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Abstract
All genetic variation results from mutations. Orders of mag-
nitude can increase mutation rates by applying irradiation or 
chemical treatment. Genome editing offers new perspectives 
for mutation induction because mutation sites can be pre-
cisely targeted even within large plant genomes for the first 
time. Generally, transgenes after genetic engineering also re-
sult in new genetic variation. All single-gene mutations after 
genome editing, transgenesis, or chemical mutagenesis are 
inherited according to the Mendelian rules. Thus, offspring 
can be phenotypically classified into discrete classes, where-
as polygenic inheritance results in continuous variation. 
However, genome-wide studies have blurred the boundaries 
between the two in recent years. Single-gene knockout muta-
tions can be inherited non-Mendelian, mainly if transcription 
factor genes are targeted. Even classical Mendelian traits are 
now believed to be controlled by numerous genes. Therefore, 
Mendelian genetics should be limited to genetic variation, 
whereas phenotypic variation should be considered polygen-
ic.
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Zusammenfassung
Sämtliche genetische Variation resultiert aus Mutationen. Die 
Mutationsraten können durch Bestrahlung oder chemische 
Behandlung um mehrere Größenordnungen erhöht werden. 
Die Genom-Editierung bietet neue Perspektiven für die Muta-
tionsinduktion, da erstmals Zielsequenzen auch innerhalb 
großer Pflanzengenome präzise anvisiert werden können. Im 
weitesten Sinne sind auch Transgene, die mit gentechnischen 
Verfahren in ein Genom eingeschleust wurden, Mutatio-
nen, die zu neuer genetischer Variation führen. Alle Einzel-
gen-Mutationen nach Genom-Editierung, Transgenese oder 
chemischer Mutagenese werden nach den Mendelschen 
Regeln vererbt. Die Nachkommen können phänotypisch in 

diskrete Klassen eingeteilt werden, während polygene Verer-
bung zu kontinuierlicher Variation führt. Aber aufgrund ge-
nomweiter Studien ist eine derartige Einteilung nicht mehr 
gerechtfertigt. Knockout-Mutationen einzelner Gene können 
auf eine nicht-mendelnde Weise vererbt werden, vor allem, 
wenn Gene mutagen verändert werden, die für Transkripti-
onsfaktoren kodieren. Sogar klassische Mendel-Merkmale 
werden nach heutiger Kenntnis heute von zahlreichen Genen 
kontrolliert. Daher sollte die Mendelsche Genetik auf die ge-
netische Variation beschränkt werden, während die phänoty-
pische Variation als polygen angesehen werden sollte.

Stichwörter
Mutationen, Mutagenese, CRISPR-Cas, genome editing, 
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Type and the origin of mutations
All genetic variation is caused by mutations that occur ran-
domly and spontaneously. There are different types of mu-
tations, ploidy mutations affecting whole genomes, chro-
mosome mutations such as insertions/deletions, transloca-
tions, and inversions, and single-gene or single-nucleotide 
mutations. Mutations can occur spontaneously and can be 
induced by chemicals or by irradiation. Thanks to genome 
research, there is a good understanding of how often muta-
tions occur spontaneously over generations. The frequency 
of spontaneous natural mutagenesis ranges from 10–8–10–9 
per bp (Ossowski et al., 2010; Pixley et al., 2022). In this arti-
cle, I will refer to induced mutations on the single nucleotide 
or single-gene level.

Since the early 20th century, it has been known that mutation 
rates can be drastically increased by gamma irradiation or fast 
neutron irradiation (Jung & Till, 2021). The mutations induced 
range from single nucleotide deletions to large chromosome  
rearrangements. In contrast, chemicals such as ethyl-methane
sulfonate (EMS) cause single-nucleotide mutations. Induced 
mutations have been used in plant breeding for more than 70 
years. The number of mutations within a single genome can 
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be enormous. For example, after whole-genome sequencing 
of a rapeseed EMS mutant population, each M2 plant was 
found to carry 39,000 mutations on average (unpublished 
data).

Recently, the mutation paradigm has been changed. Genome 
editing enables precise mutation induction within a sequence 
previously selected. The CRISPR-Cas method is frequently ap-
plied to induce mutations between one and a few hundred 
nucleotides (Zhu et al., 2020). Further refinement of this 
method led to precise base changes (base editing) and se-
quence incorporation (gene replacement). In a broader con-
text, genetic modification after transformation results in mu-
tations by adding a new gene to a plant genome.

