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1. Introduction

Haploid induction and subsequent chromosome doubling play a pivotal role in
expediting the plant breeding process. The resulting doubled haploids are true-
breeding genotypes and can be generated much more rapidly compared to
recombinant inbred lines, which necessitate continuous self-pollination for a minimum
of six to seven generations. While in-vitro cultivation of anthers (microspores) or ovules
can generate haploids, this method is labor-intensive, species-specific, and could be
hindered by genotype-related bottleneck issues (Kalinowska et al. 2019). In-vivo
haploidization methods, such as wide crosses and pollen treatments, still require in-

vitro rescue of haploid embryos (Jacquier et al. 2020).

An alternative approach involves the production of in-planta haploids through intra-
specific hybridization with specialized genotypes known as haploid inducers. In this
case, haploid induction occurs by eliminating the genome of the inducer genotypes
during early embryogenesis. The primary advantage of this method is that haploids
are directly obtained through seeds (Widiez 2021). The elimination of the inducer's
genome facilitates genetic marker-based haploid screening. Beyond doubled haploid
production, haploid inducers offer versatility in applications such as cytoplasm
swapping, screening for recessive mutations, reverse breeding, and one-step haploid
induction combined with genome editing (Ravi et al. 2014; Wijnker et al. 2012; Kelliher
et al. 2019; Budhagatapalli et al. 2020). This broadens the scope of their application

in plant breeding by providing efficient and diverse tools for genetic improvement.

1.1. Uniparental genome elimination

Biparental inheritance, where the offspring's nuclear genome originates from both
parents, is the predominant mode among sexually reproducing organisms. An
exception to this norm is uniparental genome elimination (UGE), wherein the genetic
material from one of the parents is selectively excluded after fertilization, resulting in
a fraction of haploid progenies. In plants, UGE after hybridization was first reported in
Nicotiana sp., where a cross between N. tabacum and N. sylvestris resulted in N.
tabacum-type haploids (Clausen and Mann 1924). Subsequently, post-fertilization

UGE in a wide-cross has been documented across a diverse range of plant species



(as listed in (Ishii et al. 2016)). A plant breeding relevant example of an inter-specific
cross leading to post-fertilization UGE is the combination of Hordeum vulgare x H.
bulbosum producing vulgare-type haploids (Kasha and Kao 1970). Another well-
known example is the elimination of maize chromosomes in the embryos of wheat x

maize inter-generic cross, yielding wheat haploids (Laurie and Bennett 1988) (Fig. 1).

Wheat Maize

Unstable hybrid I I
embryo

UGE of maize
chromosomes

Wheathaploid
2n=21

Colchicine assisted
genome doubling

Wheatdoubled I I
haploid
2n=42

Figure 1: Schematic model of uniparental genome elimination (UGE) in wheat x maize
hybrids. In unstable wheat x maize embryos, all maize chromosomes undergo elimination
during early embryogenesis. Resulting embryos can be rescued in-vitro to develop into haploid
wheat plants. The genome of the haploid plants was then doubled using colchicine treatment.
Figure was prepared using Biorender.

1.2. Classification of haploid inducers

The approach using haploid inducers can be broadly divided into two categories: i)
centromere-based systems, and ii) non-centromere-based systems. Centromere-
based systems employ diverse strategies to alter the centromere-specific histone H3
(CENH3) at DNA, RNA, and protein levels. On the other hand, non-centromere-based
systems involve mutants of genes that influence various aspects of the plant

reproductive process, leading to haploidization.



1.3. Centromere-based haploid induction systems

Centromeres are the chromosomal locations of kinetochore assembly and are
necessary for faithful chromosome segregation. The centromeres are inherited
epigenetically and determined by a centromere-specific histone 3 variant (CENH3) in
most plants and animal species (Gong et al. 2012; Mendiburo et al. 2011). CENH3
replaces the canonical histone H3 in centromeric nucleosomes. The centromeric
loading of CENH3 is sufficient to initiate and perpetuate the centromeres through a
positive epigenetic feedback loop, regardless of the underlying sequences (Black and
Cleveland 2011; Mendiburo et al. 2011; Voullaire et al. 1993). The centromere size
determined by the number of CENH3-containing nucleosomes is correlated with the
chromosome segregation accuracy (Drpic et al. 2018). A critical level of CENH3 is

necessary to maintain the centromere functionality (Bodor et al. 2014).

Talbert et al. (2002) identified CENH3 (also known as HTR12) in plants first. The
authors confirmed the centromeric localization of CENH3 in Arabidopsis thaliana and
showed that CENH3 is rapidly evolving, especially in its N-tail region. A CENH3
knockout mutation leads to embryo lethality; therefore, a true null mutant of CENH3
ceases to survive unless complemented by a functional CENH3 variant (Ravi et al.
2010). Reduction in endogenous CENH3 levels leads to both vegetative defects and
meiotic abnormalities, whereas the modification of the N-tail region causes only
meiotic abnormalities, sterility, and reduced seed setting (Lermontova et al. 2011a;
Ravi et al. 2011). These observations suggest differential regulation of CENH3 loading
during mitosis and meiosis; and probable involvement of the hypervariable N-terminal

region in the regulation of meiotic CENH3 behavior.

Two independent studies underscored the significance of CENH3 in the uniparental
genome elimination process. In the first study, manipulation of CENH3 in A. thaliana
was found to induce uniparental genome elimination during early embryogenesis,
yielding a mix of haploid, aneuploid, and diploid plants. The study utilized a chimeric
protein called "GFP-tailswap", combining the N-tail of histone H3.3 and the Histone
Fold Domain (HFD) of CENH3 fused to the reporter protein GFP, to complement the
embryo-lethal CENH3 knockout mutant (cenh3-1). Crossbreeding plants
complemented with GFP-tailswap as females with wild-type plants resulted in

approximately 25 - 45% wild-type haploid progenies, while using the GFP-tailswap as



a male reduced haploid progeny to 5% (Ravi and Chan 2010). In the second study,
centromere inactivity was found to trigger uniparental genome elimination in Hordeum
vulgare x H. bulbosum inter-specific barley hybrid embryos. Loss of CENH3 from the
centromeres of H. bulbosum led to the elimination of the corresponding chromosomes
(Sanei et al. 2011).

1.3.1. CENH3 manipulation in Arabidopsis

After Ravi and Chan (2010) demonstrated that manipulating CENH3 can induce in-
planta haploids, further studies showed that a broad list of CENH3 modifications can
induce haploids. It was shown that a point (missense) mutation in a conserved HFD
residue (L130F) of CENH3 impaired its centromeric loading in an H. vulgare TILLING
mutant and induced haploids in the case of A. thaliana (Karimi-Ashtiyani et al. 2015).
In parallel, a variety of point (missense) mutations in the HFD region of CENH3 was
proven to result in UGE in A. thaliana. Haploid frequency was found ranging from 0.61
% to 12.2% (Kuppu et al. 2015). The above two studies explained a likely non-
transgenic approach via TILLING to engineer haploid induction in plants. In an attempt
to rescue the lethal A. thaliana CENH3 null mutant, [cenh3(-/-)], using heterologous
CENH3 from Brassica rapa and Lepidium oleracem, different levels of seed death and
haploid progenies were observed (Maheshwari et al. 2015). Also, combinations of
point mutations, in-frame deletions in the CENH3 HFD region and complete deletion
of the aN helix were shown to exhibit varying levels of haploid induction ability (Kuppu
et al. 2020). In addition to CENH3 manipulation, the knockout of other kinetochore
proteins, such as Kinetochore Null 2 (KNL2) has been demonstrated to induce
haploids in A. thaliana (Ahmadli et al. 2023). KNL2 is a centromere loading factor of
CENH3 and the absence of KNL2 leads to a reduction of CENH3 levels in the
centromere (Lermontova et al. 2013). Thus, KNL2 mutation can be considered to
contribute indirectly to the haploid induction through reducing the effective CENH3

chromatin.



1.3.2. Influence of temperature on centromere-based UGE

The study conducted by Ahmadli et al. (2023) demonstrated a ten-fold increase in the
haploid induction ability of the A. thaliana KNL2 knockout mutant under short-term
heat stress. Similarly, Jin et al. (2023) observed a significant rise in haploid induction,
reaching approximately 95%, following post-fertilization heat stress when GFP-
tailswap was used as a female parent. Notably, this condition was also associated with
a high incidence of seed abortion. While the aforementioned reports highlighted the
capacity of temperature manipulation to increase paternal haploids, Wang et al.
(2023c) demonstrated that the frequency of maternal haploids can also be increased
using temperature stress. The restoration of male fertility in GFP-tailswap at a
temperature of 18°C rendered them suitable as pollen donors. The paternal haploid
frequency increased the haploid induction rates up to 25% when the pollinated plants
were grown at 25°C compared to 7.0% for those plants grown at 22°C. In summary,
all three studies consistently reported that elevated post-fertilization temperatures

were associated with heightened haploid induction rates.

However, it was underscored that temperature stress alone was inadequate for
haploid induction; instead, it necessitated a combination with a parental genotype
carrying a CENH3 modification (Ahmadli et al. 2023). Similar observations were made
in H. vulgare x H. bulbosum, where lower temperatures (< 18°C) during embryo
formation were found to suppress chromosome elimination, favoring the formation of
true hybrids (Gernand et al. 2006; Pickering 1984). Conversely, higher temperatures
around 21.5°C during early hybrid embryogenesis significantly boosted haploid
frequency, reaching up to 99% (Pickering 1984). Despite these findings, the molecular
mechanisms underlying the observed increase in haploid frequency following post-

fertilization temperature elevation remain yet to be analyzed.

1.3.3. CENH3 manipulation in crop plants

The manipulation of CENH3 for haploid induction in crop plants provided more insights
into the mechanism of CENH3-mediated genome elimination (Table 1). In maize,
Kelliher et al. (2016) evaluated transgene complemented knockout lines for CENH3
and RNAI for haploid induction rates through outcrossing. Surprisingly, only CENH3

knockout [cenh3(-/-)] lines with a GFP-tailswap transgene in hemizygous condition



exhibited significantly higher maternal haploid production compared to background
levels, while no aneuploid embryos were observed. The observations mentioned
above faced criticism due to the recovery of mutant alleles in homozygous condition,
contradicting the embryo lethality of a true knockout CENH3 allele, as pointed out by
Wang et al. (2021). Moreover, Wang et al. (2021) noted that a plant heterozygous for
a null mutant (CENH3(+/-)) induced approximately 5% haploids and a low number of
aneuploids when used as a female in crosses with wild-type plants. While this aligns
with observations in A. thaliana that the inducer is more effective as a female (Ravi
and Chan 2010), it contradicts the findings of Kelliher et al. (2016), who reported a

higher haploid frequency when the inducer was used as a male parent.

In wheat, CRISPR/Cas9-based genome engineering led to the development of novel
alleles of CENH3 termed as Restored Frameshift (RFS) alleles with modifications only
in the N-tail and an intact HFD (Lv et al. 2020). Unlike in maize, knockout CENH3
alleles in heterozygous state failed to produce haploids in wheat. Interestingly, RFS
CENHa3 alleles exhibited a higher frequency of haploid induction in heterozygous state

compared to homozygous condition.

Gao et al. (2020) demonstrated that RNAi and in-vitro inhibition of CENH3 resulted in
pseudo-male gametes, leading to haploids and aneuploids upon selfing in cotton.
When used as a pollen donor, RNAi CENH3 transformants produced around 8% of
haploid progenies. However, the study hasn't done an extensive analysis of different

primary transformants for their haploid induction ability.

Interesting observations were made from RNAi-mediated downregulation of CENH3
in onion (Manape et al. 2024). The study revealed a distinct correlation between the
reduction in CENH3 transcript and protein levels and a consequential decrease in
seed setting upon self-pollination. Homozygosity of the RNAi cassette was not
obtained, possibly due to lethality caused by higher levels of CENH3 downregulation.
Intriguingly, when employed as male parents in crosses with wild-type plants, the RNAI
CENHa3 lines induced around 5% haploids. The similarity between the RNAI strategy
in both cotton and onion is that they behave as a more efficient haploid inducer when

used as a pollen donor.

A range of mutants carrying amino acid substitutions for CENH3 were generated using

base editing in carrot (Meyer et al. 2023). From the progenies of CENH3 mutants

10



crossed with wild-type male, two candidate plants were found to be potential products
of UGE. Dosage analysis based on whole-genome sequencing revealed a complete
loss of chromosome 7 and a partial loss of chromosome 9. Another candidate was
found to be a tetraploid, and marker analysis revealed that all four copies of the
chromosome were of wild-type parent origin. The study demonstrated that, despite
their low efficiency, the CENH3 missense mutants could induce chromosome or

genome-level elimination.

