD-positive heterozygotes healthier, whereas 
in men we observed some notable exceptions. RhD-positive male 
heterozygotes reported a higher number of mental health disor-
ders, more frequent or intensive mania, and more frequent or in-
tense headaches than other male subjects. This suggests that, in 
males, heterozygote disadvantage might exist in a limited number of 
health-related traits. These three health-related traits should there-
fore possibly be excluded in overall health indices in future studies. 
Our analyses also showed that RhD-positive male heterozygotes 
had average BMIs over two points higher than men with homozy-
gotic genotypes (Figure 2). It is thus possible that higher incidence 
of obesity in this group could be responsible for some of their health 
problems.

Most published studies on the maintenance of genetic poly-
morphism by balancing selection in humans (see Section 1) focus 
solely or primarily on variables related to physical health, such as 
the prevalence of certain diseases, resistance to infection or physi-
ological deviations from the norm. Exceptions from this pattern are 
rare and only tangentially related to the study of genetic polymor-
phism (Lalovic et al., 2004; Prandota, 2011, 2012; Rossignol, 2007; 
Rossignol et al., 2007; Santangelo et al., 2018). The same holds 
for studies focused on blood group polymorphisms (Fumagalli 
et al., 2009). This is understandable, as the majority of studies in-
vestigate the human genome and the putative role of polymorphic 
genes. However, more than half of the human genome is expressed 

in the brain. Being highly polygenic, psychological and behavioural 
processes are admittedly difficult to reasonably infer from the study 
of individual alleles. In this sense, our research belongs to the mi-
nority of studies explicitly focused on the links between human 
mental states and maintenance of polymorphism in particular genes, 
in this case the RHD gene.

The existence of a correlation between RhD heterogeneity and 
physical health is not surprising. Physical health is substantially af-
fected by pathogens and parasites, which still play a large role in 
human populations: even today, about 48% of deaths under 45 years 
of age are caused by infectious diseases (Kapp, 1999). This finding 
is therefore in line with other studies suggesting that genes under 
balancing selection are disproportionately often related to immu-
nity (see Section 1). The correlation between RhD genotype and 
mental health is more intriguing, pointing to a strong role of physi-
ology. It has been suggested that in RhD-negative subjects impaired 
function of the ion channel consisting of two molecules of RhAG 
(rhesus-associated glycoprotein) and the presence of two (instead 
of one) molecules of RhCE can lead to local hypoxia. This may en-
hance neuroinflammation in some brain areas in RhD-negative 
subjects, especially those who are also infected with Toxoplasma 
(Prandota, 2012). This could help explain the association of toxo-
plasmosis and RhD-negative phenotype with autism and epilepsy, as 
well as improvement in autistic symptoms after hyperbaric oxygen 
therapy (Rossignol, 2007; Rossignol et al., 2007). Prandota's (2012) 
hypotheses are further corroborated by a predicted association 
between toxoplasmosis and autism (Prandota, 2011), possibly the 
strongest association between toxoplasmosis and any mental disor-
der, many years before it was actually demonstrated in epidemiolog-
ical surveys (Flegr & Horáček, 2018).

Impaired health of RhD-negative (homozygotic) subjects can be 
easily explained by the absence of the correct Rh complex on the 
surface of erythrocytes. We can only speculate why RhD-positive 