Mendelian inheritance of random muta-
tions
Mutations affecting single genes in a diploid plant follow the 
Mendelian rules of inheritance. However, a clear distinction 
should be made between genotypic and phenotypic inher-
itance. As long as the mutation does not cause lethality or 
reduced fitness, it is inherited as a new allele. For example, 
in an M2 family derived from a heterozygous M1 plant, 75% of 
the plants carry the mutant allele disregarding the chimeric 
nature of M1 plants (Figure 1).

The Mendelian rules set the foundations for mutant screen-
ing in the offspring of mutagenized populations. Because mu-
tations within a target gene a rare, thousands of M2 families 
need to be screened phenotypically. The mutant allele can be 
fixed in the next generation, giving rise to a homozygous mu-
tant line. Unfortunately, mutant screening in polyploid plants 
is much more complicated because two or more copies of 
a gene exist. In autopolyploids, they are duplicates with es-
sentially the same function. Therefore, the frequency of ho-
mozygotes in an M2 population depends on the ploidy level. 
If one allele has been mutagenized (Am) in an autotetraploid 
species, completely homozygous plants (quadruplex type, 
AmAmAmAm) can be found only in the M3 generation. Suppose 
we can identify the duplex type in the M2 (AmAmAxAx), which is 
only possible by DNA-based genotyping methods. After self-

ing this plant, the quadruple mutant in the M3 is expected 
with a frequency of 2.8%. Here, the CRISPR-Cas technology is 
superior because we can get a quadruple mutant already in 
the M1 generation.

In allopolyploid plants, homoeologous gene copies (paralogs) 
may have undergone neofunctionalization during evolution 
resulting in altered gene function. Historic duplications with-
in genomes during evolution further complicate genetics. For 
example, rapeseed (Brassica napus) is an allotetraploid spe-
cies (2n=4x=38). As a result of subgenome triplication, each 
gene of the related Brassica species Arabidopsis thaliana is 
represented by 4-6 copies in B. napus (Chalhoub et al., 2014) 
which severely complicates phenotypic mutant detection be-
cause only multiple mutation events give rise to a new phe-
notype. Therefore, huge M2 populations must be screened to 
find a plant with multiple mutation events within the desired 
genes. For example, in our rapeseed mutant population, a 
single knockout mutation within a given gene is commonly 
found among ~500 M1 offspring. For a double gene mutation, 
the frequency would decrease to 1 out of 250,000 M1 plants 
demonstrating the difficulty in finding multiple mutations by 
phenotypic screening.

The situation changed drastically with the advent of se-
quence-based mutant screening methods commonly re-
ferred to as TILLING (Targeted Induced Local Lesions in Ge-
nomes) (Jung & Till, 2021), where mutations are detected by 
sequence analysis and not by phenotypic screening. In this 
way, mutant pyramiding became possible because single mu-
tations from different M1 plants could be combined by cross-
ing to create multiple mutant genotypes (Braatz et al., 2018; 
Sashidhar et al., 2020a; Karunarathna et al., 2020). Recent-
ly, TILLING-by-sequencing has been applied in wheat (Kra-
sileva et al., 2017) and rapeseed (unpublished data), where 
the exomes or whole genomes of M2 plants are sequenced. 
Within a mutant family carrying the desired mutation, the 
mutant haplotype frequency is 50%. Consequently, sequenc-
ing four plants from each M2 family is sufficient to find any 
mutation with a high probability. Typically, the bulked DNA 
is sequenced, reducing costs by 75% (unpublished data). In 
conclusion, Mendelian genetics are fundamental for mutant 
screening either by phenotype or genotype.

M1: 
• mutagenic treatment: 1000s of seeds
• M2 seed production

AA                      Aa

AA : AA           AA : Aa : aa
1   :  2   : 1

M2:  
• 1000s of families
• ~4-20 plants/family
• Phenotyping or genotyping (TILLING)

aa : aa

M3: 
• Verify the mutant phenotype
• Select homozygous mutants

Figure 1. Inheritance of mutant 
alleles in segregating popula-
tions of diploid species.
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Mutations by genetic modification
Since the 1980s, gene transfer has become a routine tech-
nique for studying gene function and creating new genetic 
variations in crops. In a broader sense, genetically modified 
organisms can be regarded as mutants. When the first genet-
ically modified (transgenic) plant was produced in 1983, it 
was unknown whether the introduced gene was inherited as 
a Mendelian gene. But soon, it became clear that even trans-
genes from distantly related species are inherited according 
to Mendelian rules either as one or >1 gene owing to the 
number of insertion events once they have been stably incor-
porated into a host genome. This was the reason for their use 
in plant breeding because transgenes could be easily intro-
duced to elite lines and selected in offspring generations by 
standard backcrossing.