A suite of mutations carrying missense mutation, amino acid deletion and knockouts
were generated for the functional copy of CENH3 in soybean (Wang et al. 2023b).
While the null heterozygote did not yield haploids, an intriguing outcome was the
production of one aneuploid (2n-2) among 18 F1 plants resulting from crosses with
wild-type plants. Marker analysis revealed that the two lost chromosomes were
inherited from the null heterozygote. Combining the results from carrot and soybean,
it is evident that the CENH3 manipulation has the potential to induce UGE, given the
availability of a highly efficient methodology.

1.4. Non-centromere-based haploid induction systems

This class of haploid induction systems is represented by mutants of genes other than
CENH3 or kinetochore/centromere-related functions that possess haploid induction
ability. These genes are mainly involved in the plant sexual reproduction process.
Mutants of these genes were shown to induce haploids in a broad range of plant
species (Table 2). Two important genes that controlled haploid induction ability have
been identified from maize, namely, MATRILINEAL (MTL) and a DUF679 domain
membrane protein (DMP) (Zhong et al. 2019; Kelliher et al. 2017).

MATRILINEAL (MTL), also known as Phospholipase A1 (PLA1) and NOT LIKE DAD
(NLD) was shown to be the gene underlying the major QTL responsible for haploid
induction in Stock 6 inducer in maize (Gilles et al. 2017; Kelliher et al. 2017; Liu et al.
2017). The gene codes for a sperm-specific phospholipase, and a high frequency of
DNA fragmentation was found in the sperm nuclei in the pollen of mutant genotypes
(Li et al. 2017). The mutant of this gene was found to be inducing haploids in monocot
species like rice, hexaploid wheat, foxtail millet and barley. However, MTL does not
appear to have any orthologs in plants beyond monocots, making it impossible to

utilize this strategy in dicots. Jiang et al. (2022) showed that the reactive oxygen
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species (ROS) burst leads to sperm DNA fragmentation and also demonstrated that
treating pollen with ROS-inducing reagents could induce haploids. The pollen
treatment with methimazole (peroxidase inhibitor) or phosphatidylcholine (ROS
inducer) described by Jiang et al. (2022) could still be utilized in dicots and yet remains
to be analyzed (Ruban and Houben 2022). Additionally, Jiang et al. (2022) identified
a pollen-specific peroxidase, PODG65, gene mutant as another factor capable of
inducing haploids. Another pollen-specific phospholipase, namely phospholipase D3
(ZmPLD3) was reported to trigger maternal maize haploids up to 1.2% in the knockout
state (Li et al. 2021).

Table1: Different centromere-based systems utilized in plant species to induce haploids. The
maximum reported haploid induction frequency is given for each type of modifications in
different species. *Paternal or maternal refers to the parental origin of the haploids.

) Haploid frequency (%)
Plant species Strategy References
Paternal* | Maternal*
GFP-tailswap 34 5 (Ravi and Chan 2010)
(Kuppu et al. 2015;
Point mutations Kuppu et al. 2020;
23.81 0
(missense) Karimi-Ashtiyani et al.
Arabidopsis thaliana 2015)
In frame deletions 25.7 0 (Kuppu et al. 2020)
Orthologus CENH3 11 0 (Maheshwari et al.
complementation 2015)
KNL 2 mutation 1 0 (Ahmadli et al. 2023)
) Heterozygous null
Maize (Zea mays) 5 0.5 (Wang et al. 2021)
mutant
Wheat (Triticum Restored frame shift
) 7 0 (Lv et al. 2020)
aestivum) (RFS) CENH3 allele
Cotton (Gossypium )
) RNAI NA 8 (Long et al. 2024)
hirsutum)
Onion (Allium cepa) RNAI 2.68 4.63 (Manape et al. 2024)
Carrot (Daucus Point mutations 0 0 (Meyer et al. 2023;
carota) (missense) Dunemann et al. 2022)
Soybean (Glycine Heterozygous null
0 0 (Wang et al. 2023b)
max) mutant
Broccoli (Brassica
RFS alleles 1.29 0 (Gao et al. 2020)
oleracea var. italica)
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Table 2: List of non-centromere-based haploid induction systems in different plant species.
The maximum reported haploid induction frequency is given for the mutants in different
species. *Paternal or maternal refers to the parental origin of the haploids.

Haploid frequency (%)
Gene Species References
Paternal* | Maternal*
) (Gilles et al. 2017; Kelliher et al.
Maize (Zea mays) 0 6.7 )
2017; Liu et al. 2017)
) ) (Jang et al. 2023a; Liu et al.
Rice (Oryza sativa) 0 6.3
2024b; Yao et al. 2018)
MTL/PLA1/ | Wheat (Triticum )
) 0 15.6 (Liu et al. 2020)
NLD aestivum)
Foxtail millet
o 0 2.8 (Cheng et al. 2021)
(Setaria italica)
Barley (Hordeum
0 16.4 (Tang et al. 2023)
vulgare)
Maize (Zea mays) 0 0.3 (Zhong et al. 2019)
Arabidopsis
) 0 25 (Zhong et al. 2020)
thaliana
Rapeseed (Zhong et al. 2022b; Li et al.
) 0 4.44
(Brassica napus) 2022)
Tobacco (Nicotiana 0 175 (Zhang et al. 2022b; Zhong et al.
tabacum) ' 2022b)
Tomato 0 3.68 (Zhong et al. 2022a)
DMP8/9
Potato (Solanum
0 0.01 (Zhang et al. 2022a)
tuberosum)
Medicago
0 0.82 (Wang et al. 2022a)
truncatula
Cotton (Gossypium
) 0 1.06 (Long et al. 2024)
hirsutum)
Brassica oleracea 0 2.35 (Zhao et al. 2022)
Watermelon 0 1.12 (Chen et al. 2023)
PLD3 Maize (Zea mays) 0 1.2 (Li et al. 2021)
POD65 Maize (Zea mays) 0 7.7 (Jiang et al. 2022)
Arabidopsis
Kokopelli 0 0.34 (Jacquier et al. 2023)
thaliana
Arabidopsis 0 11 (Mao et al. 2023; Zhang et al.
ECS1/2 thaliana ' 2023a)
Rice (Oryza sativa) 0 35 (Zhang et al. 2023a)
Arabidopsis
pPLAIlly ) 0 1.12 (Jang et al. 2023b)
thaliana
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Haploid induction in a non-Stock6 background has been attributed to the mutation in
another gene, DMP (Zhong et al. 2019). This gene is identified as a pollen-specific
plasma membrane-localized protein. Unlike MTL, DMP exhibits multiple orthologues
in dicots. Notably, the knockout of two pollen-expressed DMP genes, namely AtDMP8
and AtDMP9, was demonstrated to synergistically induce haploids at a rate of
approximately 2.5% in A. thaliana (Zhong et al. 2020). The functional role of these
membrane proteins was unveiled, indicating their involvement in promoting the fusion
of egg cells and sperm. This fusion is facilitated by sperm adhesion mediated by the
egg cell-secreted protein, EGG CELL 1 (EC1) (Cyprys et al. 2019; Wang et al. 2022b).
Mutation of DMP orthologs was found to be inducing haploids in many crop species
(Table 2). However, it is not evident whether the mutation of DMP induces
spontaneous development of egg cell into haploid embryos or causes a post-

fertilization genome elimination.

Jacquier et al. (2023) searched for genes exclusively expressed in male gametophytes
and mutation, resulting in single-fertilization events in Arabidopsis. They identified the
gene, KOKOPELLI (AT5G63720) as a potential candidate and a mutant of this gene
was found to trigger maternal haploids at a rate of 0.34%, which is comparatively lower
than the rate caused by DMP mutants. A genome-wide association study conducted
in maize revealed KOKOPELLI to be one of the candidate genes involved in haploid
induction (Trentin et al. 2023).

Haploid induction in Arabidopsis and rice has been demonstrated through the mutation
of egg cell-specific aspartic endopeptidases (ECSs) (Mao et al. 2023; Zhang et al.
2023a). Additionally, the knockdown of gynoecium-specific phospholipase, pPLAlly,
has been found to trigger the formation of maternal haploids in approximately 1% of
the progenies (Jang et al. 2023b). Notably, both of these mutants exclusively induce
haploids of the mutant parent, rather than those of the wild-type crossing partner. A
similar limitation is observed in transgene-induced parthenogenesis achieved by the
egg cell-specific expression of embryogenesis factors such as Baby Boom (Conner et
al. 2015; Chen et al. 2022). As a consequence, these haploid induction methods have
limited significance in crop breeding programs, given their inability to generate

haploids from wild-type crossing partners.
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1.5. Comparison of both haploidization systems

Comparing both systems, centromere-based approaches outweigh the other
approaches in terms of the type of haploids induced and their applicability. All known
non-centromere-based inducers are capable of inducing haploid plants of maternal
origin (Table 2). However, centromere manipulation can induce maternal and paternal
haploids (Table 1). In case of applicability, non-centromere-based approaches can be
utilized only in a limited class of crop plants. For example, MTL has no equivalent
orthologs in dicots and, therefore, is limited to monocots (Shen et al. 2023; Zhong et
al. 2020). Whereas DMP mutants were found to be effective in various dicots, so far,
no reports have been available from monocots except maize (Zhong et al. 2019). A
recent study found that only MTL but not DMP orthologues were able to trigger haploid
formation in rice (Liu et al. 2024b). On the other hand, centromere manipulations were
shown to be effective in dicots like Arabidopsis, cotton and equally capable in
monocots like wheat, maize and onion. Hence, centromere-based systems can be

considered as having the properties of broad applicability.

Concerning haploid induction rates, MTL mutants in various crop species exhibit
induction rates ranging from 2.8% (in foxtail millet) to 16% in barley, while achieving a
5% rate with DMP mutants is never reported (Table 2). Interestingly, CENH3
manipulation has demonstrated HIR of at least 5% in maize and more than 5% in
wheat and cotton (Table1). However, these rates are notably lower than those
reported in Arabidopsis, particularly with GFP-tailswap line, which have shown haploid

induction rates of up to 96% through temperature manipulation (Jin et al. 2023).

Notably, a single strategy of CENH3 manipulation is not universally applicable across
different crops. For instance, GFP-tailswap modification of CENH3 failed to
complement the null mutant in maize (Wang et al. 2021). Heterozygous null mutants
could induce haploids in maize (Wang et al. 2021), with a much lower rate in
Arabidopsis (Marimuthu et al. 2021), and not at all in wheat (Lv et al. 2020).
Additionally, RNAi-mediated downregulation of CENH3 could induce haploids in
cotton and onion, but this approach did not prove effective in Arabidopsis (Ahmadli et
al. 2023) and maize (Kelliher et al. 2016).

Given the myriad of strategies available (Fig. 2), researchers may find it challenging

to evaluate all possibilities of centromere manipulation in a new crop species.
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Therefore, there is a need for a strategy that is universally effective with high efficiency
across all crop species. To develop such a strategy, it is crucial to understand the

mechanistic reason behind centromere-mediated UGE as best as possible.
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Figure 2: Different strategies of manipulation of CENH3 protein or other kinetochore
proteins for haploid induction. An additional level of optimization is required to find the

suitable temperature for efficient haploid induction.

1.6. Mechanism of centromere-based haploidization

The centromere size model (Wang and Dawe 2018) provides a possible mechanistic
reason behind centromere-mediated UGE. It was postulated based on the observation
that in most of the wide crosses causing UGE, only the chromosomes with smaller
centromeres get eliminated. According to the model, genetic alterations to CENH3
impair its centromere loading capacity and reduce the CENH3 chromatin, leading to a
smaller centromere size. When a plant carrying chromosomes with such small or
'‘weak' centromere is crossed with a plant with normal (wild-type level) centromeres,
the chromosomes from plants with weak centromeres get eliminated, resulting in

haploids (Fig. 3). The elimination primarily results from an inability to restore the wild-
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type centromere size, as the small centromeres fail to compete effectively for the

limiting CENH3 reloading factors (Marimuthu et al. 2021).
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Figure 3: Centromere size model of haploid induction. Certain modifications to CENH3
reduce the average centromere size and functionality of the centromere. When plants with
small centromeres are fertilized with wild-type gametes with larger centromeres, zygotes show
centromere dimorphism in terms of size; often, the chromosomes having small centromeres
are eliminated to form haploid plants. Figure was adapted from Wang and Dawe (2018) and
prepared using Biorender.

The hypothesis only holds true if the parental CENH3 levels are maintained during
early embryogenesis. When all the chromosomes of the haploid inducer fail to reach
wild-type centromeric CENH3 levels, they get eliminated and produce haploids,
whereas restoration of the level of CENH3 containing nucleosomes in some or all
chromosomes during early embryogenesis results in aneuploid and diploid progenies,
respectively. A study conducted in mice proposes similar strong and weak centromere
states as determined by the CENP-A nucleosome (CENH3 in mammals) levels being

the reason behind the female meiotic chromosome drive (lwata-Otsubo et al. 2017).

