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ABSTRACT

Gene gain and loss are crucial factors that shape the evolutionary success of diverse organisms. In the past
two decades, more attention has been paid to the significance of gene gain through gene duplication or de
novo genes. However, gene loss through natural loss-of-function (LoF) mutations, which is prevalent in the ge-
nomes of diverse organisms, has been largely ignored. With the development of sequencing techniques, many
genomes have been sequenced across diverse species and can be used to study the evolutionary patterns of
gene loss. In this review, we summarize recent advances in research on various aspects of LoF mutations,
including their identification, evolutionary dynamics in natural populations, and functional effects. In partic-
ular, we discuss how LoF mutations can provide insights into the minimum gene set (or the essential gene
set) of an organism. Furthermore, we emphasize their potential impact on adaptation. At the genome level,
although most LoF mutations are neutral or deleterious, at least some of them are under positive
selection and may contribute to biodiversity and adaptation. Overall, we highlight the importance of natural

LoF mutations as a robust framework for understanding biological questions in general.
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INTRODUCTION

Gene gain and loss are prevalent in the genomes of diverse
organisms and contribute to genetic variation (Albalat and
Canestro, 2016; Cheetham et al., 2020). Since Susumu Ohno
proposed the importance of gene duplication in evolution
(Ohno, 1970), much attention has been paid to whole-genome
duplication, gene duplication, and the origin of new genes
(Chen et al., 2010; Guo, 2013; Palmieri et al., 2014; Zhao et al.,
2014; Li et al., 2016). However, the importance of gene loss (or
pseudogene formation) has been almost entirely ignored for a
long time, mainly because pseudogenes may not produce full-
length proteins and are regarded as putatively non-functional
(Li et al., 1981; Vanin, 1985; Harrison et al., 2003; Torrents
et al., 2003). Nevertheless, the “less is more” hypothesis
proposes that gene loss may be an adaptive evolutionary
process that is beneficial to organisms (Olson, 1999).

Two major mechanisms can cause gene loss: physical removal
events (recombination or the mobilization of transposable or viral
elements) that lead to the fragment deletion of one or more genes,
and deleterious mutations at gene coding regions that cause
loss-of-function (LoF) mutations (Albalat and Canestro, 2016).
In this review, we focus on LoF mutations, which contribute to a

large proportion of gene loss and have
systematically explored in plants.

rarely been

An LoF mutation was first observed in the 5S DNA gene of Xenopus
laevis. This gene could not encode a functional 5S rRNA and was
named a pseudogene (Jacq et al., 1977). Subsequently, many
pseudogenes caused by LoF mutations were reported in
Escherichia coli (Inokuchi et al., 1979), yeast (Fink, 1987),
mammals (Lee et al., 1983; Torrents et al., 2003; Zheng et al,,
2018), and plants (Zou et al., 2009; Yang et al., 2011). Since the
development of whole-genome sequencing and methods of
homolog detection, there have been many studies at the whole-
genome level on pseudogenes derived from duplicated or
retrotransposed genes through LoF mutations (Harrison et al.,
2003; Torrents et al., 2003; Xie et al., 2019). At the population level
within species, there have been few studies of LoF mutations, and
these have focused mainly on humans (Balasubramanian et al.,
2011; MacArthur et al., 2012; Narasimhan et al., 2016; Saleheen
et al., 2017); however, we recently carried out a study in the
model plant Arabidopsis thaliana (Xu et al., 2019). In this review,
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Figure 1. Evolutionary Events Lead to LoF
Mutations.

(A) Different kinds of LoF mutations.

(B) LoF mutations affect different isoforms and the
mechanism of the NMD pathway. The LoF muta-
tion only affects a part of the gene transcript in
leads to frameshift case 1 and affects all transcripts in case 2. Orange
— rectangles indicate exons, gray rectangles indi-
cate frameshift sequences of exons or retained
intron sequences, black lines between them indi-
cate introns, and red lines indicate LoF mutations
caused by loss of a start codon or gain of a pre-
mature stop codon.
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we emphasize the importance of LoF mutations for adaptive
evolution in natural populations.

