Received: 15 April 2022 Revised: 17 April 2022 Accepted: 19 April 2022

DOI: 10.1002/ctm2.864

COMMENTARY

CLINICAL AND TRANSLATIONAL MEDICINE

' il WILEY

Accounting for the genetic load in assisted reproductive

technology

Cock van Oosterhout! | Daniel Marcu?

ISchool of Environmental Sciences,

University of East Anglia, Norwich, UK Abstract

2School of Biological Sciences, University
of East Anglia, Norwich, UK

Correspondence
Cock van Oosterhout, School of
Environmental Sciences, University of bioinformatics.
East Anglia, Norwich Research Park,
N ich NR4 717, UK.
orwie KEYWORDS

Email: c.van-oosterhout@uea.ac.uk

Simone Immler, School of Biological
Sciences, University of East Anglia,
Norwich Research Park, Norwich
NR4 7TJ, UK.

Email: s.immler@uea.ac.uk

Cock van Oosterhout and Simone Immler
are Senior authors.

Funding information

Earth and Life Systems Alliance (ELSA),
Norwich Research Park; Biotechnology
and Biological Sciences Research Council
(BBSRC) - Doctoral Training Partnership;
European Research Council (ERC)

1 | HISTORICAL BACKGROUND

Nearly 44 years after the birth of the world’s first ‘test-tube
baby’, over eight million babies have been conceived
globally as the result of assisted reproductive technol-
ogy (ART).! Despite many medical and technological
advances, the life-birth rate per embryo transfer for in vitro
fertilisation (IVF) currently stands at 32% for couples of
a young reproductive age. This low rate is partly due to
the high genetic load in the human genome. Selection
against the genetic load might contribute to up to nearly
90% mortality of zygotes on average.

| Simone Immler?

The genetic load in the human genome has important ramifications for assisted
reproductive technology (ART), human reproduction and fertility more gener-
ally. Here, we discuss these topics in the light of evolutionary genetic theory, the
technological revolution in ART and the advances in the fields of genomics and

assisted reproductive technology, deleterious mutations, genetic load, human fertility

Mutations form the substrate of genetic variation that
enables species to continue to evolve. However, the major-
ity of the mutations that affect fitness are deleterious rather
than beneficial, and they reduce fitness.” Recent advances
in genetics of humans, model-animals and comparative
genomics enable us to study the genetic load at the molec-
ular level.?

Whole genome sequencing studies show that on aver-
age, a human may carry over a thousand deleterious
mutations, including ~250-300 loss-of-function mutations
(1000 Genomes Project Consortium 2010), as well as
fitness-reducing variants at both coding and non-coding
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sites.* Generally, this genetic load can be tolerated by indi-
viduals as these deleterious mutations tend to be rare in
populations, which means they are rarely expressed in
homozygote condition. These mutations form part of the
so called ‘masked load’.? In contrast to this masked load,
the realised load of deleterious mutations does reduce the
fitness of individuals.?

Haldane developed theory to calculate how much fit-
ness is lost due to the constant input of deleterious de
novo mutations.’ Briefly, the genome-wide rate of delete-
rious mutation rate (U) is the product of the neutral muta-
tion rate per generation (u), the number of bases in the
diploid genome and the fraction that is selectively con-
strained (C) (see®). Haldane argued that whilst selection is
removing deleterious mutations, new mutations enter the
populations every generation.’ This creates an equilibrium
between mutation and selection, and the equilibrium fit-
ness (W) in a population with a genome-wide rate of dele-

terious mutations (U) equals W = e~U.

2 | GENETIC LOAD IN HUMANS

Estimates for U vary widely across species, and they seem
to be particularly high for humans. Every generation,
~70 new mutations arise in the human diploid genome.”
Assuming that at least 5% of the genome is under func-
tional constraint, each genome accumulates several new
deleterious mutations every generation. Keightley’ esti-
mated that in humans U = 2.2, which suggests that the
equilibrium fitness in humans equals W = e=2? ~ .11.
This means that an average human would have only 11%
of the fitness of a ‘perfect’ individual without any deleteri-
ous mutations. In other words, from the moment of con-
ception, an average human zygote would have around 11%
probability to survive to adulthood, assuming hard selec-
tion (see below). With a higher kinship of the parents,
or a higher genetic load, the realised load increases fur-
ther, which leads to a steep drop in survival probability
(Figure 1).