As an experimental proof for the centromeric size model, a CENH3 dilution approach
was utilized in which maize plants heterozygous for a cenh3 null mutant induced

haploid offspring (Wang et al. 2021). The authors suggested that gametes carrying
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null allele undergo dilution of wild-type CENH3 during gametogenic mitosis, resulting
in reduced centromere size with fewer CENH3-containing nucleosomes. The female
gametophyte undergoes three rounds of mitosis, whereas the male gametophyte

undergoes only two rounds (Fig. 4).
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Figure 4: CENH3 dilution in female (A) versus male (B) gametes. The egg cell would have
comparatively less CENH3 nucleosomes (in green) compared to sperm due to an additional
mitotic division. Figure was prepared using Biorender.

Therefore, dilution would occur more in the female gametophytes carrying cenh3 allele
compared to their male counterparts. The egg cells may have CENH3 below the
critical level to form a functional centromere compared to CENH3 of sperm cells,
resulting in higher haploid frequency when a heterozygous plant is used as a female
parent. However, the model does not consider the potential hindrance of gametophytic
CENH3 dilution by maternally transmitted CENH3 transcripts and proteins from the
sporophyte.

In the case of Arabidopsis, it was suggested that the chimeric GFP-tailswap protein
was selectively removed from the egg cells (Marimuthu et al. 2021). When the GFP-
tailswap was crossed as a female to a wild-type plant, CENH3 and GFP-tailswap
proteins were found to be biasedly re-loading onto the chromosomes from the wild-
type parent. The chromosomes from the GFP-tailswap partner failed to reassemble

CENH3 nucleosomes and were lost during embryogenesis, leading to haploidization
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(Fig. 5) (Marimuthu et al. 2021). Yet, it is not clear whether the GFP-tailswap protein
is selectively eliminated from the egg and central cell nuclei, or if it is extensively

diluted during gametophytic mitosis.

Wildtype ~ Zygote Haploid
sperm he Embryo
'l
’,
4 .
Q .
.
. "
\\ "
A\l
\‘ -
. “
.
.
.
.
c .
GFP-tailswap y] Mitosis (&)
egg cell 3
99 E i e
E o Micronuclei
” . w o7 formation
! e 54 &
52 oy @& Elimination of
‘ o ( . chromosomes
Q’ — 9 \ from GFP-ts
+ ) * parent
. . >
. A
\‘ . .
. “
\‘ .
Biased reloading of
Selective removal of modified CENH3 and GFP-ts to
CENH3 wild type chromosome

Figure 5: Proposed mechanism of GFP-tailswap mediated genome elimination by
Marimuthu et al. (2021). The GFP-tailswap is selectively evicted from the centromeres of the
matured egg cell. After fertilization with a wild-type sperm, preferential loading of CENH3 and
GFP-tailswap takes place onto the wild-type centromeres. In the following mitosis,
chromosomes with ‘weak' centromeres are eliminated and only those from the wild-type parent
is retained, resulting in a wild-type haploid embryo. Centromere loading with the GFP-tailswap
protein stops after the female chromosome set encoding the GFP-tailswap construct is
eliminated.

An additional study described another mutant of CENH3 in Arabidopsis, namely
cenh3-4 (Capitao et al. 2021). In this mutant, splicing of CENH3 transcripts is altered,
resulting in a strong reduction of centromeric CENH3 in sporophytic tissues. Despite
this, the mutant exhibits very low haploid induction ability (Capitao et al. 2021).
Consequently, the authors concluded that centromere size may not be the key
determinant of haploid induction efficiency. It is noteworthy, however, that the study

did not assess CENH3 levels in gametophytes, rendering the conclusion incomplete.
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However, independent analysis of CENH3-based haploid inducers in maize and
Arabidopsis underscores the essential role of depleting CENH3 in gametes for
successful haploid induction. Therefore, to validate the centromere size model, a
molecular tool that enables the targeted depletion of CENHS3, specifically in the
gametophyte, is needed. This approach would be helpful in formulating a universal

strategy to manipulate centromere for haploid induction.

1.7. Depletion of CENH3 protein in the gametophyte

Protein depletion is necessary to understand the function of a specific protein in a
cellular context, which is not possible using in-vitro analysis (Roth et al. 2019). Protein
depletion can be achieved either at DNA, RNA or protein levels. Null mutations of
CENH3 are lethal in homozygous state. In maize, the depletion strategy involved
utilizing a heterozygous null mutant, assuming it dilutes the CENH3 in gametes
carrying the null allele to a higher extent in egg cells (Wang et al. 2021). Nonetheless,
this model fails to consider the contribution of CENH3 transcript or protein from the

maternal pool.

Plants constitutively expressing RNAIi constructs for CENH3 were shown to induce
haploids in onion and cotton (Manape et al. 2024; Gao et al. 2020). However, the
constitutive RNAIi approach affected the plant vigour. While tissue-specific
downregulation through RNAi can be accomplished using tissue-specific or cell-
specific promoters, the turnover rate of the protein of interest (POIl) stands as a limiting
factor. For a highly stable protein such as CENH3 with very low turnover (Lermontova
et al. 2011b), gametophytic RNAi would not be helpful. Therefore, gametophytic
depletion of CENH3 can only be achieved through targeted protein degradation. Such
a method was pioneered for Drosophila melanogaster. Here, engineered, sperm-
specific, targeted protein degradation of CENH3 (Cid in D. melanogaster) resulted in

gynogenetic haploid embryos (Raychaudhuri et al. 2012).

1.8. Targeted protein degradation

Targeted protein degradation (TPD) approaches are highly helpful in depleting

proteins where RNAI is incapable due to low turnover rates (Natsume and Kanemaki
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2017; Roth et al. 2019). TPD approaches rely on the endogenous ubiquitin-
proteasome system for proteolysis of the target and require the recruitment of the POI
to an E3 ligase for ubiquitination. The requirement can be fulfilled using either (i)
synthetic small molecules that has a bivalent affinity towards the POl and E3 ligase
(Bondeson et al. 2015). (ii) tagging the POI with a degron sequence (Banaszynski et
al. 2006; Nishimura et al. 2009) or, (iii) engineering E3 ligases with affinity to the POI
(Caussinus et al. 2011; Fulcher et al. 2017; Fulcher et al. 2016).

The usage of bivalent molecules poses significant challenges in terms of both the
identification and delivery of these molecules into plant cells (Leon and Bassham
2024). In the case of tagging the POI with a degron sequence, auxin-based degron
systems exhibit highly efficient protein degradation (Nishimura et al. 2009); however,
their applicability in plant cells is limited. Daum et al. (2014) utilized the N-degron-
based conditional protein degradation to degrade the Wuschel protein using the TEV
protease. A primary drawback of adding a degron to the POl is the potential alteration

of protein behaviour due to adding the degron tag.

The third approach, where E3 ligases were engineered for affinity against the POI,
was shown to be effective in plant systems (Baudisch et al. 2018; Ma et al. 2019;
Sorge et al. 2021). The E3 ligase, also known as an E3 ubiquitin ligase, is a protein
that catalyzes the transfer of ubiquitin from the E2 enzyme to the specific protein
substrate. Therefore, E3 ligases provide the substrate specificity to the ubiquitin-
proteosome degradation. Plants encode a remarkably higher number of E3 ligases
compared to animals (Gibbs et al. 2014). For example, the A. thaliana genome
encodes for more than 1500 E3 ligases (Hua and Vierstra 2011). The E3 ligase can
be customized to a target POI by substituting its natural substrate binding domain with

domains capable of binding to the POI.

The antigen-binding properties of antibodies can be used for affinity engineering of E3
ligases to the POI. The coding sequence of the antibody molecule is absolutely
necessary for this purpose. Phage display screening (Smith 1985) of an antibody
library has been used for the selection of high-affinity antibodies (McCafferty et al.
1990). Of the commonly used antibodies, nanobodies represent the smallest (13 - 15
kDa) antibody-binding fragment (Muyldermans 2001). The term nanobodies (VHH)

refers to the single domain antibodies, the variable domain of the heavy chain-only
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antibodies of Camilidae species. The nanobodies are highly soluble, remarkably
stable, and characterized by better penetration ability than conventional antibodies
(Ingram et al. 2018; de Beer and Giepmans 2020).

The initial breakthrough in tailoring specificity for the 'SKP1-CUL1-F-box' (SCF) E3
ligase of Drosophila involved substituting the substrate recognition sequences of a F-
box protein (Nslmb) with a GFP-specific nanobody (VHHGFP4), resulting in the
creation of the fusion protein termed Nsimb-VHHGFP4 (Caussinus et al. 2011). This
engineered F-box protein was first employed in various degradation experiments of
GFP-tagged proteins (deGradFP) in Drosophila and human cells (Fig. 6) (Caussinus
et al. 2013; Raychaudhuri et al. 2012; Daniel et al. 2018). Despite its success, the
deGradFP method encountered limitations in degrading histone H2B-GFP, a nuclear
protein. Subsequent efforts to devise novel synthetic ligases revealed that a modified
SPOP protein, a human derived E3 ligase, demonstrated greater efficiency in the

degradation of nuclear proteins compared to NsImb-VHHGFP4 (Shin et al. 2015).

Target protein

Target protein -

Figure 6: Schemata of the deGradFP system for the targeted degradation of GFP-tagged
proteins of interest. When the GFP nanobody-E3 ligase fusion protein (Nsimb-VHHGFP4)
is co-expressed with GFP-tagged targeted protein, it leads to polyubiquitination of the target
protein mediated by the SCF complex. Next, the polyubiquitinated target protein is degraded
by the proteasome. E2 — ubiquitin-conjugating enzyme, Rbx1 — Ring box protein, Cul1 — cullin
1, Skp1 —Adapter protein between Cul1 and Nsimb, Ub — Ubiquitin.

As a first attempt in plants, Baudisch et al. (2018) showed that the cytosolic GFP
protein can be degraded using Nsimb-VHHGFP4 without affecting the RNA
expression levels in stably transformed Nicotiana tabacum plants. Ma et al. (2019)
utilized Nsimb-VHHGFP4 to degrade the GFP-tagged WUS proteins in the stem cells

using an ethanol-inducible system in A. thaliana. The modified SPOP-based
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degradation system was utilized for the degradation of nuclear-localized GFP-fusion
proteins in N. tabacum and N. benthamiana (Sorge et al. 2021). Hence, animal-derived

E3 ligases were proven to be functional in plants.

1.9. Targeted CENH3 degradation for haploid induction in Arabidopsis

Sorge et al. (2021) successfully demonstrated in-planta degradation of EYFP-CENH3
through nanobody — guided proteosomal degradation. Demidov et al. (2022) showed
that the targeted proteosomal degradation of EYFP-CENH3 during early
embryogenesis can induce paternal haploids in Arabidopsis. However, the haploid
induction rates (~3%) were lower compared to that of the GFP-tailswap strategy. Also,
the study involved genetic modification of both crossing partners and, therefore was
less significant in terms of breeding application as haploids were transgenic. A similar
degradation system, spatio-temporally restricted to gametes, would be necessary to
deplete CENH3 in the gametes and has the potential to be used as a universal strategy
of CENH3 manipulation for haploid induction (Marimuthu et al. 2021).
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2. Aims

Haploid induction accelerates the plant breeding process by reducing the number of
breeding cycles required to achieve homozygosity. Homozygous lines exhibit
consistent expression of traits, allowing for a more accurate selection of desirable
characteristics. However, for breeding programs to be cost-effective, an efficient in-

planta haploid induction method is essential.

It's been more than a decade since it was shown that the centromere manipulation
can induce a higher frequency of haploids in A. thaliana (Ravi and Chan 2010). Despite
a few successes, the frequency of haploids produced from centromere-manipulation
remains low in crop plants. Additionally, different centromere manipulation strategies
are required for each crop species, posing a major challenge to centromere-based

haploid induction approaches.

Therefore, | attempted to develop an in-planta haploidization strategy based on the
cellular mechanism behind the centromere-mediated uniparental genome elimination.
The centromere size model provides a strong theoretical explanation of the
mechanism. This study aimed to validate the centromere size model and gain
additional insights using a haploid-inducing Arabidopsis genotype different from the
one investigated by Marimuthu et al. (2021). Based on the conclusion drawn, a

universal strategy grounded in engineering principles can be formulated.
Hence, the aims of this study are,

e To experimentally validate the centromere size model using a fluorescence-

tagged CENH3-based haploid induction Arabidopsis genotype.

e To develop a gametophyte-specific protein degradation system targeting

CENH3 protein in Arabidopsis and evaluate its haploid induction ability.
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3. Materials and methods

3.1.