GENETIC VARIATIONS THAT CAUSE LoF
MUTATIONS

There are four major genetic variations that can lead to LoF muta-
tions (Figure 1A). First, a nonsense SNP may lead to a premature
stop codon, producing a truncated protein sequence. For
example, in Arabidopsis, FRIGIDA (FRI) alleles with premature
stop codons explain a large fraction of flowering-time variation
(Le Corre et al., 2002; Lempe et al., 2005; Shindo et al., 2005;
Werner et al., 2005; Atwell et al., 2010). Second, a SNP that
occurs at a canonical splice site may affect splicing. Specifically,
a SNP that occurs in a splice donor site causes intron retention
in the mRNA, whereas a SNP that occurs in a splice acceptor
site removes an exon from the original mMRNA. Splice site
variations may eventually lead to frameshifts or premature stop
codons (Balasubramanian et al.,, 2011). In the Arabidopsis
relative Capsella rubella, splice site mutations in the
FLOWERING LOCUS C gene cause a premature stop codon
that promotes flowering (Guo et al., 2012). Third, insertion or
deletion variants with non-integral multiples of 3 located in the
gene coding region can lead to frameshifts by disrupting the full-
length transcript (MacArthur et al., 2012; Lim et al., 2013). Fourth,
the loss of an initiation codon can lead to LoF mutations. The
loss of transcription start codon (ATG) variations prevents gene
transcription if there is no alternative start codon near the

Frameshift

of the start codon in the FRMD?7 gene leads
to idiopathic infantile nystagmus disease
(Choi et al., 2015).

Given that most genes in a genome can be
transcribed into multiple transcripts, only
mutations that affect all transcripts are re-
garded as LoF mutations in many studies
(Figure 1B) (Balasubramanian et al., 2011;
MacArthur et al., 2012; Kaiser et al., 2015).

LoF MUTATIONS ARE
ABUNDANT IN DIVERSE
- SPECIES

With the rapid development of sequencing

technologies, LoF mutations have been
studied in diverse species at the population level. Aimost every
genome contains many LoF mutations in either heterozygous or
homozygous states. Most LoF mutations in a genome tend to
be present at low allele frequencies and have a heterozygous sta-
tus (Lek et al, 2016; Minikel et al., 2020). In selfing or
consanguineous outcrossing species, there is a higher ratio of
homozygous LoF mutations (Saleheen et al., 2017; Minikel
et al., 2020). In humans, an analysis of 7597 genomes identified
17 764 stop-gain variants and 13 915 frameshift variants within
11 369 protein-coding genes (Rausell et al., 2014). Based on
1432 whole exome sequences from five isolated European
populations, 173 homozygous LoF mutations were identified
within 167 genes (Kaiser et al., 2015). Analysis of whole
genomes sequencing from 2636 Icelanders and chip-genotype
data from 101 584 additional individuals identified 6795 auto-
somal LoF variants within 4924 genes (Sulem et al., 2015). Our
recent study of 1071 A. thaliana genomes from worldwide
accessions revealed 60 819 LoF variants within 12 907 genes
(Xu et al., 2019).

The evolutionary pattern of LoF variants in natural populations
can be influenced by various factors. Redundant genes within
larger gene families are more likely to gain LoF mutations due
to the presence of paralogs that buffer their functional effects
(MacArthur et al., 2012; Xu et al., 2019). Furthermore, our
recent study revealed that the level of nucleotide diversity and
the density of transposable elements are positively correlated
with the presence of LoF mutations (Xu et al., 2019). Given that
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these three factors are roughly associated with sequence
evolution rate, rapid sequence evolution may be positively
correlated with the frequency of LoF mutations (Xu et al., 2019).

Genes with LoF mutations may be regulated at the mRNA or
protein level. If the LoF truncation is located further than 50
base pairs upstream of the last exon, the truncated
transcript may be eliminated by the nonsense-mediated decay
(NMD) pathway (Figure 1B) (Balasubramanian et al., 2011). In
humans, based on 1151 individual genomes from 56
worldwide populations, 55% of genes are predicted to
undergo transcript degradation through the NMD pathway
(Yngvadottir et al., 2009). Nevertheless, only a small fraction of
transcripts predicted to be regulated by the NMD pathway are
eventually degraded in this manner. For example, MacArthur
et al. (2012) found that transcription is decreased in only 25%
of the genes predicted to be regulated by the NMD pathway.
By contrast, at the protein level, a truncated protein may be
degraded due to an unstable protein-folding state (Williams
et al.,, 2003).