F I G U R E  2   The effect of RhD genotype 
on height and body mass index (BMI)/for 
legend, see Figure 1.
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heterozygotes perform better than RhD-positive homozygotes and 
why RhD-positive homozygotes score worse on some parameters 
than RhD-negative homozygotes (Table 1). It is known that erythro-
cytes of RhD-positive heterozygotic individuals have markedly fewer 
RhD proteins on their surface than those of RhD-positive homozy-
gotes (17,720 vs. 33,560: Le Van Kim et al., 2006), which might present 
fewer targets for pathogens. Alternatively, it is possible that eryth-
rocytes of heterozygotes with a generally lower number of Rh com-
plexes, or with some proportion of aberrant (2 × RhAG + 2 × RhCE) 
plus some normal Rh complexes (2 × RhAG + RhCE + RhD; op. cit.), 
perform better than erythrocytes of RhD-positive homozygotes. For 
example, only 30% of subjects worldwide are currently infected with 
Toxoplasma, and in the past three decades, this number has been de-
clining (Tenter et al., 2000). It is, however, highly probable that in the 
past, especially in tropical Africa, our evolutionary homeland, over 
90% of humans would have been infected and therefore adapted to 
the infected condition. In accordance with this hypothesis, Novotná 
et al. (2008) showed that in a Toxoplasma-free people, RhD-positive 
homozygotes performed slightly worse on psychomotor tasks than 
RhD-positive heterozygotes but much worse than RhD-negative 
homozygotes. In Toxoplasma-infected subjects, on the other hand, 
RhD-positive homozygotes performed equally poorly as RhD-
negative homozygotes, and much worse than RhD-positive hetero-
zygotes (see also Flegr et al., 2018, for a confirmatory study).

Frequencies of RhD-negative individuals (22.7%) and their par-
ents (22.6%) in our sample were relatively high in comparison with 
the general prevalence in Europe (14%–19%) (Flegr & Dama, 2014). 
One could speculate that some small part of the respondents, both 
RhD-positive and RhD negative, say 5%, might have misreported 
their own or their parents’ RhD phenotype. Such stochastic error 
would overestimate the frequency of the rarer variant, in this case 
the frequency of RhDnegatives, and underrate the frequency of the 
more common variant in the population. This is the most parsimo-
nious explanation of the higher frequency of RhD negatives in our 
sample, but it is unlikely. Over the past six years, we immunoanal-
ysed in our laboratory the RhD phenotype of 2,600 volunteer mem-
bers of Labbunnies community. In that sample, we found 22.3% of 
RhD negatives, which is relatively close to the prevalence reported 
here. This close agreement thus independently supports the reliabil-
ity of RhD phenotype-related data provided by respondents in the 
current study. The most likely explanation of this result is that the 
personality profile, and therefore also willingness to voluntarily par-
ticipate in research, differs between RhD-negative and RhD-positive 
subjects, as discussed next.

4.1 | Strengths and limitations of the present study

The most important strength of our study is that the two tested hypoth-
eses, methods of data collection (including a stopping rule), and methods 
of analysing the collected data were preregistered prior to commence-
ment of the study. Another strength of our questionnaire-based study 
is its relatively high number of participants. It is also significant that the 

study was blinded: subjects were invited to participate in a study that 
would ‘investigate certain philosophical problems of personal identity, 
test evolutionary hypotheses regarding, e.g., the beauty of flowers, and 
study moral dilemmas related to autonomous cars'. Subjects therefore 
did not know the study would include an investigation into the relation 
between RhD genotype and health and could therefore not intention-
ally or unintentionally bias their responses.

The main limitation of our study is that the participants them-
selves provided information about their health, their and their par-
ents' RhD phenotype. It is thus highly probable that some part of 
that information was inaccurate or incomplete. It must be stressed, 
however, that while this kind of statistical noise can increase the risk 
of false-negative results, that is fail to confirm the existence of an 
existing association, it cannot produce false positive results; that is, 
it cannot indicate the existence of a nonexistent association. Our 
method is therefore conservative, and the strengths of the effects 
are in reality probably greater than those observed.

In comparison with other similar studies, the current ques-
tionnaire contained a relatively small number of questions related 
to physical health, which made it impossible for us to compute an 
index of physical health based on variables such as frequency of 
visits to medical specialists, frequency of antibiotic prescriptions, 
etc. Similarly, we monitored only a small subset of potentially im-
portant confounding variables, such as the use of alcohol or drugs, 
personality profile, etc. Future studies ought to collect such data to 
statistically control for such potentially confounding variables. The 
strength and novelty of our study lies in the inclusion of multiple 
mental health parameters in this context.