How do humans with relatively low reproductive capac-
ity manage to persist with such a high genetic load?
Some argued that the effects of mutations may exacer-
bate each other (i.e., synergistic epistasis), which increases
the efficacy of purifying selection.® It is also possible that
by removing the genotypes with highest load, truncating
selection can more efficiently eliminate mutations.’ Oth-
ers argued that rather than purifying, selection may be sta-
bilizing, which means that the effects of deleterious muta-
tions can compensate each other. In that case, the mean
trait value in the population is kept close to its optimal
value resulting in a relatively low genetic load."’

FIGURE 1

Survival probability per zygote (as a proxy for
fertility) as a function of the genome-wide deleterious mutation rate

(U) and kinship coefficient of the parents in a population that is in a
mutation-selection equilibrium. Assuming U = 2.2, completely
unrelated parents and hard selection, approximately 11% of zygotes
are expected to make it to adulthood as the result of ‘selective deaths’
caused by the genetic load. This percentage decreases steeply with
increased U and kinship coefficient (see ref. [*! for equations)

Another plausible explanation is that soft selection
could reduce the genetic load without impacting the pop-
ulation size.!' Soft selection is both density and frequency
dependent. This simply means that it only removes the
‘excess’ of individuals that have a relatively low fitness.
This excess consists of individuals who would have failed
to survive or reproduce otherwise, for example because of
limited resources. As such, soft selection does not deter-
mine how many individuals survive, but rather, it deter-
mines who survives.! In contrast, hard selection is inde-
pendent of the number of individuals in the population,
or the frequency of other (superior or inferior) genotypes.
With hard selection, there is no interaction between indi-
viduals, and survival is solely dependent on the absolute
fitness of the individual (e.g., its realised load).?

3 | SELECTION AGAINST THE GENETIC
LOAD IN HUMANS

Both hard and soft selection operate against the realised
load, and they may be particularly efficient during early
development. Each female can produce many zygotes over
her lifetime, and this offers many opportunities for hard
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selection. Although those selection-events largely escape
detection,'? the relatively high rate of spontaneous abor-
tions of between 10% and 20% suggests that considerable
selection operates in early development in humans. Such
selection events could be instrumental for our species,
enabling us to cope with a much higher genetic load than
otherwise would be possible. Soft selection might also be
able to differentiate among cells during the development
of a multicellular individual, favouring mutations that are
beneficial to the cells and preventing the spread of delete-
rious mutations."?

In addition, soft selection might operate at the gametic
stage, particularly at sperm level.”* Emerging evidence
suggests that gene products in mammalian sperm are
transferred across spermatid cytoplasmic bridges, but the
products of many genes are not completely shared."> Such
genes are known as ‘genoinformative markers’ (GIMs),
and selection could operate very efficiently in sperm
against recessive deleterious mutations at these GIMs.
In fact, selection within an ejaculate has been shown
to have major fitness consequences for the following
generations.!® As such, selection at the haploid gametic
stage would facilitate a considerable amount of soft
selection.

4 | RECENT CHANGES IN
EVOLUTIONARY FORCES

Selection against our realised load has dramatically
changed in recent times. Medical intervention has relaxed
natural selection, allowing more mutations to accumu-
late. This is likely to result in a gradual increase in the
genetic load, which reduces fertility (Figure 1). In addition,
the total sperm count has plummeted by 59.3% between
1973 and 2011 with no evidence of improvements in recent
years.!” This continuing decline in fertility, increased expo-
sure to mutagens in our environment and the shift towards
reproduction at later ages increase the mutation rate. Some
scientists have warned that this poses a long-term threat to
the viability of humans.'®!” The recent changes in muta-
tion rate and selection in humans do not pose an immedi-
ate threat, as long as their effects on the genetic load can be
countered by advances in medical technology, and in par-
ticular, advances in ART.

5 | IMPACT OF ART ON GENETIC LOAD

Technologies such as IVF treatment and intracytoplas-
mic sperm injection (ICSI) largely bypass natural selection
within the in vivo environment of the female reproductive
tract.’’ Cases where severe male infertility is treated with

3

testicular sperm could bypass natural selection even fur-
ther. In such cases, sperm cells that have not yet reached
full maturity and acquired fertilisation capacity are used
for reproduction. This eliminates many (if not all) selec-
tion steps that would naturally occur in the male reproduc-
tive tract prior to ejaculation and in the female reproduc-
tive tract following insemination. Potentially, such relaxed
selection risks increasing the genetic load of offspring
when compared to natural conception. In fact, studies
suggest that children born to IVF are at potential risk of
increased incidence of metabolic, cardiovascular and neu-
rological disorders®""** and even early neonatal mortality.**
Therefore, future efforts should focus on improving and
developing ART methods that mimic natural conception
and its selection mechanisms.