FUNCTIONAL EFFECTS OF LoF
MUTATIONS

Compared with functional protein-coding genes (Figure 2A), LoF
mutations are natural gene knockouts that can provide insight
into gene function in diverse organisms (Cheetham et al., 2020).
For example, natural variants at the FRI locus from more than
1000 Arabidopsis genomes have helped to reveal the function of
the FRI central domain (Zhang and Jimenez-Gomez, 2020). In
A. thaliana, natural brx LoF alleles confer root adaptation to acidic
soil, and a natural knockout allele of ARMADILLO REPEAT-
CONTAINING KINESIN1 causes root hair branching (Gujas et al.,
2012; Rishmawi et al., 2014). In addition, different LoF mutations
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AAAAAA > ‘ Nonfunctional protein

AAAAAA —> ‘ Functional protein
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Figure 2. Functional Effects of LoF Muta-
tions.

(A) Functional genes without LoF mutation.

(B) Gene knockout with LoF mutations.

(C) Gene translated into functional protein if LoF
mutations are located at 3’ or 5 termini.

(D) Transcriptional readthrough of the premature
stop codon.

(E) Gene translated to a new functional protein
with the LoF mutation. Orange rectangles indicate
exons, black lines between them indicate introns,
red lines indicate LoF mutations, blue rectangles
indicate the core functional domain of the gene,
and gray rectangle indicates frameshift. Orange
lines with polyadenylic acid indicate mRNA.

of duplicated genes in diverse A. thaliana
populations  can lead to hybrid
incompatibility (Blevins et al., 2017). In rice,
a natural LoF mutation in GSE5, which
encodes a plasma membrane-associated
protein, contributes to grain size diversity
(Duan et al., 2017).

mm Core functional domain

In the human fungal pathogen Crypto-

coccus deuterogattii, an LoF mutation in
the mismatch repair component MSH2 can affect phenotypic di-
versity and drug resistance (Billmyre et al., 2017). In budding
yeast, loss-of-start and nonsense mutations in AMNT
(antagonist of mitotic exit network) cause a transition from
multicellularity to unicellularity (Kuzdzal-Fick et al., 2019). In
humans, much more attention has been paid to the effects of
LoF mutations that are correlated with Mendelian diseases. The
precise annotation of LoF mutations has played an important
role in the diagnosis of rare diseases (Cummings et al., 2020).
LoF mutations have been found in defensive genes of many
individuals and may lead to diseases (Saleheen et al., 2017).
For example, in 9% of the European population, two LoF
variants occurred independently in the filaggrin (FLG) gene and
were associated with an increased risk of atopic dermatitis
(Palmer et al., 2006). Consanguineous unions can confer more
homozygous LoF variants, making them good systems for
complex disease study (Saleheen et al., 2017). Based on a
population with a high rate of consanguinity, association
studies between 49 138 LoF mutations and more than 200
biochemical and disease traits revealed many LoF mutations in
diverse disease genes (Saleheen et al., 2017).

However, not all LoF mutations lead to complete functional
knockouts (Figure 2B). First, the effect of an LoF mutation on a
gene depends on its location. Many LoF mutations at the 5’ or
3’ ends of affected genes do not completely destroy their
functions (Figure 2C) (de Valles-lbanez et al., 2016; MacArthur
et al., 2012), given that an alternative start codon at the 5’ end
may rescue the transcript, and an LoF mutation at the 3’ end
will probably not remove the core functional domain.
Second, the truncated proteins may act as dominant-negative
mutations. For example, the nonsense allele of sex-determining
region Y-box transcription factor 9 (MiniSOX9) acts in
a dominant-negative manner to buffer the effect of the wild-
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type allele (Abdel-Samad et al., 2011). Third, a functional pseudo-
pseudogene may exist. In Drosophila sechellia, the transcrip-
tional readthrough of the premature stop codon in the chemosen-
sory variant ionotropic glutamate receptor repertoire (Ir75a) can
encode a functional receptor (Figure 2D) (Prieto-Godino et al.,
2016). Fourth, LoF can be an effective evolutionary mechanism
for generating new functional genes with physicochemical
properties similar to those of the genes from which they
originated, as recently demonstrated (Figure 2E) (Bartonek
et al., 2020).

ESSENTIAL GENES IN NATURAL
POPULATIONS

Essential genes are those genes that are necessary for survival
(Meinke et al., 2008). An individual cannot survive if LoF
mutations have occurred in essential genes; otherwise, these
genes would be considered non-essential (Figure 3A). Essential
genes in one species may be functionally redundant in another
related species if they have undergone duplication (Figure 3B).
The number of essential genes, namely the minimal gene set
required for survival, remains a fundamental biological question
(Koonin, 2003; Meinke et al., 2008). Beyond its theoretical
importance, the study of essential genes in diverse organisms
is crucial for synthetic biology, which requires essential gene
lists to synthesize new cell lines or new organisms. Despite
knowing the number of essential gene families in a lineage such
as the green plants, which are estimated to contain
approximately 2745-2928 core gene families (Van Bel et al,,
2012; Guo, 2013), estimating the number of genes that are
essential for an organism is more challenging (Meinke, 2020).