Another potential problem is that the participants were self-se-
lected: they voluntarily and without any material compensation 
decided to complete a long anonymous questionnaire. One part of 
the questionnaire was dedicated to the rating of beauty of flowers 
and this topic was also included in the name of the questionnaire 
(see Section 2), which could be a reason for the overrepresentation 
of women (70%) among the participants. Earlier studies performed 
using the same method showed that with respect to prevalence of 
24 neuropsychiatric disorders (Flegr & Horáček, 2020) or religiosity 
(Kopecky et al., 2019), the composition of the participant population 
is highly similar to the composition of the general internet population. 
Nevertheless, it is probable that participants of such studies consist 
mainly of curious, altruistic, internet-fluent members of the commu-
nity. The observed results thus cannot be fully generalized to the 
Czech or even world population as a whole, so it will be necessary to 
repeat these analyses with other population samples in future.

The strengths of observed associations in Table 1 might seem 
relatively low. The magnitude of partial Kendall's Tau (here typically 
<∣0.15∣) suggests that RhD genotype explains merely a small part of 
total variability of the main health-related variables. This problem 
is commonly faced by studies performed on highly heterogeneous 
human populations living in a complex environment and exposed 
to a broad spectrum of internal and external factors (Flegr, 2013). 
Moreover, as shown also in our study, even such well-attested ad-
verse factors as smoking, alcohol consumption and high BMI also 
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explain only a small and rather similar proportion of variability in 
health-related variables.

5  | CONCLUSIONS

Our study confirmed that RhD-negative homozygotes are charac-
terized by worse and RhD-positive heterozygotes by better physical 
and mental health. This lends support to the hypothesis according 
to which balancing selection, or more precisely heterozygote ad-
vantage (heterosis), maintains RhD polymorphism in human popula-
tions. We further documented how various RhD genotypes differ 
in variables related to physical and mental health, pointing to how 
balancing selection might act and play important, medically and 
evolutionarily significant roles in (human) adaptation (Fumagalli 
et al., 2009; Key et al., 2014). Our study further shows that the 
health of heterozygotes and homozygotes differs considerably. 
For the first time, we documented that RhD-positive homozygotes 
might actually suffer from as bad or even worse health than RhD-
negative homozygotes. Therefore, assessing only RhD phenotypes 
(as opposed to genotypes) to compare the state of health and psy-
chomotor performance of RhD-negative and RhD-positive sub-
jects—as is the case in nearly all published studies—can easily lead to 
false-negative results, as better health and/or performance of RhD-
positive heterozygotes can be diluted by worse health and/or per-
formance of RhD-positive homozygotes due to genetic dominance 
of the RhD + allele. Ultimately, therefore, the health and/or perfor-
mance of RhD-positive subjects may turn out to be approximately 
the same or only slightly better than that of RhD-negative subjects. 
To avoid this source of error, it would be advisable for future studies 
to work with RhD genotypes rather than phenotypes.
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Supplement 1: Questionnaire 
Questions used in this research  

 

You were (officially) born as: 

1 - Male 

2 - Female 

 

Your age: 

dropdown list 

1 - 10 

2 - 11 

3 - 12 

… 

89 - 99 or more 

 

Your height (cm): 

dropdown list 

1 – 120 or less 

2 – 121 

3 – 122 

… 

100 – 220 or more 

 

Your body weight (kg): 

dropdown list 

1 – 25 or less 

2 – 26 

3 – 27 

… 

155 – 180 or more 



 

The highest level of education you reached: 

1 - primary 

2 - primary, but I am studying at a secondary school 

3 - secondary vocational school (without A-level leaving certificate) 

4 - complete secondary or higher educational (A-level leaving certificate) 

5 - complete secondary or higher educational, I am studying for bachelor degree  

6 - bachelor’s 

7 - master’s 

8 – doctoral 

 

You currently live in a neighborhood: 

1 - with less than 1000 residents  

2 - with up to 5000 residents  

3 - with up to 50,000 residents  

4 - with up to 100,000 residents  

5 - up to 500,000 residents 

6 - more than 500,000 residents 

7 - Bratislava 

8 - Praha  

 