In 2012, genome editing (GE) became routine based on the 
CRISPR-Cas technology. GE caused a shift in paradigm because 
mutations can be precisely induced at any position in the ge-
nome in contrast to Agrobacterium-mediated or vector-free 
gene transfer, where the integration site cannot be predict-
ed. Like random mutations, mutations after GE are inherit-
ed as single Mendelian genes. CRISPR-Cas-induced knockout 
mutations are recessive and inherited according to Mendeli-
an rules for dominant/recessive inheritance. Therefore, the 
presence of both mutant and wildtype alleles is called 'hete-
rozygosity' in complete correspondence with Mendelian ge-
netics. In a recent study from our lab, a CRISPR-Cas construct 
was transformed into rapeseed by Agrobacterium-mediated 
gene transfer (Table 1) (Braatz et al., 2017). The target gene 
ALCATRAZ (ALC) is involved in valve margin development and, 
thus, contributes to seed shattering from mature fruits, which 
before or during harvest, causes yield loss. Knockouts of two 
ALC paralogs resulted in increased pod-shattering resistance. 
In the T2 offspring of a single T1 transformant, the transgene 
segregated in a 3:1 manner typical for a single transformation 
event resulting in a hemizygous genotype. In rapeseed, the 
probability of linkage between transgene and target gene is 
1/19. As expected, the transgene was not linked with the two 
ALC genes referred to as 'A' and 'C' (Table 1) because there 
were non-transgenic plants with all four mutant alleles. Al-
together, we found eight out of nine genotypes expected for 
random segregation. Thus, non-transgenic mutants could be 
easily selected in the T2 generation. The two ALC genes seg-

regated in a 1:2:1:2:4:2:1:2:1 manner which follows a digenic 
inheritance with random segregation.

De novo mutations can complicate Mendelian inheritance 
after GE in subsequent generations. For example, after the 
knockout of phytic acid synthesis genes in rapeseed by GE, 
new mutant alleles appeared in the T2 generation (Sashidhar 
et al., 2020b). In this case, non-Mendelian inheritance can 
be explained by the chimeric nature of the T1 plants and the 
inability of Cas9 to produce double-strand breaks in the ini-
tial transformant. If the Cas9 nuclease does not induce stable 
mutations in the first generation, it continues cleaving the 
target sequence in the next generation(s), giving rise to new 
mutant alleles. However, once the mutation has been 'stabi-
lized' due to the absence of the Cas9 gene or the alteration of 
the target sequence, the new mutant alleles are inherited in 
a Mendelian way. In conclusion, phenotypic studies on CRIS-
PR-Cas mutagenized plants are only valid if homozygosity of 
the mutant locus has been proven, which gives rise to lines 
fixed for the mutant alleles (Jung & Till, 2021).

Phenotypic effects
There are different reasons why mutations do not always 
show the desired phenotypic effect, even in the case of ho-
mozygosity at the target locus. Gene redundancy can mask 
the mutant locus because functional paralogs can substitute 
its function in polyploids and diploids undergoing one or 
more genome duplications during evolution. Moreover, sup-
pose the target gene is part of a highly variable genetic and 
metabolic pathway. In that case, it can be replaced by other 
genes encoding enzymes or transcription factors with equal 
or similar functions. In this respect, flowering time regulation 
can serve as a prime example. There are major flowering time 
genes whose gene products are important hubs of flowering 
regulatory pathways, such as the Arabidopsis FLOWERING 
LOCUS T (FT) gene which encodes the florigen necessary for 
the transformation of the shoot apical meristem into a flo-
ral meristem (Blümel et al., 2015). Functional orthologs have 
been identified in most flowering plants studied so far. From 
the first glimpse, these are typical Mendelian genes with an 
apparent phenotype. They had been found after random mu-
tagenesis followed by phenotypic screening (Koornneef et al., 
1991). But even in the case of a single copy gene, knockout 
does not eliminate the competence to flower. Mutants can 
still perform the floral transition, albeit with a significant de-

Table 1. Inheritance of CRISPR-Cas9 induced mutations in two BnALC genes (A, C) of rapeseed. 36 T2 plants were tested for the presence of 
the transgene and the CRISPR-Cas induced mutations by PCR. O = observed, E = expected number of plants (Braatz et al., 2018).