Inthe laboratory, the essential genes of an organism are usually as-
sessed based on the fitness of knockout mutants of each gene in
the genome. Prokaryotic organisms are frequently used to validate
essential genes, largely because of their small gene number and
ease of culture and phenotyping. Here, we have summarized
essential gene studies across diverse species (Table 1). Based on
mutant studies, there are 4.7%-38% essential genes across
different human pathogens (Table 1) (Ji et al., 2001; Akerley et al.,
2002; Kobayashi et al., 2003; Roemer et al., 2003; Poulsen et al.,
2019). In the yeast Saccharomyces cerevisiae, 1105 (18.7%) of
5916 studied genes were found to be essential for growth on rich
glucose medium (Giaever et al., 2002). In E. coli, 303 (7.1%) of

v\

Survival
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Figure 3. The Identification of Essential
Genes through LoF Mutations.

(A) The identification of single-copy essential
genes. The individuals could not survive when LoF
mutations occurred in essential genes.

(B) The identification of multiple copies of essen-
tial genes. When duplication events occurred in
essential genes, either one of the copies would be
redundant. The individual could survive if LoF
mutations occurred in only one of the copies.

&

4288 studied genes were essential (Baba

et al., 2006). In mice, 38 (42%) of 90 studied

genes were shown to be essential for

mouse viability, and essential genes were

more likely to be part of a protein complex
(White et al., 2013). Based on genetic studies of A. thaliana
mutants, 358 genes (1.3% of all genes in the genome) were
demonstrated to be essential (Meinke et al., 2008).

LoF mutations in the genomes of natural populations provide
direct evidence to delimit essential genes (Albalat and
Canestro, 2016). Specifically, genes without any LoF mutations
in natural populations must be crucial for survival and can be
regarded as essential gene candidates. Recent LoF studies in
humans and A. thaliana have indicated that essential genes
(lethal genes) are depleted in genes with LoF mutations (Xu
et al., 2019; Karczewski et al., 2020). In an LoF mutation study
of 3222 closely related adults of British Pakistani heritage, there
were 194 recessive lethal equivalent LoF mutations in the
heterozygous state (3% of studied genes) (Narasimhan et al.,
2016). In an exome sequencing study of 60 706 humans, 3230
genes were LoF intolerant (17.7% of all genes in the genome),
and LoF in these genes may cause survival or reproductive
disadvantage (Lek et al., 2016). In A. thaliana, our recent study
revealed that at least 34% of protein-coding genes do not
have any LoF variants based on 1071 genomes from worldwide
accessions. These genes are probably essential for the survival
of A. thaliana in its natural environment (Xu et al., 2019). In
contrast to the 358 genes identified as essential in a genetic
study of mutants (Meinke et al., 2008) or the 2675 essential
genes predicted by machine-learning methods (Lloyd et al.,
2015), our essential gene number is much larger but
understandable. Because growth conditions in laboratories are
much better than in natural habitats, plants probably tolerate
more LoF mutations when grown in laboratories. Therefore, the
definition of essential genes is context dependent, reflecting
the niche that the organisms inhabit.

LoF MUTATIONS ARE CRUCIAL FOR
ADAPTATION AND DIVERSIFICATION

LoF mutations in the genome may be neutral, deleterious, or ad-
vantageous. Neutral or less-deleterious LoF mutations can be
tolerated and may even accumulate during range expansion
(Figure 4). However, compared with SNPs at the whole-genome
level, LoF mutations are biased toward low allele frequencies,
indicating that they are mostly deleterious and under purifying
selection (MacArthur et al., 2012; The 1000 Genomes Project
Consortium, 2010; Xu et al., 2019).