 

By scrolling the bar indicate the number of your own and foster children: 

 (it is necessary to click the scale even for 0, 10 means 10 and more) 

Own children: 

0, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10 or more 

 

Foster children: 

0, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10 or more 

 

 

 

 

 

 



 

Your blood type (AB0 blood group): 

1 - I don't know / not sure  

2 - A  

3 - B  

4 - AB  

5 - 0  

 

Your Rh factor: 

1 - I don't know / I'm not sure 

2 - Negative (the rarer one) 

3 - Positive (the more common one) 

 

Rh factor of your biological mother: 

1 - I don't know / I'm not sure 

2 - Negative (the rarer one) 

3 - Positive (the more common one) 

 

Rh factor of your biological father: 

1 - I don't know / I'm not sure 

2 - Negative (the rarer one) 

3 - Positive (the more common one) 

 

How many cigarettes do you smoke a day? 

0 - 0 

1 - 0‒0.1 

2 - 0.1‒1 

3 - 1.1‒3 

4 - 3.1‒10 

5 - 11‒20 

6 - 21‒40 

7 - over 40 

 

 

 

 



How often do you drink alcohol  

(in a volume that would make it illegal for you to drive a car for a while)? 

0 – never 

1 – at most once a month 

2 – at most twice a month 

3 – at most four times a month 

4 - at most twice a week 

5 – every other day 

6 – every day 

7 – nearly all the time 

 

Sexual behavior and sexual preferences 

 (If you want to reply 0 - definitively no, you will have to at least click on the bar):  

slider bar 

Males sexually attract you: 

 

0 – definitively no 

10 

20 

30 

40 

50 

60 

70 

80 

90 

100 – definitively yes 

 

 

Females sexually attract you: 

 

0 – definitively no 

10 

20 

30 

40 

50 

60 

70 

80 

90 

100 – definitively yes 

 

 



 

 

How have you been feeling physically in the last two years? 

scale 

1 - Very poorly  

2  

3  

4  

5  

6 - Very well  

 

 

How have you been feeling mentally in the last two years? 

scale 

1 - Very poorly  

2  

3  

4  

5  

6 - Very well 

 

How many kinds of drugs prescribed by a medical doctor for mental health problems did you use 

over the past month? 

0, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10 and more 

 

How many kinds of other drugs prescribed by a medical doctor did you use over the past month? 

0, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10 and more 

  



 

 

Following questions refer to present (not past) moods, feelings and behavior, not only to medically 

diagnosed illnesses.  

If you take medication for a given illness, try to estimate how would you feel without medication. 

 (if you want to answer 0 - not at all - you have to at least click on the scale) 

 

 

 

Do you suffer from depression? 

slider bar 

 

0 – definitively no 

10  

20  

30  

40  

50  

60  

70  

80  

90  

100 - definitively yes 

  

The same applies also for questions: 

 

Do you suffer from any mania (opposite of depression)? 

Do you suffer from anxiety? 

Do you suffer from any phobia? 

Do you suffer from obsessive (compulsive) behavior? 

Do you suffer from auditory hallucinations? 

Do you suffer from visual hallucinations? 

Do you suffer from burnout syndrome (a feeling of emotional exhaustion, fatigue?) 

Do you suffer from frequent headaches? (0- never, 25- once in six months, 50- once a month, 75- 

once a week, 100-practically every day) 

 

 

 

 



What type of psychological or psychiatric disorder do you suffer from or have you suffered from 

(both diagnosed and undiagnosed)? 