3.1

3.1

3.2

Plant Materials

.1. Description of Arabidopsis mutant alleles

cenh3-1. The CENH3 null mutant described in the Columbia (Col-0) ecotype
background of Arabidopsis thaliana (Ravi et al. 2010). Due to the lethality of the
homozygous null [cenh3(-/-)], the mutation was maintained as heterozygotes
[CENH3(+/-)]. Heterozygous lines were used for transformation with
complementation constructs to recover the homozygous null mutant in the T1

generation.

gl1-1: A recessive glabrous (trichome-less) mutant of the gene GL17 in the genetic

background of Ler-ecotype (Oppenheimer et al. 1991; Koornneef et al. 1982)

ams: Recessive sporophytic male sterility due to a T-DNA insertion
(SALK_152147) in the Abortive Micro Spores gene in Columbia background (Xu et
al. 2010). This mutation is maintained in heterozygotic state [AMS(+/-)] by using

the kanamycin selection marker in T-DNA.

.2. Description of the transgenic construct from previous studies

EYFP-gCENH3: A transgenic construct carrying the genomic version of A{tCENH3
fused with EYFP coding sequence, regulated by the native CENH3 promoter and
terminator, as described by Le Goff et al. (2020).

Nomenclature of genotypes

The genotype of a transgenic/mutant line is given within square brackets. The allelic

status of each gene or transgene were given within curved brackets. For example,
[cenh3(-/~), EYFP-gCENH3 (+/+)] refers to the CENH3 homozygous null mutant
complemented with the EYFP-gCENH3 transgene.
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3.3. Plant growth conditions

Arabidopsis plants were grown under long-day conditions in a cultivation room (16 h
light/8 h dark) at 21 °C. Plants that were used for crossings were moved to a Percival
growth chamber (maintained at 21°C, 16 h light/8 h dark) at two weeks prior to
emasculation to ensure a constant temperature until the complete seed set. Nicotiana
benthamiana plants were grown at 22°C in a greenhouse under 16h light/ 8h dark

conditions.

3.4. Preparation of transgenic constructs

Except for the egg cell marker, all transgenic constructs were prepared using the
Golden-Gate-based modular cloning (MoClo) toolkit (Engler et al. 2014). The MoClo
toolkit was a gift from Sylvestre Marillonnet (IPB, Halle, Addgene kit # 1000000044).
Three levels of cloning, namely level-0, level-1 and level-2 from the MoClo kit were
used in this study. If not otherwise mentioned, PICSL4723 vector was used as a
level-2 destination binary vector in the case of Modular cloning system. PICSL4723
was a gift from Mark Youles (The Sainsbury laboratory). The Golden-Gate reaction

was set up using the protocol described by Gritzner and Marillonnet (2020).

The egg cell marker, EC1.1pro:H2B-tdTomato, was prepared using multisite Gateway
cloning as instructed by the manufacturer (LR Clonase™ Il Plus enzyme, Thermo

Fischer). pGWBS501 was used as a destination vector for multisite gateway cloning.

The level-0 and entry vectors, their corresponding primer sequences and DNA
templates are listed in the Appendix 1. The modules used to construct level 1 and level
2 plasmids are given in the Appendix 2 and Appendix 3, respectively. The final level-
2 constructs were introduced into Agrobacterium tumefaciens strain GV3101 through
electroporation, for stable transformation of A. thaliana and transient expression in N.

benthamiana.

3.5. Generation of transgenic Arabidopsis plants

The Arabidopsis plants were stably transformed using the floral dip method as

described by Clough and Bent (1998). Transgenic T1 seeds were selected on 72 MS
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(Murashige and Skoog 1962) plates supplemented with cefotaxime (100 pg/ml) and
either kanamycin (50 pg/ml), hygromycin (15 pg/ml) or phosphinothricin (20 pg/ml)
under long-day conditions (16 h light/8 h dark) at 21 °C.

3.6. Transient expression in Nicotiana

Three-week-old N. benthamiana plants were transiently transformed with
Agrobacterium tumefaciencs carrying appropriate constructs, diluted to an OD of 0.8
with infiltration buffer (10 mM MgCl2, 10 mM MES). The infiltrated plants were
incubated for 48 hours under greenhouse conditions and used for either confocal

microscopy or flow cytometry analysis.

3.7. Plant genomic DNA isolation

DNA was isolated from the Arabidopsis plants in 8-well strip tubes following the
method described by Kasajima et al. (2012) with slight modifications. After grinding
the leaf material in the extraction buffer (200 mM Tris-HCI pH 7.5, 250. mM NacCl, 25
mM EDTA, 0.5% SDS), the DNA was precipitated using an equal volume of ice-cold
isopropanol. The precipitated DNA was washed once using 70% ethanol and air-dried.
The DNA pellet was then dissolved in 50 ul of PCR-grade water. DNA for short-read

sequencing was isolated using the Nucleospin Plant Il kit (Machery Nagel).

3.8. PCR genotyping

PCR genotyping of transgenic plants was performed using transgene-specific primers
listed in Appendix 4. The list of sequences of all the primers used in this study are
given in Appendix 5. The cenh3-1 mutation was genotyped using dCAPS marker
based on EcoRYV digestion of PCR products (Ravi et al. 2010).

3.9. SNP genotyping

Genomic DNA was sequenced using short-read sequencing technology at BGI

laboratory in Poland. Adapter-trimmed, high-quality reads were aligned to the TAIR10
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assembly using BWA-MEM2 (Vasimuddin et al. 2019). The obtained alignments in
SAM format were converted to BAM format, followed by sorting, deduplication, and
quality filtering (Q value = 20) using SAMtools (Danecek et al. 2021). SNP calling was
performed using BCFtools (Danecek et al. 2021). Biallelic SNPs with a quality score
greater than 40 and at least 5x coverage in all samples were selected, and their

alternate allele frequencies were used to make genotype calls.

A homozygous variant genotype call was made if the alternate allele frequency was
>95%. A homozygous reference genotype call was made if the alternate allele
frequency was <5%. Heterozygous calls were made if the alternate allele frequency
was between 40-60%. Graphical genotypes using the genomic SNPs polymorphic

among the parents were generated using the "ggplot2" R package.

3.10. Crossing and haploid screening

The crossing and haploid screening were performed as described by Kuppu et al.
(2015). Briefly, the plants for which haploid induction was to be assessed were crossed
with [g/1(-/~)] plants. All seeds from these crosses were sown in individual pots, and
seedlings were screened for glabrous plants after 3 weeks of sowing. A few randomly

selected plants were then analysed by flow cytometry (Fig. 7).

3.11. Purification of AtCENH3-Ntail antigen

The nucleotide sequence corresponding to the amino acids of the N-terminus tail of
AtCENH3 was amplified and cloned into the pET-22b plasmid using Nofl and Ncol
sites. The final expression construct was transformed into Rosetta™ (DE3) strain of
E. coli (Novagen). The recombinant protein was expressed and purified under native
conditions following the manufacturer’s instruction described in the Ni-NTA Fast Start
Kit (Qiagen). Desalting of the elution fractions was performed using Amicon Ultra-3K
spin columns (Merck Biosciences) and contaminating proteins larger than the
recombinant CENH3 protein were removed using Amicon Ultra-30K spin columns
(Merck Biosciences). The purified protein was verified using western blot using rabbit
anit-CENH3 antibody.
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Figure 7: Haploid screening using glabrous leaf marker. On the left, representative hairy
(with trichomes) and glabrous (trichome-less) plants are shown, with zoomed-in views to
clearly indicate the presence or absence of trichomes. Corresponding flow cytometry
histograms are shown on the right. The red dotted boxes indicate the diploid 2C peak, while
the blue dotted boxes refer to the haploid 1C peak. The haploid peak is only seen in the
trichome-less plants, confirming their haploid status.

3.12. Phage display for affinity selection

The synthetic nanobody libraries, previously described by Gahrtz and Conrad (2009),
were screened for affinity against AtCENH3 antigen using the protocol described by
Gahrtz and Conrad (2009). The immune libraries were constructed and screened for
affinity against AtCENH3 following the standard operating procedures at Nanotag

Biotechnologies (Goéttingen, Germany).
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3.13. Immunostaining

Young leaves were fixed with 4% paraformaldehyde in Tris-buffer (10 mM Tris,
100 mM NaCl, 10 mM EDTA, 0.1% Triton X-100, pH7.5) on ice under vacuum for 5
minutes, followed by 25 minutes without vacuum. The material was then washed twice
with Tris-buffer without paraformaldehyde. The fixed leaves were finely chopped in
450 pl of LBO1 buffer (15 mM Tris, 2 mM Na2EDTA, 0.5 mM spermine, 80 mM KCl,
20 mM NaCl, 15 mM B-mercaptoethanol, and 0.1% Triton X-100, pH7.0) (Dolezel et
al. 1989). The nuclei suspension was filtered through a 50 ym mesh. The filtered
suspension was diluted 1:10 by volume and 200 pL of the homogenate was applied
onto each glass slide using a Cytocentrifuge (Cytospin3, Shandon). The slides were
washed twice with PBS and blocked with 4% bovine serum albumin (BSA) for 1 hour.
Either rabbit anti-CENH3 antibody or anti-ALFA minibody (anti-ALFA nanobody fused
to rabbit IgG1 Fc domain) was used as the primary antibody. Anti-rabbit secondary

antibodies fused with rhodamine fluorophore were used for fluorescent labelling.

3.14. Preparation of early embryos for imaging

The flowers were emasculated one day prior to anthesis and subsequently pollinated
two days later to synchronize ovule development. After 36 hours of post-pollination,
siligues were harvested and fixed using the BVO fixative (2 mM EGTA, 1%
formaldehyde, 10% DMSO, 1x PBS, 0.1% Tween 20, pH 7.5) (She et al. 2018). At this
stage, the seeds predominantly contained one-cell embryos. Siliques were gently
opened using an insulin needle and immersed in the fixative solution. Following 5
minutes of vacuum treatment, the siliques were fixed for 25 minutes at room
temperature. They were then rinsed with 1x PBST (137 mM NaCl, 2.7 mM KCI, 10 mM
Na2HPOs4, 1.8 mM KH2PO4, 0.1% Tween-20). and stored overnight at 4°C. The
following day, the young embryos were carefully popped out of the seeds before being
embedded in a 15% acrylamide film on polylysine-coated slides (Garcia-Aguilar and
Autran 2018). The embryos were stained with DAPI (10 pg/mL) and SCRI
Renaissance (SR2200) (0.1%), followed by three washes with 0.1x PBS. Finally, the
embryos were mounted with a 50% glycerol solution and used for microscopic

imaging.
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3.15. Preparation of ovule, pollen, and anthers for imaging

The ovules were mounted on slides using a medium of 50% glycerol and 0.1x PBS
(13.7 mM NaCl, 0.27 mM KCI, 1 mM Na2HPO4, 0.18 mM KH2PO4). The DAPI staining
of mature pollen was performed following the method described before (Park et al.
1998). For quantification of pollen with and without EYFP-CENH3 signals, the pollen
was mounted with a 0.3 M mannitol solution. Alexander staining of the anthers was

performed according to the procedure described in Hedhly et al. (2018).

3.16. Microscopy

Ovules, DAPI-stained pollen and early embryos of Arabidopsis and the transiently
transformed N. benthamiana leaf nuclei were analysed for EYFP-CENH3 signals using
a Zeiss confocal laser scanning microscope (LSM780). Images were captured as Z-
stacks, and maximum intensity projections were generated using Fiji (ImagedJ). The
egg cell in the ovule was identified using H2B-tdTomato marker driven by the EC1.1
promoter. Early embryos were identified using their cell wall structure labelled with
SCRI renaissance (SR2200). H2B-mCherry marker served as nuclei marker to identify

the transformed N. benthamiana leaf nuclei.

Immunostained Arabidopsis leaf nuclei and pollen samples mounted in 0.3 M mannitol
were imaged using an Olympus BX61 epifluorescence microscope equipped with a
Hamamatsu Orca ER CCD camera. Arabidopsis seeds and anthers after Alexander

staining were imaged using Zeiss Axio zoom Stereo microscope.

3.17. Flow cytometry

All the flow cytometry work in this study was performed using a BD Influx cell sorter.
For the ploidy analysis of Arabidopsis seedlings, young leaves were finely chopped
with a razor blade in CyStain UV Ploidy buffer (Sysmex). The homogenate was filtered
through a 50 um nylon filter and analyzed by flow cytometry. Haploids were confirmed

based on their 1C nuclei peak (Fig. 7).

For the EYFP-CENH3 quantification in Arabidopsis pollen nuclei, the pollen was

disrupted by vortexing for 2 minutes with metallic beads balls (4mm diameter) in LBO1
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buffer. The filtered pollen-nuclei suspension (using 50 pm mesh) was stained with
propidium iodide (PI) (50 pg/ml) supplemented with DNase-free RNase (50 pg/ml) and
used for flow-cytometric analysis. Sperm nuclei were differentiated from vegetative
nuclei based on DNA/RNA content (Pl fluorescence intensity) versus particle size

(Forward Scatter).