4 Plant Communications 1, 100103, November 9 2020 © 2020 The Author(s).
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Staphylococcus aureus Antisense RNA

Species Method Gene number (percentage) Reference
Bacillus subtilis Mutants 192 (4.7%%) Kobayashi et al. (2003)
Candida albicans Mutants 567 (9%°) Roemer et al. (2003)
Haemophilus influenza Mutants 259 (38%7) Akerley et al. (2002)
Pseudomonas aeruginosa Mutants 321 (6.6%%) Poulsen et al. (2019)

(

150 (5.6%7) Ji et al. (2001)

Escherichia coli Mutants 303 (7.1%") Baba et al. (2006)
Saccharomyces cerevisiae Mutants 1105 (18.7%") Giaever et al. (2002)
Arabidopsis thaliana Mutants 358 (1.3%7) Meinke et al. (2008)

Arabidopsis thaliana Machine learning prediction

2675 (9.8%7) Lloyd et al. (2015)

Arabidopsis thaliana LoF at population level 9249 (34%°7) Xu et al. (2019)

Mice Mutants 38 (42%") White et al. (2013)
Human LoF at population level 194 (3%°) Narasimhan et al. (2016)
Human LoF at population level 3230 (17.7%%) Lek et al. (2016)

Table 1. Essential Gene Numbers in Diverse Species.
®Indicates the percentage of all genes in the genome.
PIndicates the percentage of studied genes.

Nevertheless, the “less is more” hypothesis proposes that gene
loss may be beneficial to organisms (Olson, 1999). Adaptive
LoF mutations have been observed frequently in bacteria and
yeast. An analysis of bacterial fitness in more than 100 different
conditions revealed that LoF mutations can provide fitness
benefits (Hottes et al.,, 2013). In the yeast S. cerevisiae,
aquaporin genes are critical for freeze-thaw tolerance (Tanghe
et al., 2004). However, sensitive strains have lost the function of
aquaporin genes independently at least six times to adapt to
high-sugar substrates (Will et al., 2010). Adaptive LoF
mutations have also been found in plants. In A. thaliana, about
1% of LoF mutations are under positive selection, and the LoF
allele of the KUK gene is correlated with longer roots (Xu et al.,
2019). Overall, gene loss may be an adaptive process; adaptive
LoF mutations may be quickly fixed in specific scenarios such
as range expansion to new niches (Figure 4).

LoF mutations play important roles in the evolution and diversifi-
cation of diverse organisms. In plants, a premature stop codon in
GL4 caused smaller grain size and loss of seed shattering during
African rice domestication (Wu et al., 2017). Furthermore, LoF
mutations have been found to act as evolutionary hotspots for
changing plant-pollinator communication and speciation. The flo-
ral scent is an important chemical signal between plants and pol-
linators (Klahre et al., 2011). In the genus Petunia (Solanaceae), a
premature stop codon in the gene encoding cinnamate-CoA
ligase 1 (CNL1), which produces phenylalanine-derived
volatiles, eliminates the scent of Petunia exserta. As a result, P.
exserta cannot attract hawkmoths and shifts its pollinator from
hawkmoths to hummingbirds (Segatto et al., 2014; Amrad
et al., 2016). A similar phenomenon was observed in Capsella
(Brassicaceae), which independently lost CNL71 and scent
twice, contributing to the transition from the outcrossing
species Capsella grandiflora to the selfing species Capsella
rubella (Sas et al., 2016). Similarly, flower color plays an
important role in pollinator attraction (Bradshaw and Schemske,
2003). In Petunia axillaris, an LoF mutation in ANTHOCYANIN2
(AN2) occurred independently at least five times, changing the

flower color from violet-red to white compared with Petunia
integrifolia and influencing the shift in pollinator attraction from
bees to hawkmoths (Hoballah et al., 2007).

In the Drosophila relative Scaptomyza flava, LoF mutations in
odorant receptor genes resulted in a transition to herbivory
from its yeast-feeding relatives (Goldman-Huertas et al., 2015).
In mammals, LoF mutations in proto-Xist and its four flanking
protein genes are associated with the emergence of
X-chromosome inactivation and played an important role in the
divergence of eutherians and marsupials (Duret et al., 2006).
LoF mutations have also been found to be beneficial in human
evolution. A CASP12 LoF allele is known to promote resistance
to severe sepsis (Saleh et al., 2004), and rare LoF mutations in
SLC30A8 can protect against type 2 diabetes (Flannick et al.,
2014).

FUTURE DIRECTIONS

LoF mutations are prevalent in natural populations of diverse spe-
cies. Species-wide studies could be performed to understand the
genome-wide distribution patterns, functional effects, and evolu-
tionary importance of LoF mutations. Several studies of LoF mu-
tations at the genome level have been performed in natural pop-
ulations (MacArthur et al., 2012; Xu et al., 2019). In particular, our
recent study revealed that the level of nucleotide diversity, the
density of transposable elements, and gene family size are
positively correlated with the presence of LoF mutations (Xu
et al, 2019). However, LoF studies are mostly limited to
humans, chimpanzees, and Arabidopsis. More species should
be studied to understand the evolutionary patterns and
importance of LoF mutations. Many crucial questions about
LoF mutations need to be addressed in the future.