(note the age since when you've known or suspected it in the space provided below) 

multiple answers allowed 

 

1 – phobias 

2 – Asperger syndrome 

3 – autism 

4 – unipolar depression 

5 – bipolar disorder 

6 – schizophrenia 

7 – pathological anxiety 

8 – alcoholism 

9 – gambling addiction 

10 – Parkinson’s disease 

11 – Alzheimer’s disease 

12 – epilepsy 

13 – drug addiction (nicotine excepted) 

14 – post-traumatic stress disorder 

15 – obsessive-compulsive disorder 

16 – panic attacks 

17 – sleep disorder – insomnia 

18 – learning disability (e.g. dyslexia) 

19 – borderline personality disorder 

20 – antisocial personality disorder 

21 – hyperactivity personality disorder 

22 – bulimia, anorexia 

23 – burnout syndrome 

24 – sexual disorder (e.g. paraphyly) 

25 – suicide attempt 

26 – other (please specify in the space below) 

 

The same applies also for the question: 

What type of psychological or psychiatric disorder do you suffer from or have you suffered from 

(only diagnosed)? 

 (note the age since when you've known or suspected it in the space provided below) 

  



 

The questionnaire also contained 44-item Big-Five scale and 64-item CSIV scale 

Big-Five: 

John, O. P., & Srivastava, S. (1999). The Big-Five trait taxonomy: History, measurement, and 

theoretical perspectives. In L. A. Pervin & O. P. John (Eds.), Handbook of personality: Theory and 

research (Vol. 2, pp. 102–138). New York: Guilford Press. 

CSIV: 

Locke, K.D. (2000). Circumplex scales of interpersonal values: Reliability, validity, and applicability to 

interpersonal problems and personality disorders. Journal of Personality Assessment, 75, 249-267. 
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Supplement 2 

Tables S1–S7 and Figures S1 and S2 

 

 

 

 

Table S1 Effects of sex, RhD-negative phenotype, and interaction between sex and RhD-negative 

phenotype on physical or mental health 
  

     Physical health Mental health 
 

Degrees of 

freedom 

Wald p Wald p 

Intercept 5 1834.909 0.000 1738.525 0.000 

Age 1 11.263 0.001 26.277 0.000 

Size of place of residence 1 0.024 0.878 0.098 0.754 

Sex 1 2.537 0.111 18.817 0.000 

Sex*RhD-negative phenotype 1 6.330 0.012 1.419 0.234 

Sex*RhD-negative phenotype 1 2.395 0.122 0.250 0.617 

The table shows the results (Wald statistics and two-sided p) of ordinal regression.  

 

 

 

Table S2 Effects of sex, RhD-heterozygosity, and interaction between sex and RhD-heterozygosity on 

physical or mental health 
  

     Physical health   Mental health 
 

Degrees. of 

freedom 

Wald p Wald p 

Intercept 5 1834.909 0.000 1738.525 0.000 

Age 1 11.263 0.001 26.277 0.000 

Size of place of residence 1 0.024 0.878 0.098 0.754 

Sex 1 2.537 0.111 18.817 0.000 

RhD-heterozygosity 1 6.330 0.012 1.419 0.234 

Sex* RhD-heterozygosity 1 2.395 0.122 0.250 0.617 

The table shows the results (Wald statistics and two-sided p) of ordinal regression.  
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Table S3 Effects of age, sex, size of place of residence, RhD-negative phenotype, and interaction 

between sex and RhD-heterozygosity on physical and mental health 
 

Test Value F Effect df Error df p Partial eta-squared 

Intercept Wilks 0.183 475.537 14.000 1496.000 0.000 0.817 

Age Wilks 0.826 22.555 14.000 1496.000 0.000 0.174 

Place of residence Wilks 0.991 0.972 14.000 1496.000 0.480 0.009 

Sex Wilks 0.954 5.174 14.000 1496.000 0.000 0.046 

RhD-negative 

phenotype 

Wilks 0.987 1.431 14.000 1496.000 0.131 0.013 

sex*RhD-negative 

phenotype 

Wilks 0.986 1.467 14.000 1496.000 0.116 0.014 

This table shows the results of MANCOVA with 14 health-related output variables (Physical health, 

Mental health, Drugs mental health, Drugs other, Number of disorders, Anxiety, Phobias, Depression, 

Mania, Compulsive behaviour, Hallucination auditory, Hallucination visual, Burnout, and Headache) 

and variables and interaction listed in the first column as independent variables. Two-sided test. 