6 | FUTURE DEVELOPMENTS IN ART

We are approaching half a century since the first success
story in ART, and yet we still know surprisingly little about
the genomic processes involved in natural conception. This
lack of knowledge is not least reflected in the persistently
low success rates that are typical for most ARTs. The fact
that most sperm cells never reach the site of fertilisation
and that a large number of embryos never develop fur-
ther than the first few cell divisions suggests that selec-
tion at many stages during natural conception is strong. All
these selective stages are at least partly, if not completely,
omitted during most ARTs, which may explain why the
rate of live births is so low. Given the technological revo-
lution and the advances in the field of genomics we have
seen over the past 10 years or so, we are now in a position
where we can address many unanswered questions around
human reproduction and fertility. Harnessing these new
technologies promises to improve ARTs and its success
rates dramatically. Based on the purely theoretical evolu-
tionary genetic arguments outlined above, continued eth-
ical and scientific debate about research and development
of ARTs s crucial. Such a conversation would not only help
scientists to better gauge the possible consequences of ART
and find solutions to address the current shortcomings of
many of these technologies, but also benefit many future
families relying on ART.

ACKNOWLEDGEMENTS

The authors thank Hernan E. Morales, Michael Scott and
Thomas Birley for discussions about the genetic load and
computer simulations. CvO is funded by the Earth and Life
Systems Alliance (ELSA), Norwich Research Park. DM
is funded by the Biotechnology and Biological Sciences
Research Council (BBSRC) - Doctoral Training Partner-
ship, SI is funded by European Research Council (ERC).

85UB0 17 SUOWIWIOD @A 181D 3|gealjdde ay) Aq peusenob afe sejoie YO 8Sh Jo 9N oy Aeiq1T 8uluQ A8]IAA UO (SUONIPUOD-PUR-SLLLBI/L0D A8 1M Aleld[eutuo//Sdny) SUOIIPUOD pue swie | 8y} 8es *[zz0z/TT/.0] uo Arigiauljuo A|IMm ‘591 AQ #98'ZWI0/Z00T 0T/I0p/L0d" A8 [ Ateldjeul|uo//sdny woly pepeojumod ‘S ‘220z ‘9ZETT00Z



VAN OOSTERHOUT ET AL.

40f4 CLINICAL AND TRANSLATIONAL MEDICINE
- ‘OpenAccess.

CONFLICT OF INTEREST
The authors declare no competing interests.

ORCID

Cockvan Oosterhout ‘© https://orcid.org/0000-0002-5653-
738X

Daniel Marcu (© https://orcid.org/0000-0002-2151-5850
Simone Immler  https://orcid.org/0000-0003-1234-935X
REFERENCES

1. Wennerholm UB, Bergh C. Perinatal outcome in children
born after assisted reproductive technologies. Ups J Med Sci.
2020;125:158-166.

2. Keightley PD, Lynch M. Toward a realistic model of mutations
affecting fitness. Evolution. 2003;57:683-685.

3. Bertorelle G, Raffini F, Bosse M, et al. Genetic load: genomic
estimates and applications in non-model animals. Nat Rev Genet.
2022. https://doi.org/10.1038/s41576-022-00448-x

4. Agrawal AF, Whitlock MC. Mutation load: the fitness of indi-
viduals in populations where deleterious alleles are abundant.
Annu Rev Ecol Evol Syst. 2012;43:115-135.

5. Haldane JBS. The effect of variation of fitness. Am Nat.
1937;71(735):337-349.

6. Kondrashov AS, Crow JF. A molecular approach to estimating
the human deleterious mutation rate. Hum Mutat. 1993;2:229-
234.