To analyse the efficiency of plant-derived E3-ligases, transiently transformed N.
benthamiana leaves were chopped in Galbraith buffer (45 mM MgCl2, 20 mM MOPS,
30 mM sodium citrate, 0.1 % (v/v) Triton X-100. pH 7.0) (Galbraith et al. 1983). The
fitered homogenate was stained with DAPI (1.5 pg/ml) and analyzed by flow
cytometry. The transformed nuclei were identified using H2B-mCherry marker. The
EYFP-CENH3 intensities of different samples were then compared using the R

package, CytoExploreR.

3.18. Statistical analysis

Statistical comparison of haploid induction frequencies, shrivelled seed frequencies
and frequency of phosphinothricin resistant seedlings were performed using t-test. The
final p values provided on the bars represent the error-corrected p values for multiple

comparisons using the Benjamini-Hochberg method.
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4. Results

A previous study has identified epigenetic differences in centromeric CENH3 levels
between the crossing partners as a contributing factor towards uniparental genome
elimination (UGE) (Marimuthu et al. 2021). However, this investigation predominantly
emphasized one direction of the UGE cross, specifically utilizing the GFP-tailswap
mutant as the female inducer. The explanation for the reduced frequency of haploids,
from 34% to 5% when the GFP-tailswap mutant was employed as the male partner
(Ravi and Chan 2010) was not studied in detail. To gain additional insights into the
mechanistic reason behind the biased UGE, the cenh3 null mutant, [cenh3(-/-)]
complemented with EYFP-gCENH3 transgene was utilised (Le Goff et al. 2020). From
previous experiments performed at our laboratory, it was found that the [cenh3(-/-),
EYFP-gCENH3(+/+)] genotype induces wild-type haploids when used as a female in
a cross with wild-type plants but not when used as a male parent. This property of the

haploid inducer was leveraged to investigate the mechanism behind UGE.

4.1. Differentlevels of EYFP-CENH3 in male and female gametes of cenh3 null
mutant complemented with EYFP-gCENH3

As an initial step, male and female gametes of [cenh3(-/-), EYFP-gCENH3(+/+)] plants
were analyzed to determine the presence or absence of EYFP-CENH3 signals. A
maximum of 5 EYFP-CENH3 foci was expected in a haploid Arabidopsis gamete.
When microscopically examined, around 97% of the mature pollen displayed 5 EYFP-
CENH3 signals in both the sperm nuclei (Fig. 8A). Consistent with previous studies
(Merai et al. 2014; Schoft et al. 2009), the vegetative nuclei chromatin lacked EYFP-
CENH3 signals.

To facilitate the identification of egg cell nuclei, a transgenic fusion protein, histone
H2B-tdTomato, specifically expressed in the egg cell using the EC1.17 promoter
(Sprunck et al. 2012) in the background of [cenh3(-/-), EYFP-gCENH3(+/+)] was
utilised. Two days after emasculation, unfertilized ovules were examined via confocal
microscopy. It was found that 93.27% of egg-cells had no detectable EYFP-CENH3
signals (Fig. 8B). Only a small percentage of egg cell nuclei (6.73%) exhibited the
presence of 4-5 EYFP-CENH3 signals (Fig. 8C). quantitative analysis of EYFP-
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CENH3 foci demonstrates that male and female gametes exhibit different levels of
EYFP-CENH3 (Fig. 8D).
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Figure 8: Gametophytic asymmetry for EYFP-CENH3 in [cenh3(-/-), EYFP-gCENH3(+/+)].
A) EYFP-CENH3 (green) is present in sperm nuclei but absent in the vegetative nucleus.
Boxed region is further enlarged. Nuclei were stained with DAPI (Blue). S - sperm nuclei, V -
vegetative nucleus. B) An egg cell labeled with histone H2B-tdTomato (red) which shows no
detectable EYFP-CENH3 signals. Boxed region is further enlarged. C) A representative
picture of rare egg cells displaying 5 EYFP-CENH3 foci. D) Difference between male and
female gametes in terms of detectable EYFP-CENH3 signals. n indicates the number of
pollen/ovules analysed.

4.2. Extreme asymmetry between parental chromosomes for EYFP-CENH3 at
early embryogenesis is associated with uniparental genome elimination

To check if these EYFP-CENH3 differences between gametes influences the
uniparental genome elimination process, the EYFP-CENH3 signals were analyzed
from one to two cell embryos of different parental genotype combinations. Three
different parental CENH3 genotypes, namely [cenh3(-/-), EYFP-gCENH3(+/+)],
[CENH3 (+/+), EYFP-gCENH3(+/+)] and wild-type [CENH3 (+/+)] were utilized for the
experiment. The one to two cell embryos but not the zygote was used to visualize the

differences between the two parental chromosome sets observable after the zygotic
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resetting of CENH3 (Ingouff et al. 2010). The EYFP-CENH3 signal patterns from
different crosses were compared with their haploid induction ability to find any

association between them.
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Figure 9: EYFP-CENH3 signals from 1-cell embryos derived from crossing different
CENH3 genotypes. A-E) Each row represents different cross combinations for which the
parents are mentioned in first two columns. The corresponding haploid percent and the sample
size (n) was mentioned in the next column. For each combination, a representative embryo
labelled with SR2200 (Magenta) and EYFP-CENH3 (green) signals of the embryo-proper
nuclei is shown. Boxed region is further enlarged. The bar plot represents the number of
EYFP-CENH3 foci observed for the analysed ‘n’ number of embryos. The colour of bars in the
graph indicates pattern of EYFP-CENH3 signals. Blue — monomorphic, Orange - Bimorphic.
In D) 5 smaller sized CENH3 signals are arrowed. Haploid frequency of (A) is determined by
flow cytometry of seeds, whereas in case of (B-E), [g/1(-/-)] plants were used as a proxy for
[CENH3(+/+)] and haploid frequency were determined by glabrous plants.

Upon examination of embryos from self-fertilized [cenh3(-/~), EYFP-gCENH3(+/+)]
plants, it was observed that EYFP-CENH3 had a modal value of 10, equally sized foci
per nuclei (Fig. 9A). No haploids were found after self-pollination of this genotype. On
the other hand, when [cenh3(-/-), EYFP-gCENH3(+/+)] plants were crossed with wild-
type plants, 95.7% of analyzed embryos showed a maximum of only 5 EYFP-CENH3
foci (Fig. 9B). The remaining 4.3% had more than 5 EYFP-CENH3 foci but none of
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them had 10 foci. Interestingly, only this specific cross-combination resulted in
haploidization frequency of 13%. When the genotype [CENH3(+/+), EYFP-
gCENH3(+/+)] was crossed with wild-type plants, most of the embryos that were
produced showed a total of 10 equally sized EYFP-CENH3 foci (Fig. 9C). This
observation confirms the cross loading of maternally derived EYFP-CENH3 protein

onto both maternal and paternal chromosomes

Contrastingly, when [cenh3(-/-), EYFP-gCENH3(+/+)] is used as a pollen donor to
crosspollinate wild-type plants, 10 EYFP-CENH3 foci were detectable in most of the
embryos. But a bimorphism for signal intensity was observed in all the embryos, where
5 of the foci had bright signals, and 5 had faint and smaller-sized signals (Fig. 9D).
From the observation that a set of 5 foci is different from another 5, it is evident that it
reflects the asymmetry contributed by the parental gametes. However, no haploids
were obtained despite the contrasting size of EYFP-CENH3 signals. When
[CENH3(+/+), EYFP-gCENH3(+/+)] crossed with wild-type plants, 10 monomorphic
EYFP-CENH3 foci were observed, and no haploids were found among the progenies
(Fig. 9E).

When [cenh3(-/-), EYFP-gCENH3(+/+)] was crossed with wild-type, it either produced
embryos with 5 monomorphic EYFP-CENH3 signals or 10 bimorphic signals when
used as a female or male, respectively. However, it was not clear which parental
chromosome set has undetectable or low levels of EYFP-CENH3. Therefore,
interploidy crossing approach described by Marimuthu et al. (2021) was exploited for
the further analysis. When a tetraploid wild-type plant [CENH3(+/+/+/+)] (4x) was
pollinated with diploid [CENH3(+/+), EYFP-gCENH3(+/+)] (2x), the obtained embryos
displayed around 15 monomorphic signals (Fig. 10A).

However, when diploid [cenh3(-/-), EYFP-gCENH3(+/+)] plants were used as a
mother, the embryos revealed a maximum of 10 monomorphic signals (Fig. 10B).
When used as a pollen donor, 15 bimorphic signals were observed (Fig. 10C). Out of
the all EYFP-CENH3 foci, a maximum of 10 foci corresponding to wild-type
centromere had bright signals and 4-5 had faint small-size signals that correspond to
chromosomes derived from [cenh3(-/-), EYFP-gCENH3(+/+)]. However, all the 15
signals were not seen due to either the 3D organization of the chromosomes or

clustering of two or more centromeres together. Therefore, it can be concluded that
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the chromosomes derived from the [cenh3(-/-), EYFP-gCENH3(+/+)] parent have
undetectable or low levels of EYFP-CENH3 and reloading of EYFP-CENH3 is biased
towards the chromosomes from wild-type [CENH3(+/+)] plants.
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Figure 10: EYFP-CENH3 signals from 1-cell embryos derived from inter-ploidy crosses.
A-E) Each row represents different cross combinations for which the parents and its ploidy are
mentioned in first two columns. 4x — tetraploid, 2x — diploid. For each combination, a
representative embryo and EYFP-CENH3 signals of the embryo-proper nuclei is shown.
Boxed region is further enlarged. In (C) 4 smaller sized CENH3 signals are arrowed. The last
column refers to the EYFP-CENH3 signal pattern that is characteristic of the corresponding
cross combination.

With the results from the analysis of gametes and early embryos, it becomes obvious
that the epigenetic strength of the centromere (i.e.,) CENH3 chromatin levels is
reduced in gametes of [cenh3(-/~), EYFP-gCENH3(+/+)] in comparison to that of wild-
type plants, but the reduction is higher in egg cells compared to the sperms (Fig. 11).
Haploids were only produced when the [cenh3(-/-), EYFP-gCENH3(+/+)] genotype is
used as a female crossing partner. This not only reaffirms the centromere size model
but also highlights that there is a need for a critical level of asymmetry between the
parental chromosomes for CENH3 levels to induce uniparental genome elimination.
Therefore, it was hypothesized that by targeted degradation of the EYFP-CENH3
protein, either female or male gametes that are devoid or strongly reduced of EYFP-
CENH3 can be generated, which, on crossing with wild-type plants, could generate

paternal or maternal haploids, respectively.
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Figure 11: Extreme asymmetry in CENH3 levels between parental genomes is
associated with genome elimination and consequently with haploid induction. This
model summarizes the findings from the analysis of EYFP-CENH3 signals in early embryos
resulting from crosses between different genotypes and their corresponding haploid
progenies. Based on the observations, the wild-type gametes were assumed to exhibit higher
levels of CENH3 chromatin. Whereas the male gametes of [cenh3(-/-), EYFP-gCENH3] has a
reduced CENH3 chromatin levels compared to the wild-type, and they are reduced further in
the female gametes, falling below the limits of microscopic detection. The difference in CENH3
chromatin levels between wild-type and male [cenh3(-/-), EYFP-gCENH3(+/+)] gametes does
not result in haploids. In contrast, the difference between wild-type and female [cenh3(-/-),
EYFP-gCENH3] gametes result in haploids, indicating that a critical threshold of difference in
parental chromosome sets is required for genome elimination.

4.3. Egg cell-specific degradation of the EYFP-CENH3 protein

To test whether the gamete specific degradation of the EYFP-CENH3 protein
increases the frequency of haploids after outcrossing with wild-type plants, the GFP-
nanobody (VHHGFP4) (Rothbauer et al. 2006) fused to E3-ligases such as SPOP and
Nsimb were used. These fusion proteins would lead to proteasome-mediated
degradation of EYFP-tagged CENH3 (Sorge et al. 2021). The gametophytic
degradation can be achieved by spatially restricted expression of these fusion proteins
using a gamete-specific promoter. Initially, the female gamete was examined, because
of the availability of well characterized promoters specific for the egg cell. The EC1.1
promoter of Arabidopsis (Sprunck et al. 2012) was selected as a candidate promoter

for our initial experiments.

Two different E3-ligase fusion constructs namely, EC1.1pro:VHHGFP4-SPOP (EVS)
and EC1.1pro:Nsimb-VHHGFP4 (ENV) were designed. In addition a construct
carrying only nanobody, EC1.1pro:VHHGFP4 (EV) was prepared (Fig. 12A) and all
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three variants of the constructs were used for transformation of [cenh3(-/~), EYFP-
gCENH3(+/+)] plants. After the transformation of A. thaliana, 10 independent T1 plants
each per construct were grown, and the obtained T2 seeds were used for antibiotic

selection of seedlings using phosphinothricin.