 

Table S4 Effects of age, sex, size of place of residence, RhD-negative phenotype, and sex-RhD-negative 

phenotype, RhD-negative phenotype-age, and sex-RhD-negative phenotype-age interactions on physical 

and mental health 
 

Test Value F Effect - df Error - df p Partial eta-squared 

Intercept Wilks 0.218 382.689 14.000 1494.000 0.000 0.782 

Age Wilks 0.863 16.975 14.000 1494.000 0.000 0.137 

Sex Wilks 0.953 5.255 14.000 1494.000 0.000 0.047 

Place of residence Wilks 0.991 0.970 14.000 1494.000 0.482 0.009 

RhD-negative 

phenotype 

Wilks 0.984 1.743 14.000 1494.000 0.042 0.016 

Sex*RhD-negative 

phenotype 

Wilks 0.984 1.776 14.000 1494.000 0.037 0.016 

RhD-negative 

phenotype*age 

Wilks 0.986 1.511 14.000 1494.000 0.099 0.014 

Sex*RhD-negative 

phenotype*age 

Wilks 0.985 1.673 14.000 1494.000 0.055 0.015 

For legend, see Table S3. 

 

Table S5 Effects of sex, RhD-heterozygosity, and interaction between sex and RhD-heterozygosity on 

physical and mental health 
 

Test Value F Effect - df Error - df p Partial eta-squared 

Intercept Wilks 0.192 448.843 14.000 1496.000 0.000 0.808 

Age Wilks 0.827 22.292 14.000 1496.000 0.000 0.173 

Place of residence Wilks 0.991 0.946 14.000 1496.000 0.508 0.009 

Sex Wilks 0.967 3.599 14.000 1496.000 0.000 0.033 
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RhD-heterozygosity Wilks 0.983 1.866 14.000 1496.000 0.026 0.017 

Sex*RhD-heterozygosity Wilks 0.985 1.603 14.000 1496.000 0.072 0.015 

For legend, see Table S3. 

 

Table S6 Effects of age, sex, size of place of residence, RhD-heterozygosity, and sex-RhD-

heterozygosity, RhD-heterozygosity-age, and sex-RhD-heterozygosity-age interactions on physical and 

mental health 
 

Test Value F Effect - df Error - df p Partial eta-squared 

Intercept Wilks 0.337 210.014 14.000 1494.000 0.000 0.663 

Age Wilks 0.950 5.624 14.000 1494.000 0.000 0.050 

Place of residence Wilks 0.991 0.940 14.000 1494.000 0.514 0.009 

Sex Wilks 0.967 3.675 14.000 1494.000 0.000 0.033 

RhD-heterozygosity Wilks 0.992 0.812 14.000 1494.000 0.657 0.008 

Sex*RhD-heterozygosity Wilks 0.989 1.218 14.000 1494.000 0.255 0.011 

rhHeterozyg*age Wilks 0.992 0.867 14.000 1494.000 0.595 0.008 

Sex*RhD-heterozygosity*age Wilks 0.981 2.080 14.000 1494.000 0.011 0.019 

For legends see the table S3. 
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Table S7 Correlation between RhD phenotype and genotype and health-related variables.  