Transgene genotypes alc genotypes

Trans- 
genic

Non-
transg.

Chi2 
testb

A2A2 
C2C2

A2A2 
C2C3

A2A2 
C3C3

A2A3 
C2C2

A2A3 
C2C3

A2A3 
C3C3

A3A3 
C2C2

A3A3 
C2C3

A3A3 
C3C3

Chi2 
testc

O 27 9 0 3 4 0 3 14 2 1 6 3 8.52
Ea 27 9 2.25 4.25 2.25 4.25 9 4.25 2.25 4.25 2.25

a: under the assumption that the T1 parent was non-chimeric (A2A3/C2C3) 
b: 3:1 segregation, Chi2(0.999;2) = 13.82 
c: 1:2:1:2:4:2:1:2:1 segregation, Chi2(0.999; 8) = 26.12
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lay. It is known that other transcription factors and sRNAs can 
partly substitute FT, masking its knockout mutation's effect 
and shifting the qualitative (Mendelian) into a (semi)quan-
titative inheritance. If the phenotypic effect is low, the bor-
ders between Mendelian and quantitative inheritance vanish 
(Fig. 2).

This casts doubt on the concept of Mendelian genetics, as 
outlined in a recent opinion paper (Tautz et al., 2020). In the 
past years, many studies revealed that single mutations could 
cause major changes in global transcription profiles which 
is in line with the fact that a single transcription factor can 
control hundreds of downstream targets. Tautz et al. (2020) 
suggested reassessing the infinitesimal inheritance model, 
which has been the basis of quantitative genetics since Ron-
ald Fisher worked out its statistical foundations in the 1920s. 
Today, in contrast to previous approaches, QTLs can be pre-
cisely localized, and their phenotypic effects can be calculat-
ed (Fig. 2). The knockout of a single gene contributing to a 
quantitative trait, such as in the case of the transcription fac-
tors FT and ALC, does not result in discrete phenotypic classes 
but increases quantitative variation. In contrast, knocking out 
a Mendelian gene, such as the Hs4 gene causing complete 
resistance to the beet cyst nematode (Heterodera schachtii) 
in sugar beet by a CRISPR-Cas-induced single nucleotide de-
letion resulted in complete loss of resistance (Kumar et al., 
2021). As a result, the offspring of plants heterozygous at the 
Hs4 locus segregated into two distinct phenotypes classes, re-
sistant and susceptible, which is in line with monogenic Men-
delian inheritance.

Outlook
In the past years, DNA-based mutant studies have confirmed 
Mendel's rules. The inheritance of mutant alleles follows the 
Mendelian rules as long as they are not part of major chro-
mosomal rearrangements. However, genome-wide QTL and 
global transcription studies have revised our view of the phe-
notypic inheritance of "Mendelian" phenotypes, which can 
be much more complex. Transcriptome profiling and func-
tional analysis of transcription factor genes shed new light 
on the complexity of Mendelian inheritance. While Mendel's 
rules are still valid regarding genotypic inheritance, they need 
to be revised to understand the makeup of phenotypes even 
if single genes control them.

This offers new perspectives for breeding traits of agronom-
ic importance, which seemingly are controlled by polygenes 
but can be improved by only altering the genotype at a sin-
gle (e.g., transcription factor) locus as has been suggested for 
improving yield capacity in rice and other cereals (Wang & 
Zhang, 2017). Therefore, new allelic variation will be needed. 
Manipulating quantitative traits by single-gene mutagenesis 
will be a challenge in the future. Gene transfer and CRIS-
PR-Cas-mediated mutagenesis are already routine for many 
crops. Unfortunately, these technologies are (still) inaccessi-
ble to European breeders who can only exploit existing allelic 
variation or new variation induced by random mutagenesis 
(Jung & Till, 2021). This comes with several shortcomings, 
which whole genome sequencing of mutant populations 
could partly overcome in combination with genomic back-
ground screening.

A
B

C

D

E

F

G
H

Frequency

Phenotype

A1 .. 

A2A2

Frequency

Phenotype

E1 ..

E2E2

Figure 2. Frequency distribu-
tions and phenotypic values in 
segregating populations with 
qualitative (blue) and quanti-
tative (red) inheritance. A is a 
Mendelian gene with complete 
dominance controlling a phe-
notype (h2 = 1). E is a major QTL 
with partial dominance con-
trolling a phenotype together 
with six other QTLs and depend-
ing on the environment (h2<1).
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