4.3.1. Egg cell-specific degradation of the EYFP-CENH3 protein results in
shriveled seeds

There was a significant difference between the construct for the frequency of
phosphinothricin-resistant seedlings (Fig. 12B). A single-copy insertion line should
have resistant seedling of around 75% (3:1 segregation). In the case of EVS, none of
the T1 family had resistant seedlings above 50%. The resistant seedlings among ENV
ranged between 27.18% to 88.89%. EV recorded a minimum frequency of 66.67%,
and more than half of the analyzed T1 family gave rise to resistant seedlings above
80%. From the visual evaluation of the seeds, a lot of shriveled T2 seeds was found
especially among those from EVS and ENV but not from EV T1 plants (Fig. 12C). The
prevalence of shriveled seeds among T2 seeds from plants containing the EVS and
ENV constructs hindered the isolation of homozygous insertion lines through

segregation analysis of antibiotic resistance.

The reason for the occurrence of shriveled seeds could be either due to i) the
expression of E3 ligases per-se in the gametes or ii) genomic instability after self-
pollination, caused by the degradation of EYFP-CENH3 in the egg cell. To rule out the
first possibility, [CENH3(+/+), EYFP-gCENH3(+/+)] plants were transformed with the
same set of constructs. T2 seeds from 10 independent self-pollinated T1 plants per
construct from both genotypes were examined for the prevalence of shriveled seeds
(Fig. 12D). The difference in the shriveled seed frequency between the two genotypes
([cenh3(-/-), EYFP-gCENH3(+/+)] vs [CENH3 (+/+), EYFP-gCENH3(+/+)]) was
significant in the case of EVS & ENV, whereas no such difference was observed in the
case of EV. A high correlation between the prevalence of shriveled A. thaliana seeds
and the frequency of haploids was reported in a previous study (Kuppu et al. 2020).
Therefore, it was concluded that the reason for shriveled seeds was likely the genomic
instability during early embryogenesis caused by egg-cell specific degradation of
EYFP-CENH3.

39



% : 3.4e-07

-k
o
o

0.00025 —

0.01
|

LB Position 1 Positon 2 ~ RB
|

~
(S,

(3]
o

EVS EC1.1 pro GG 8l  SPOP |

ENV [ Eci1pro )] Nsimb VHHGFP4
EV EC1.1 pro VHHGFP4

N
(S}

Frequecy of resistant seedlings

EVS ENV EV
Construct
c D
EVS EV % 5.8e-06
[cenh3(-/-), EYFP-gCENH3(+/+)] [cenh3(-/-), EYFP-gCENH3(+/+)] 100 i
b 0.00036
® —a
751
pel
o
g
% 507
s
>
(o]
o
F 25
£ 0.74061
lo - T
Py 01 = = —— i
EVS ENV EV

Construct

Genotype * [cenh3(-/-), EYFP-gCENH3(+/+)] - [CENH3 (+/+), EYFP-gCENH3(+/+)]

Figure 12: Egg cell-specific degradation of EYFP-CENH3 results in shriveled seeds. A)
Schematic representation of different constructs (EVS, ENV, EV) used for the egg cell-specific
degradation of EYFP-CENH3. PPT- Phosphinothricin B) Frequency of phosphinothricin
resistant seedlings obtained from T2 seeds of individual T1 [cenh3(-/-), EYFP-gCENH3(+/+)]
plants for different egg-cell specific degradation constructs (EVS, ENV, EV). C) Seeds from a
single silique of a representative EVS and EV T1 plants in genetic background of [cenh3(-/-),
EYFP-gCENH3(+/+)]. Shriveled seeds can be observed among the seeds from EVS. D)
Frequency of shriveled seeds after self-pollination of different genotypes ([cenh3(-/-), EYFP-
gCENH3(+/+)] and [CENH3(+/+), EYFP-gCENH3(+/+)]) transformed with different egg-cell
specific degradation constructs (EVS, ENV, EV).

4.3.2. Egg cell-specific degradation of the EYFP-CENH3 protein leads to higher

frequency of haploids

The isolation of homozygous insertion lines through segregation analysis of antibiotic
resistance was hindered due to the prevalence of shriveled seeds among T2 seeds

from plants containing the EVS and ENV constructs. Therefore, the haploidization
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frequency was assessed using the [cenh3(-~), EYFP-gCENH3(+/+)] T1 plants
hemizygous for different egg-cell specific degradation constructs (EVS, ENV and EV).
A fresh set of T1 plants for each construct was pollinated with pollen from [g/7(-/-)]
plants, and haploid progenies were identified by their glabrous phenotype. The
[cenh3(-/~), EYFP-gCENH3(+/+)] plants without any of the above constructs were used
as control. When comparing the mean frequency of haploidization, it was found that
all three constructs resulted in significantly higher haploid frequencies than the control
(Fig. 13). However, there were no significant differences in haploidization rates among
the T1 plants carrying any of the three constructs. Randomly selected glaborous plants
from different crosses were analysed by flow cytometry to confirm the reliability on
glabrous phenotype as a tool for haploid screening. Out of 133 glabrous plants
analysed, 111 plants (83.46%) were found to be haploids and remaining 22 plants
(16.54%) were diploids.
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Figure 13: Egg cell-specific degradation of EYFP-CENH3 resulted in increased
haploidization frequency. Haploidization frequency of independent [cenh3(-/-), EYFP-
gCENH3(+/+)] T1 plants hemizygous for different egg cell-specific degradation constructs
(EVS, ENV, EV) after pollination with pollen from [g/1(-/~)] plants. The [cenh3(-/-), EYFP-
gCENH3(+/+)] plants without any of the constructs were used as control. Red dots indicates
the mean haploidization frequency. ‘n’ indicates the individual T1 plants evaluated for each
construct and individual plants used in case of control. ‘N’ indicates the total number of plants
screened for the glabrous phenotype from all the T1 plants evaluated. p values were added
on top of the comparison bars.
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The haploid frequency among the control replicates without an egg cell-specific
degradation construct was highly variable, ranging from 5.93% to 24.26%. This
occurrence and variability in haploid frequency caused by the genetic background of
the control makes it difficult to distinguish the influence of E3 ligases from that of the
nanobody on haploidization. To overcome the issues caused by these background
haploid levels, it was necessary to either identify a nanobody that facilitates in
combination with an E3 ligase the degradation of native Arabidopsis CENH3 or to
isolate a tagged-CENH3 complemented line with no or a very low level of haploid
induction. As a preliminary step, | endeavored to isolate a nanobody targeting native
CENH3 of Arabidopsis, aiming to obviate the need for complementation with a
modified CENH3.

4.4. Screening for nanobody against native Arabidopsis CENH3
4.4.1. Preparation of a suitable CENH3 antigen

Nanobodies against an antigen can be isolated from either highly diverse synthetic
libraries or immune libraries by affinity selection using the phage display
(Muyldermans 2021). However, the full-length CENH3 protein cannot be used as an
antigen owing to its similarity to histone H3, especially in the C-terminal histone fold
domain. Therefore, by pairwise alignment of the amino acid sequence of both proteins,
the amino acid sequence in the N-terminal part unique to CENH3 was identified (Fig.
14A).

To produce the recombinant protein of the N-terminal part of CENH3, the
corresponding nucleotide sequence of A. thaliana was cloned into the vector pET-22b
in frame with a 6x-His-tag, and the protein was affinity purified using Ni-NTA agarose.
The purified protein was confirmed by Western blot using an available polyclonal
antibody against AtCENH3 (Fig 14B, C).
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Figure 14: Preparation of the truncated CENH3 antigen. A) Similarity between AtCENH3
and histone H3 proteins of A. thaliana. The amino acid sequence highlighted with a red line
on the top refers to the region used as antigen for phage display experiments. B) SDS-PAGE
after Coomassie staining C) Western blot using anti-CENH3 polyclonal antibody. The band
shows the expected size of 11 kDa. M — prestained protein ladder, L- crude lysate, NB —
nonbinding fraction, W1 & W2 — wash fractions, E1 to E4 — elution fractions.

4.4.2. Phage display using synthetic nanobody libraries

Three distinct synthetic nanobody libraries, created by randomizing the
complementarity determining regions (CDRs) of the anti-hTNFalpha nanobody (Fig.
15A, B), were utilized in this study. The selected nanobody scaffold, previously
reported to be highly expressible in plants (Conrad et al. 2011), formed the basis of
these libraries. The combined phage libraries, with an estimated diversity of 10°
(Sorge, 2022) were screened using the phage display technique. After three rounds
of affinity selection, individual clones were analyzed via soluble ELISA. Three
independent phage selections were performed using the same libraries. In the first two
phage selection experiments, two plates of 92 clones each were analyzed, and in the
third experiment, a single plate was analyzed. In total, 460 nanobody clones (5 plates)

were analyzed using soluble ELISA.

The specificity factor of a clone was determined by ELISA. The specificity factor refers

to the numeric value obtained by comparing the optical density (OD) value in the
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presence of the antigen with the OD value in the absence of the antigen (control). An
ideal clone would have a specificity factor of 3 or more. However, none of the 460
analyzed clones achieved a specificity factor of at least 3 (Fig. 15C-E). These results
indicated that the synthetic library pool did not contain candidate nanobodies against
the AtCENH3 antigen used for affinity selection. Consequently, an immunized library

against the AtCENH3 antigen was developed for use in affinity selection.
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Figure 15: Phage display using synthetic nanobody libraries. A) — Diagrammatic
representation of the nanobody framework. CDR - complementarity-determining regions B) —
Characteristics of the different libraries used in the current study. C-E) Soluble ELISA results
of single clones. Each plot represents single clone from three different phage selection
experiments. Each plot represents 92 clones sorted according to the specificity factor.

4.4.3. Phage display using immune nanobody library

The immune nanobody library against AtCENH3 was constructed and screened
against AtCENH3 by Nanotag biotechnology (Géttingen). The immunized library was
constructed using the isolated lymphocytes from the alpacas that had been immunized
with the truncated Arabidopsis CENH3 antigen (Fig. 16A). The affinity selection was
performed similarly to that of the synthetic library. Two alpacas were immunized six
times using a KLH-conjugated AtCENH3 antigen. The immune response was
evaluated five days after the fourth and final immunizations using ELISA with a serial

dilution of the serum against the CENH3 N-tail antigen. Two different primary
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antibodies, anti-alpaca IgG and anti-alpaca 1gG2/3, were used to assess the antibody

response.
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Figure 16: Phage display using immune nanobody libraries. A) — Brief schemata of work
done at Nanotag Biotechnologies, Goéttingen, in preparation and screening of immune
nanobody libraries. B) Serial titration of serum against CENH3 N-tail antigen with anti-alpaca
IgG antibody C) Serial titration of serum against CENH3 N-tail antigen with anti-alpaca 19G2/3
antibody D) Soluble ELISA results of single clones from two different phage selection
experiments. Each plot represents 96 clones sorted according to the specificity factor. pre -
pre-immune sera, |4 — sera after fourth immunisation, 16 - sera after sixth immunisation.

The ELISA with anti-alpaca IgG provides an overview of the alpacas' overall immune

response to the antigen. The immune response was high after the fourth immunization

but decreased after the sixth immunization in both animals (Fig. 16B). Anti-alpaca
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IgG2/3 is specific to nanobody precursors, and ELISA with this antibody provides
information about the presence of nanobodies against the target antigen in the serum
of the immunized animals. In contrast to the total immune response, the ELISA with
the anti-alpaca 1gG2/3 antibody revealed that nanobody precursors against CENH3
N-tail antigen were more enriched after the sixth immunization compared to the fourth

immunization (Fig. 16C).

The nanobody library was prepared from lymphocytes isolated from the pooled sera
of both alpacas. Three rounds of phage display screening were performed on
streptavidin-coated beads using biotinylated AtCENH3 as the target. Two independent
phage screening experiments were conducted, and 96 clones were analyzed by
single-clone ELISA at the end of each experiment. Out of the 192 clones analyzed,
none had a specificity factor of at least 3 (Fig. 16D). One clone, C2, from the second
selection experiment, had a specificity factor of 2.96. However, the OD value for this
clone was 0.04. A nanobody with weak affinity would have an OD of at least 0.1.
Therefore, none of the clones, including clone C2, were suitable candidate nanobodies
against CENH3 for further CENH3 degradation experiments.

4.5. Replacement of the EYFP-tag with an ALFA-tag

After failing to obtain a nanobody specific for native Arabidopsis CENH3, it was aimed
to isolate an Arabidopsis line complemented with a tagged CENH3 that exhibits no or
negligible levels of haploid induction. Adding the EYFP tag increased the size of
CENH3 protein from 19.7 kDa to 48.3 kDa (Fig. 17A). Initially, it was assumed that the
bulkiness of the EYFP-tag interfered with the reloading of EYFP-CENH3 during
gametogenesis and triggered the formation of haploids after outcrossing with wild-type
plants. Therefore, it was decided to replace the large EYFP-tag with a smaller

alternative.