    All      

 Age Place p-/p+ +-/p- +-/+m +m/p- Alcohol Smoking BMI 

Physical health -0.05 0.01 -0.04 0.09 0.04 0.04 0.04 -0.06 -0.14 

Mental health 0.10 0.00 -0.03 0.10 0.06 0.02 0.03 -0.10 -0.02 

Drugs mental 

health 

0.10 0.00 -0.02 0.04 0.01 0.02 -0.05 0.11 0.05 

Drugs other 0.12 0.01 -0.03 -0.01 -0.04 0.04 -0.05 -0.03 0.10 

Number of 

disorders 
-0.03 0.05 0.04 -0.02 0.01 -0.04 -0.07 0.13 0.01 

Anxiety -0.10 0.02 0.03 -0.06 -0.02 -0.03 0.00 0.06 0.00 

Phobias -0.15 0.00 0.05 -0.03 0.02 -0.05 -0.02 0.03 0.03 

Depression -0.11 0.01 0.04 -0.06 -0.02 -0.04 -0.01 0.09 0.00 

Mania -0.12 -0.02 0.04 -0.01 0.03 -0.04 0.04 0.06 0.02 

Compulsive 

behaviour 
-0.19 0.00 0.02 -0.02 0.00 -0.03 0.02 0.04 0.00 

Hallucination 

auditory 
-0.04 -0.01 0.03 -0.03 0.01 -0.04 0.00 0.02 0.03 

Hallucination 

visual 
-0.01 -0.01 0.03 -0.01 0.02 -0.04 0.00 0.04 0.05 

Burnout  -0.01 0.00 0.02 -0.05 -0.03 -0.01 0.00 0.07 0.03 

Headache -0.09 0.00 0.01 0.01 0.01 -0.01 -0.01 0.01 0.03 

Number of 

children  

0.52 -0.08 -0.01 -0.01 -0.02 0.01 -0.02 -0.03 0.04 

Sexual desire 0.02 -0.04 -0.01 0.00 -0.01 0.01 0.00 -0.02 -0.01 

BMI 0.23 -0.05 -0.01 0.05 0.03 0.00 -0.03 0.02 NA 

Height -0.03 0.03 -0.01 0.02 0.01 0.01 0.04 0.01 -0.01 

Weight 0.18 -0.04 -0.02 0.05 0.02 0.01 -0.01 0.02 0.69 

    Men      

 Age Place p-/p+ +-/p- +-/+m +m/p- Alcohol Smoking BMI 

Physical health -0.03 0.00 -0.02 0.07 0.05 0.01 0.06 -0.05 -0.15 

Mental health 0.10 0.00 -0.04 0.11 0.06 0.03 0.04 -0.08 -0.03 

Drugs mental 

health 

0.11 -0.02 -0.03 0.03 0.00 0.03 -0.05 0.09 0.04 

Drugs other 0.09 -0.01 -0.03 0.00 -0.04 0.04 -0.04 -0.01 0.10 

Number of 

disorders 
0.01 0.03 0.03 -0.05 -0.02 -0.03 -0.04 0.12 0.00 

Anxiety -0.08 0.02 0.03 -0.06 -0.02 -0.03 0.01 0.04 -0.01 
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Phobias -0.13 -0.01 0.03 -0.03 0.00 -0.04 -0.01 -0.01 0.03 