First, the identification of LoF mutations is usually reference
biased, based on comparison with one reference genome. For
example, compared with the LoF mutations caused by stop-
gain mutations, stop-loss mutations identified in other
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LoF mutations can be neutral, deleterious, or advantageous. Deleterious LoF mutations are usually present at low allele frequencies in natural populations
due to purifying selection. Neutral or beneficial LoF mutations can be tolerated or may accumulate during range expansion, and beneficial LoF mutations

may be fixed by positive selection.

accessions may be premature stop codons in the reference
genome instead. Pan-genome studies in diverse species would
compensate for this reference bias (Zhao et al., 2018; Golicz
et al., 2020; Liu et al., 2020).

Second, the evolutionary effects of natural LoF mutations on
other genes in the same pathway may be complicated. When
genes become non-functional, other genes in the same pathway
may accumulate LoF mutations as well (Zufall and Rausher,
2004). Such an evolutionary tendency could explain Dollo’s law,
which posits the irreversibility of character elimination (Gould,
1970). More cases in diverse species are needed to understand
the evolutionary consequences of LoF mutations.

Third, the functional effects of LoF mutations are interesting to
study. Genome-wide study of LoF variants can provide informa-
tion on gene lethality based on the frequency of LoF alleles for a
given gene in natural environments (population gene lethality)
(Albalat and Canestro, 2016). Our recent study revealed that
34% of the genes in A. thaliana are probably essential in the
natural environment (Xu et al., 2019). However, essential
genes validated by functional analysis may have LoF
mutations as well. In our recent study of A. thaliana, 11.7% of
the essential genes validated by functional analysis had LoF
mutations (Xu et al., 2019). In yeast S. cerevisiae, a study of
1106 essential gene knockouts found that 88 (9%) of them
could survive through adaptive evolution, and these were
defined as evolvable essential genes (Liu et al.,, 2015). In
addition, an essential gene mutation study of E. coli and
S. cerevisiae revealed that revertant mutants could occur in
essential gene mutations when cells were grown under stress
conditions, causing the mutant to regain its gene function to
some extent (Kheir Gouda et al., 2019; Rodrigues and
Shakhnovich, 2019). The study of revertant LoF mutations
provides insight into the drug resistance of microorganisms,
which is wuseful in synthetic biology in medicine. How
individuals with natural mutations in essential genes can
survive in natural populations is an intriguing question for in-
depth study.

Fourth, most studies of LoF mutations have focused on variations
in coding regions; however, a mutation in the promoter or UTR

could also affect gene expression (Yang et al., 2018; Niu et al.,
2019; Xu et al., 2020). Synthetic biology can offer interesting
insights into the beneficial effects of regulator loss. For
example, in Chinese hamster ovary cells, repressor loss in the
promoter region of PuroR leads to high gene expression and
drug resistance (Farquhar et al., 2019).

Finally, LoF mutations that are abundant in natural populations
can provide valuable genetic resources for the functional study
of genes and are particularly useful for crop breeding. New genes
(gene duplication and de novo genes) or new functional alleles
can make fruitful contributions to crop breeding. For instance,
the COLD1 allele from the wild rice Oryza rufipogon confers chill-
ing tolerance (Ma et al., 2015), and the 27-kDa y-zein gene dupli-
cation contributes to maize protein quality through endosperm
modification (Liu et al., 2016). However, the agricultural
importance of LoF mutations is largely unknown. In plants,
several studies have reported that LoF mutations can also
increase crop yield. For example, LoF of GW2, a gene that
encodes a RING-type E3 ubiquitin ligase, can increase grain
width and weight (Song et al., 2007). Similarly, an LoF mutation
of MEI2-LIKE PROTEIN4 (OML4) leads to large and heavy grains
in rice (Oryza sativa) (Lyu et al., 2020). Nevertheless, there have
been no studies of LoF mutations at the genome level in crops
to date.

Overall, there are abundant natural LoF mutations in the genomes
of diverse organisms, and this important genetic variation is
correlated with biodiversity and adaptation. In particular, LoF mu-
tations in natural populations provide an invaluable resource and
a robust framework for gaining theoretical biological insight while
simultaneously improving crop breeding in the context of climate
change.
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