The candidate amino acid tag needed to meet the following criteria: i) it should be
small and monomeric, ii) it should not affect the function of the tagged protein, and iii)
binding protein scaffolds, such as nanobodies, should be available for the tag. The
ALFA-tag, composed of 13 amino acids only (Gotzke et al. 2019), emerged as a
suitable candidate. The dissociation constant of the nanobody refers to the strength of

nanobody in binding the antigen. The dissociation constant of the nanobody against
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the ALFA-tag (NbALFA) is 0.026 nM (Gotzke et al. 2019), which is 10-fold higher than
that of the GFP nanobody (0.23 nM) (Rothbauer et al. 2006). Moreover, ALFA tagged
CENH3 (ALFA-CENH3) protein is just 1.9 kDa larger than the wild-type CENH3 (Fig.
17A). Thus, ALFA-tag was selected as a perfect candidate to replace the EYFP-tag.

ALFA-gCENH3

A B Coews oo EIHHHHE-B-IHI v e |
ceNH3 (wt) I ;51’: :ga
aLFa-cenys NN - kbDa |
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Figure 17: Complementation of Arabidopsis with ALFA-CENH3. A) Comparison of sizes
of wild-type CENH3 (Wt), ALFA-CENH3 and EYFP-CENH3 proteins. ALFA-tag and EYFP-tag
are shown in black and green, respectively. B) Schematic representation of ALFA-gCENH3
construct showing the site of insertion of ALFA tag. The first exon is zoomed in, and the amino-
acid highlighted in black corresponds to the ALFA-tag. C) Schematic representation of
different constructs used to assess the complementation efficiency of the ALFA-tag compared
to the EYFP-tag. Npt - kanamycin resistant gene.

4.5.1. ALFA-CENH3 complements the Arabidopsis cenh3-1 null mutation better
than the EYFP-CENH3

Transgenic constructs were designed to introduce the ALFA-tag, flanked by proline
residues on both sides, immediately after the start codon in the genomic version of
Arabidopsis CENH3 (Fig. 17B). The ALFA-CENH3 was expressed under the control
of the native promoter and terminator sequences of Arabidopsis CENH3. This
construct was designated as ALFA-gCENH3. The ability of ALFA-CENH3 to

complement the cenh3-1 null mutation was compared to that of EYFP-CENHS3.

Two versions of level-2 constructs were prepared for ALFA-CENH3: one containing

the ALFA-gCENH3 module alone, and another including an additional module,
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EC1.1pro:NbALFA-SPOP (ENS) (Fig. 17C). Similarly, two versions of constructs were
prepared for EYFP-CENH3: one with only the EYFP-gCENH3 module, and another
including the additional module EC1.1pro:VHHGFP4-SPOP (EVS) (Fig. 17C). These
constructs were used to transform heterozygous [CENH3(+/-)] plants. The
transformed T1 plants were screened for the cenh3-1 mutation using the CENHS3-
specific dCAPS marker.

Complete complementation would result in a homozygous mutant recovery rate of
25%. The homozygous mutant recovery rates for the EYFP-CENH3 constructs with
and without EVS were 9.09% and 8.82%, respectively, which significantly deviated
from the expected CENH3 genotypic values for the complete complementation (Table
3). In contrast, the ALFA-CENH3 constructs with and without ENS resulted in
homozygous mutant recovery rates of 23.81% and 19.57%, respectively, with no
These
observations indicate that ALFA-CENH3 is more efficient in complementing the null
mutant compared to EYFP-CENH3.

significant deviation from the expected genotypic values (Table 3).

Table3d: CENH3 genotypes of individual T1 plants for different constructs (Fig. 17c). The
counts of plants were given for each CENH3 genotype.

Constructs CENH3/ CENH3/ cenh3-1/ HoTﬂ::tho " sc::;r-e
cenh3-1 | CENH3 | cenh3-1 q
recovery (%) P-value
ALFA-gCENH3 + ENS 21 1 10 23.81 0.976
ALFA-gCENH3 25 12 9 19.57 0.691
EYFP-gCENH3 + EVS 30 10 4 9.09 0.024
EYFP-gCENH3 35 27 6 8.82 0.001

4.5.2. ALFA-CENH3 is functionally similar to CENH3

A few [cenh3(-/~)] plants complemented with the ALFA-gCENH3 construct were
analyzed by immunostaining of centromeres using two different primary antibodies:
anti-ALFA minibody and anti-AtCENH3 antibody. The anti-ALFA minibody produced
immunofoci similar to those generated by the anti-CENH3 antibody, indicating the
proper in-frame fusion of the ALFA tag with the CENH3 protein (Fig. 18A). The
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immunosignals from both primary antibodies co-localized with the chromocenters,

confirming the proper functionality of ALFA-CENH3.

%

A B
Merge 15 o ’
-
10
. . ) I

Figure 18: Functional characterization of ALFA-gCENH3 T1 plants. A) Immunolabelling
of leaf nuclei from [cenh3(-/-)] complemented with ALFA-gCENHS3 construct with anti-ALFA
and anti-CENH3. Immunosignals are shown in red. Nuclei were counterstained with DAPI
(blue). B) Haploid induction frequencies of T2 replicates from different [cenh3(-/-), ALFA-
gCENH3(+/+)] T1 families after outcrossing with male [g/1(-/-)] plants.
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4.5.3. ALFA-CENH3 induces haploid Arabidopsis plants at varying frequencies

To analyze whether ALFA-gCENH3 complemented [cenh3(-/-)] plants also induce
haploids after outcrossing with wild-type, T2 plants derived from six different T1 plants
were grown. Ten randomly selected T2 replicates from each of the six T1 families were
crossed as females with [g/1(-/~)] plants, and the resulting progenies were analyzed
for glabrous plants to quantify the number of haploids. The haploid frequencies were
found to be highly variable within and between the T1 families. Overall, the haploid
frequency ranged from 0% to 15.15%. Despite the small size of the ALFA-tag, [cenh3(-
/-), ALFA-gCENH3(+/+)] plants triggered haploidization after outcrossing with
Arabidopsis wild-type plants.

However, this experiment was performed to isolate an ALFA-gCENH3 line that does
not induce any haploids as a control to precisely determine the effect of targeted
CENH3 degradation. Therefore, it was observed that a T1 family, T1-2, in which 4 out
of 10 T2 replicates had no haploids among the evaluated progenies (Fig. 18B).

Consequently, T2 plant (designated T1-2-23) was selected and T3 seeds were
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harvested from the plant. Ten individual T3 plants from T1-2-23 were crossed as
females with [g/1(-/-)] plants, and the F1 progenies were analyzed for haploid offspring.
None of the 3009 progenies from the 10 different T3 mother plants produced glabrous
plants. Therefore, T3 plants derived from a T2 plant (T1-2-23) was used for further
transformations with different constructs designed for egg cell-specific degradation of
ALFA-CENHS3.

4.5.4. Egg cell-specific degradation of the ALFA-CENH3 with SPOP induces
higher frequency of haploids than Nsimb

In previous experiments with EYFP-CENH3 complemented lines, the fold change from
the nanobody only control (EVS & ENV vs EN) for haploid frequencies, and the
difference between two E3 ligases (EVS vs ENV) were unclear. Therefore, a similar
experiment was conducted using ALFA-gCENH3 complemented lines. Four distinct
transgenic constructs were prepared by replacing the anti-GFP nanobody with the
anti-ALFA nanobody (NbALFA) (Fig. 19A). The constructs included either
EC1.1pro:NbALFA-SPOP (ENS), EC1.1pro:Nsimb-NbALFA (ENN),
EC1.1pro:NbALFA (EN), or an empty module (control) in the second position of the
construct. To ease the laborious crossing work, a module expressing the intronized
Barnase gene, controlled by AfA9 (tapetum-specific) promoter, was added to all
constructs. Barnase is a bacterial ribonuclease protein toxic to any type of cells and
when combined with a tapetum-specific promoter lead to male sterility (Paul et al.
1992). FAST seed marker (Shimada et al. 2010) was added to all the constructs to aid
with the haploid selection in the future experiments. Previous experiments shown
FAST marker as useful marker for haploid screening in Arabidopsis and tomato
(Zhong et al. 2020; Zhong et al. 2022a).

At least 10 individual T1 [cenh3(-/-), ALFA-gCENH3] plants carrying different
constructs (ENS, ENN, EN and control) were pollinated with [g/7(-/~)] pollen, and the
progenies were screened for glabrous plants (Fig. 19B). When different control T1
[cenh3(-/-), ALFA-gCENH3] plants were outcrossed with [g/71(-/~)] plants, none of them
produced haploid plants. Most of the T1 replicates from the nanobody-only control,
EN, did not produce haploids, except for one, which resulted in a haploid frequency of

0.64%. There was no significant difference between the control and EN in terms of
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haploid induction frequency. However, T1 plants carrying either of the E3-ligase

bearing constructs, ENS and ENN, differed significantly from EN.

ENS T1 plants resulted in haploid frequencies ranging from 1.30% to 12.90%, with a
mean of 5.14%. In contrast, ENN had a mean frequency of 1.52%, with individual
frequencies ranging from 0% to 4.07%. There was a 3.3-fold increase in haploid
frequency in ENS compared to ENN. This indicates that the SPOP protein is more
effective than NsIimb in inducing haploid plants. A randomly selected set of 20 glabrous
plants from different ENS and ENN T1 female parents were analysed by flow-
cytometry for ploidy levels. It was found that out of 20 glabrous plants that were

analysed, 19 (95%) were confirmed to be haploid and one diploid (5%).
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Figure 19: SPOP induces a higher frequency of haploids than NsIlmb in combination
with the ALFA-tag. A) Schematic representation of different constructs (ENS, ENN, EN and
control) used for the egg cell-specific degradation of ALFA-CENH3. B) Haploidization
frequency of independent hemizygous T1 [cenh3(-/-), ALFA-gCENH3] plants carrying different
constructs (ENS, ENN, EN and control) after outcrossing with male [g/1(-/~)] plants. Red dots
indicates the mean haploidization frequency. ‘n’ indicates the number of individual T1 plants
evaluated for each construct. ‘N’ indicates the total number of plants screened for glabrous
phenotype, from all T1 plants evaluated for a particular construct. p values were added on top
of the comparison bars

4.6. Sperm-specific degradation of EYFP-CENH3

It was confirmed that the egg cell-specific degradation of tagged-CENH3 protein

resulted in paternal haploids. However, it remained unclear whether the gametophytic
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degradation approach would lead to the formation of maternal haploids. So far, only
GFP-tailswap modification of CENH3 has been shown to induce maternal haploid
plants up to 5% in Arabidopsis (Ravi and Chan 2010). Therefore, a new construct was

designed with the objective of sperm-specific degradation of tagged-CENH3.

4.6.1. Selection of candidate sperm-specific promoter

In contrast to egg cells, no thoroughly researched promoter that is highly specifically
expressed in sperm cells and suitable for targeted protein degradation has been
described for Arabidopsis. To avoid any unnecessary consequences on plant
phenotype or fertility due to CENH3 degradation outside sperm nuclei, | aimed to
identify a candidate promoter that is exclusively expressed in sperm cells of mature
tri-cellular pollen. Therefore, two public datasets were utilized for our analysis. One
dataset provided a list of 206 pollen-specific genes, that were not expressed in the
vegetative parts of Arabidopsis (Borges et al. 2008). The other dataset provided a list
of 65 genes activated by the male germline-specific transcription factor, DUO1 in
Arabidopsis (Borg et al. 2011).

Comparative analysis of both datasets was performed to identify the overlapping set
of genes and a subset of 16 genes were identified (Fig. 20A). The candidate promoter
was expected to be exclusively active in sperm cells. Thus, the expression profiles of
these 16 genes using the dataset from Honys and Twell (2004) was used for
comparison (Fig. 20B). An ideal candidate would have the lowest level of expression
in the uni-nucleate and bicellular pollen stages but the highest in the tricellular and
mature pollen stages. Three genes, namely At5g39650, At4g35700, and At3g60780,
matched these selection criteria. Among these, At4g35700 (DAZ3) had the highest

level of expression in sperm cells.

Previous studies reported that this promoter is active in sperm nuclei but not in
vegetative nuclei (Borg et al. 2011). The datasets from Zhao et al. (2019) was also
used to examine the transcript expression profile of this gene in the egg cell and
zygote. For comparison, the expression profiles of an egg cell-specific gene, EC1.1,
and a constitutively expressed gene, UBQ1 were utilised (Table 4). The expression of
DAZ3 (At4g35700) was entirely absent in egg cells and showed negligible levels of

expression in zygotes and one-cell embryos. Thus, DAZ3 fulfills all the selection
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criteria, making it an ideal candidate for the subsequent CENH3 degradation

experiments.

At5g49150
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Figure 20: DAZ3 promoter is an ideal candidate sperm-specific promoter. A) Comparing
two datasets to identify genes that are pollen-specific (Borges et al. 2008) and DUO1 targets
(Borg et al. 2011). B) Expression levels of 16 candidates in different stages of pollen

development and the sperm cells (Honys and Twell 2004). DAZ3 (At4g35700) is specifically
active in tricellular, mature pollen and sperm cells.