Depression -0.11 0.01 0.03 -0.07 -0.04 -0.03 -0.01 0.05 0.00 

Mania -0.10 -0.02 0.05 -0.04 0.02 -0.06 0.03 0.06 0.03 

Compulsive 

behaviour 
-0.17 -0.01 0.03 -0.05 -0.02 -0.03 0.03 0.02 0.00 

Hallucination 

auditory 
-0.04 -0.01 0.05 -0.04 0.01 -0.05 0.01 0.01 0.05 

Hallucination 

visual 
-0.01 -0.02 0.04 -0.03 0.01 -0.04 0.00 0.03 0.07 

Burnout  0.00 0.00 0.02 -0.08 -0.05 -0.01 0.01 0.07 0.04 

Headache -0.09 0.00 0.01 -0.03 -0.02 -0.01 0.00 0.02 0.05 

Number of 

children  
0.52 -0.08 0.00 -0.03 -0.03 0.00 -0.05 -0.02 0.01 

Sexual desire 0.01 -0.03 -0.03 0.01 -0.02 0.03 0.00 -0.02 -0.04 

BMI 0.22 -0.06 -0.01 0.03 0.02 0.01 -0.01 0.02 NA 

Height -0.04 0.03 0.00 0.04 0.03 -0.01 0.03 0.02 -0.01 

Weight 0.18 -0.05 -0.02 0.05 0.02 0.01 0.00 0.03 0.74 

    Women      

 Age Place p-/p+ +-/p- +-/+m +m/p- Alcohol Smoking BMI 

Physical health -0.03 0.00 -0.02 0.07 0.05 0.01 0.06 -0.05 -0.15 

Mental health 0.10 0.00 -0.04 0.11 0.06 0.03 0.04 -0.08 -0.03 

Drugs mental 

health 
0.11 -0.02 -0.03 0.03 0.00 0.03 -0.05 0.09 0.04 

Drugs other 0.09 -0.01 -0.03 0.00 -0.04 0.04 -0.04 -0.01 0.10 

Number of 

disorders 
0.01 0.03 0.03 -0.05 -0.02 -0.03 -0.04 0.12 0.00 

Anxiety -0.08 0.02 0.03 -0.06 -0.02 -0.03 0.01 0.04 -0.01 

Phobias -0.13 -0.01 0.03 -0.03 0.00 -0.04 -0.01 -0.01 0.03 

Depression -0.11 0.01 0.03 -0.07 -0.04 -0.03 -0.01 0.05 0.00 

Mania -0.10 -0.02 0.05 -0.04 0.02 -0.06 0.03 0.06 0.03 

Compulsive 

behaviour 
-0.17 -0.01 0.03 -0.05 -0.02 -0.03 0.03 0.02 0.00 

Hallucination 

auditory 
-0.04 -0.01 0.05 -0.04 0.01 -0.05 0.01 0.01 0.05 

Hallucination 

visual 
-0.01 -0.02 0.04 -0.03 0.01 -0.04 0.00 0.03 0.07 

Burnout  0.00 0.00 0.02 -0.08 -0.05 -0.01 0.01 0.07 0.04 

Headache -0.09 0.00 0.01 -0.03 -0.02 -0.01 0.00 0.02 0.05 

Number of 

children  
0.52 -0.08 0.00 -0.03 -0.03 0.00 -0.05 -0.02 0.01 
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Sexual desire 0.01 -0.03 -0.03 0.01 -0.02 0.03 0.00 -0.02 -0.04 

BMI 0.22 -0.06 -0.01 0.03 0.02 0.01 -0.01 0.02 NA 

Height -0.04 0.03 0.00 0.04 0.03 -0.01 0.03 0.02 -0.01 

Weight 0.18 -0.05 -0.02 0.05 0.02 0.01 0.00 0.03 0.74 

 

This table shows the direction and strength of particular effects (partial Taus) measured using a 

nonparametric test, namely partial Kendall correlation test controlled for age and sex (first third of the 

table), smoking, and alcohol consumption. The p-, p+, +-, and +m column headings denote subjects with 

RhD-negative homozygotes (p-), subjects with the positive phenotype (p+), RhD-positive heterozgotes (+-

),  and a mixed RhD-positive population enriched with RhD-positive homozygotes subjects (+m), 

respectively. Subpopulation +m consisted of those RhD-positive respondents who reported no RhD-

negative parent, which means that this subpopulation includes a mixture of RhD-positive homozygotes 

and heterozygotes enriched with RhD positive homozygotes. Positive Tau indicates that the 

genotype/phenotype to the left of the slash has a higher value of the variable listed in the first column 

than the genotype/phenotype to the right of the slash. In accordance with preregistration, one-sided 

variant of tests were applied. Significant Taus are printed in bold. No correction for multiple tests was 

done in this exploratory part of the study, although the majority of significant associations remained 

significant after such correction by Benjamini–Hochberg procedure when two-sided tests were 

performed. Still, some unexpected associations, e.g. the higher physical health index of women consuming 

more alcoholic drinks, may indicate the presence of artefacts of multiple tests.   
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Fig. S1. The effect of RhD phenotype on physical and mental health 

 

RhD-negative homozygotes (black squares) are compared with all other subjects (empty circles). Vertical 

bars denote 0.95 confidence intervals and numbers above the bars show the number of subjects in 

particular groups. 
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Fig. S2. The effect of RhD zygosity on physical and mental health  

 

 

RhD positive heterozygotes (black squares) are compared with all other subjects (empty circles). Vertical 

bars denote 0.95 confidence intervals and numbers above the bars show the number of subjects in 

particular groups.  

 