7. Keightley PD. Rates and fitness consequences of new mutations
in humans. Genetics. 2012;190:295-304.

8. Crow JF. The origins, patterns and implications of human spon-
taneous mutations. Nat Rev Genet. 2000;1:40-47.

9. Crow JF, Kimura M. Efficiency of truncation selection. Proc Natl
Acad Sci. 1979;76:396-399.

10. Charlesworth B. Why we are not dead one hundred times over.
Evolution. 2013;67:3354-3361.

11. Wallace B. Hard and soft selection revisited. Evolution.
1975;29:465-473.

12. Brosens JJ, Bennett PR, Abrahams VM, et al. Maternal selec-
tion of human embryos in early gestation: insights from recur-
rent miscarriage. Seminars in Cell & Developmental Biology. Aca-
demic Press; 2022.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Otto SP, Hastings IM. Mutation and selection within the indi-
vidual. Genetica. 1998;102:507-524.

Sutter A, Immler S. Within-ejaculate sperm competition. Philos
Trans R Soc B. 2020;375(1813):20200066.

Bhutani K, Stansifer K, Ticau S, et al. Widespread haploid-biased
gene expression enables sperm-level natural selection. Science.
2021;371(6533):eabb1723.

Alavioon G, Cabrera Garcia A, LeChatelier M, Maklakov AA,
Immler S. Selection for longer lived sperm within ejaculate
reduces reproductive ageing in offspring. Evol Lett. 2019;3(2):198-
206.

Levine H, Jorgensen N, Martino-Andrade A, et al. Temporal
trends in sperm count: a systematic review and meta-regression
analysis. Hum Reprod Update. 2017;23(6):646-659.

Muller HJ. Our load of mutations. Am J Hum Genet.
1950;2(2):111-176.

Lynch M. Rate, molecular spectrum, and consequences of
human mutation. Proc Natl Acad Sci. 2010;107(3):961-968.
Kashaninejad N, Shiddiky MJA, Nguyen NT. Advances in
microfluidics-based assisted reproductive technology: from
sperm sorter to reproductive system-on-a-chip. Adv Biosyst.
2018;2(3):1700197.

Hart R, Norman RJ. The longer-term health outcomes for chil-
dren born as a result of IVF treatment: part I-General health
outcomes. Hum Reprod Update. 2013;19(3):232-243.

Hart R, Norman RJ. The longer-term health outcomes for chil-
dren born as aresult of IVF treatment. Part II-Mental health and
development outcomes. Hum Reprod Update. 2013;19(3):244-
250.

Rodriguez-Wallberg KA, Lundberg FE, Ekberg S, et al. Mor-
tality from infancy to adolescence in singleton children con-
ceived from assisted reproductive techniques versus naturally
conceived singletons in Sweden. Fertil Steril. 2020;113(3):524-532.

How to cite this article: van Oosterhout C,
Marcu D, Immler S. Accounting for the genetic
load in assisted reproductive technology. Clin
Transl Med. 2022;12:€864.
https://doi.org/10.1002/ctm2.864

85UB0 17 SUOWIWIOD @A 181D 3|gealjdde ay) Aq peusenob afe sejoie YO 8Sh Jo 9N oy Aeiq1T 8uluQ A8]IAA UO (SUONIPUOD-PUR-SLLLBI/L0D A8 1M Aleld[eutuo//Sdny) SUOIIPUOD pue swie | 8y} 8es *[zz0z/TT/.0] uo Arigiauljuo A|IMm ‘591 AQ #98'ZWI0/Z00T 0T/I0p/L0d" A8 [ Ateldjeul|uo//sdny woly pepeojumod ‘S ‘220z ‘9ZETT00Z


https://orcid.org/0000-0002-5653-738X
https://orcid.org/0000-0002-5653-738X
https://orcid.org/0000-0002-5653-738X
https://orcid.org/0000-0002-2151-5850
https://orcid.org/0000-0002-2151-5850
https://orcid.org/0000-0003-1234-935X
https://orcid.org/0000-0003-1234-935X
https://doi.org/10.1038/s41576-022-00448-x
https://doi.org/10.1002/ctm2.864

	Accounting for the genetic load in assisted reproductive technology
	Abstract
	1 | HISTORICAL BACKGROUND
	2 | GENETIC LOAD IN HUMANS
	3 | SELECTION AGAINST THE GENETIC LOAD IN HUMANS
	4 | RECENT CHANGES IN EVOLUTIONARY FORCES
	5 | IMPACT OF ART ON GENETIC LOAD
	6 | FUTURE DEVELOPMENTS IN ART
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST
	ORCID
	REFERENCES