Table 4: Expression profile of DAZ3 in egg cell, zygote (14 HAP), zygote (24 HAP) and one-
cell embryo compared with EC1.1 and ubiquitin (UBQ1). The numbers represent normalised
FPKM values from Zhao et al. (2019). HAP: hours after pollination.

Gene ID Gene name | Expression Egg cell fxgll-lolt\i’ gX%_lo:\?, (e)r:z-r(;i"
AT4G35700 DAZ3 Sperm-specific 0.00 135.02 1.30 1.13
AT1G76750 EC1.1 Egg cell specific |25958.07 | 5473.62 0.00 3.51
AT3G52590 uBQ1 Constitutive 948.86 717.63 [1411.42 | 1512.40

4.6.2. VHHGFP4-SPOP results in the degradation of EYFP-CENH3 in sperm
nuclei

For the sperm-specific CENH3 degradation experiments, [cenh3(-/-), EYFP-gCENH3]
was used instead of [cenh3(-/-), ALFA-gCENH3] for two reasons: (i) the sperm carries
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detectable levels of EYFP-CENH3 (Fig. 8A), which facilitates to evaluate the
degradation of centromeric EYFP-CENH3, and (ii) these lines do not induce haploids
when used as pollen donors (Fig. 9D), making them an ideal control. Since, the SPOP
E3-ligase resulted in higher frequency of haploids in previous experiments, a construct
harboring a module expressing VHHGFP4-SPOP regulated by the DAZ3 promoter
was prepared (Fig. 21A). This construct, named “DVS”, was transformed into [cenh3(-
/-), EYFP-gCENH3(+/+)] plants.

Pollen grains from a set of five DVS T1 plants, along with [cenh3(-/-), EYFP-
gCENH3(+/+)] serving as control, were evaluated using microscopy to assess EYFP-
CENH3 signals (Fig. 21B). Pollen grains were assessed for the presence or absence
of distinct sperm nuclei-specific EYFP-CENH3 foci. In the control, 95.15% of the pollen
displayed sperm-specific EYFP-CENH3 signals. In contrast, the T1 plants exhibited a
higher reduction in the number of pollen grains with EYFP-CENH3 signals (Fig. 21C).
The frequency of pollen without EYFP-CENH3 signals among the T1 plants ranged
from 41.67% to 67.12%. However, this reduction of pollen with EYFP-CENH3 signals

has no noticeable effect on pollen viability (Fig. 21D).

4.6.3. Sperm-specific degradation of EYFP-CENH3 produces female-like
diploids

The DVS T1 plants were crossed as pollen donors with [g/71(-/~)] mothers to investigate
if sperm nuclei with degraded EYFP-CENH3 would produce maternal haploids (Table
5). No glabrous plants were observed among the F1 population from the [g/1(-/~)] x
[cenh3(-/~), EYFP-gCENH3(+/+)], control cross. However, among the progeny derived
from DVS T1 male parents, a varying frequency of glabrous plants was observed,
ranging from 10.78% to 33.23%. Based on the data from egg cell-specific degradation

experiments, it was assumed that most of the glabrous plants would be haploids.

To confirm this, a few glabrous plants were randomly selected for ploidy analysis by
flow cytometry. Surprisingly, all the analysed plants were diploid. Consequently, all the
remaining plants were analyzed for their ploidy by pooling. Each pool consists of six
glabrous plants and the last pool for each cross consists of remaining number of
glabrous plants. Out of 160 glabrous plants from a single family of crosses, only 6

pools contained haploid plants. All the remaining pools of glabrous plants from other
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F1 families were found to be diploids. These diploid glabrous plants closely resembled

the female parent phenotypically and | termed them as ‘female-like diploids’
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Figure 21: Expression of VHHGFP4-SPOP degrades EYFP-CENH3 in sperm cells
without affecting pollen viability. A) Schematic representation of the construct DVS used
for the sperm-specific degradation of EYFP-CENH3. B) Representative pictures of pollen
samples from [cenh3(-/-), EYFP-gCENH3(+/+)] (control) and DVS T1 plants. Arrows indicate
pollen without EYFP-CENH3 signals. C) Comparison of different DVS T1 plants and control
for the number of pollen grains carrying detectable EYFP-CENH3 signals. Numbers within the
bars indicates the total number of pollen grains screened by microscopy for the corresponding
line. D) Alexander staining of anthers from the [cenh3(-/-), EYFP-gCENH3(+/+)] control and a
DVS T1 plant reveals the absence of any obvious defects.
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Table 5: Frequency of female-like diploids from different DVS T1 fathers. Control refers to
[cenh3(-/~), EYFP-gCENH3(+/+)] as father. n refers to number of plants screened for each
cross combination. Both glabrous plants% and haploid% are calculated based on the n as
reference. Haploid% is calculated based on assuming one haploid plant per pool and
remaining to be diploid. Six plants were pooled into single sample for flow cytometry analysis.
The count of plants are given in the brackets next to the frequecies.

Male parent Female parent n Glabrous plants Haploid
DVS-1 gl1(-/-) 232 10.78% (25) 0%
DVS-2 gl1(-/-) 316 33.23% (105) 0%
DVS-3 gl1(-/-) 925 17.30% (160) 0.65% (6)
DVS-4 gl1(-/-) 652 16.10% (105) 0%
DVS-5 gl1(-/-) 648 11.57% (75) 0%
Control gl1(-/-) 617 0% 0%

4.6.4. Female-like diploids from the male sterile mothers excludes possibility of
contamination from self-pollination

Two possible scenarios exist for the observation of glabrous diploids: 1) such plants
might result from contamination due to self-pollination, or 2) they are genuine products
of the elimination of the paternal genome. To answer this question, Attempts were
made to cross the DVS transgenic lines with a male sterile mother. A T-DNA insertional
mutant (SALK_152147) for the gene AMS (AT2G16910) was used as a source of
male-sterility (Xu et al. 2010). To facilitate haploid screening, male sterility was
combined with the glabrous leaf marker within a single tester genotype. The
homozygous male sterile mutant genotype [ams(-/-)] were crossed with [g/71(-/-)]
plants, F1 plants of these crosses were raised to collect the F2 seeds. The F2 seeds
were selected for kanamycin resistance, followed by selection for glabrous plants. The
glabrous plants were grown until flowering and the sterile plants were selected based
on absence of silique elongation and absence of fertile anthers. The selected plants
correspond to the genotype [g/1(-/-), ams(-/-)] and were used to cross as a female with
the DVS T1 fathers.

A set of selected nine DVS T1 plants along with a control for crossing experiments
with a male sterile, [g/1(-/-), ams(-/-)] tester. Prior to crossing, the number of pollen
grains carrying EYFP-CENH3 signals from the DVS T1 plants were quantified using
microscopy and flow cytometry (Fig. 22A). Although the two methods yielded different
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absolute values, all DVS lines exhibited a marked decrease in EYFP-CENH3 positive
pollen compared to the control. Furthermore, the trend of EYFP-CENH3 reduction

among the DVS lines was consistent across both methods.
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Figure 22: The frequency of EYFP-CENH3 lacking pollen grains does not correlate with
the female-like diploid frequencies. A) Microscopic and flow cytometry-based evaluation of
pollen from different DVS T1 plants and control for the reduction of number of pollen grains
carrying detectable EYFP-CENH3 signals. Black dots indicate the frequency measured by
flow cytometry. Orange columns indicate the microscopy-based quantification. B) Plot
showing frequencies of pollen with microscopically detectable EYFP-CENH3 signals (yellow
square) (samples arranged in ascending order accordingly) and their corresponding female-
like diploid frequencies from male sterile tester (blue dot) and gl1-1 mother (pink triangle).

The DVS T1 plants and the control were used as a pollen donors for simultaneously
pollinating both male sterile tester, [g/1(-/-), ams(-/-)] and male fertile tester, [g/1(-/~)]
female parents. The offsprings were screened for glabrous plants and those which are
glabrous were analyzed for their ploidy status using flow cytometry (Table 6). Varying
frequencies of glabrous plants were obtained from F1 families of both female parents

for a corresponding DVS T1 plants as a male parent. Flow cytometry revealed that
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most of these plants were diploid and only few being haploids (Table 6). This finding
suggests that self-pollination contamination to be an unlikely cause for the occurrence

of female-like diploids.

However, there was no correlation between the frequency of female-like diploids
derived from the [g/1(-/~), ams(-/-)] when compare to those from the [g/7(-/-)] mothers
for the corresponding DVS T1 fathers (Fig. 22B). Additionally, there was no correlation
between the degree of reduction in pollen numbers with EYFP-CENH3 signals and the
frequency of female-like diploids for a given DVS T1 father (Fig. 22B). It appears that
the sperm-specific degradation was responsible for the induction of female-like

diploids but the frequency rather being stochastic.

Table 6: Frequency of female-like diploids from male sterile tester, [g/1(-/-), ams(-/~)] and male
fertile tester, [g/1(-/~)] as female parents for the corresponding DVS T1 fathers. Control refers
to [cenh3(-/-), EYFP-gCENH3(+/+)] as father. n refers to the number of plants screened for
each cross combination. G - glabarous plants, H -Haploid plants, D - Diploid plants. The
haploids and diploids were identified based on the flow cytometry of single plants. The G, H
and D frequencies were calculated based on the n as reference. The count of plants are given
in the brackets next to the frequecies.

Female parents
Male Male sterile tester Male fertile tester
parents [gl1(-/-), ams(-/-)] [gl1(-/~)]
n G H D n G H D

1.46% 0% 1.46% 14.29% 0% | 14.29%

0% 0% 0% 0% 0% 0%
DVS-7 421 ° ° ’ 24 ’ ° °
0.95% 0% | 0.95(3) 16.67% 0% | 16.67%
DVS-8 315 3) 18 3) 3)
7.11% 0% 7.11% 7.65% | 0.27% 7.38
1.07% 1.07% 0% 3.17% 0% 3.17%
0.33% 0.33% 0% 0.43% | 0.43% 0%
6.61% 0% 6.61% 3.53% 0 3.53%
8.71% 0.32% 8.39% 16.55% 0% 16.55

0, 0, 0, 0, 0, 0,
DVS-14 345 0% 0% 0% 15 13.33% 0% | 13.33%
(2) (2)

0, 0, 0, 0, 0, 0,
Control 523 0% 0% 0% 25 0% 0% 0%
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4.6.5. Female-like diploids are genomically similar to the maternal parent

Given that the female-like diploids are unlikely to be the result of self-pollination, the
genomic constitution of the female-like diploids were determined. The [g/1(-/~)] is from
the genetic background of Ler ecotype and [cenh3(-/-), EYFP-gCENH3(+/+)] belongs
to Col ecotype. Therefore, a SNP allelic profiling was performed to characterize the
genomic constitution of female-like diploids. Five candidate female-like diploid plants
arising from the [g/1(-/~)] mother and one true hybrid plant (identified by the presence
of trichomes) were selected, and their genomic DNA was subjected to short-read
sequencing. The [g/1(-/-)] and [cenh3(-/-), EYFP-gCENH3(+/+)] plants were also
sequenced to identify the polymorphic SNPs.

SNPs that were polymorphic between these plants and perfectly heterozygous in the
hybrid were identified. The allelic profiles for these SNPs among the parents, the
hybrid, and the candidate female-like diploid plants were plotted as graphical
genotypes (Fig. 23). It was found that all five candidates exhibited high genomic
similarity to the [g/1(-/~)] parent, with no evidence of genomic blocks from the paternal
parent. This finding confirms the complete absence of the paternal genome in the

female-like diploids.

This raises the intriguing possibility that these female-like diploids might be doubled
haploids. Likely, spontaneous genome doubling occurred immediately after the
elimination of the paternal chromosome set. To investigate this in detail, there is a
need to cross the DVS plant with a female parent heterozygous for several genetic
markers and assess whether the progeny achieves complete homozygosity. However,
due to time constraints, | was unable to perform these experiments within the scope

of this thesis.
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Figure 23: Female-like diploids were genomically similar to the maternal parent.
Chromosome-wide SNP allelic profiles of 5 different female-like diploids (DH-1 to DH-3), a
true hybrid, gl1-1 (maternal parent), and EYFP-gCENH3 (paternal parent). EYFP-gCENH3
refers to [cenh3(-/-), EYFP-gCENH3(+/+)]. [gl1-1/gl1-1] contributes Ler allele and EYFP-
gCENH3 contributes the Col allele.

4.7. Replacement of non-plant E3-ligase with plant-derived E3-ligases

Paternal haploids, with frequencies of up to 12.90%, can be induced through egg-cell-
specific degradation of the CENH3 protein via the SPOP protein. Theoretically, a plant
hemizygous for an efficient E3-ligase would produce 50% haploids. Based on this
hypothesis, it was posited that the frequency of paternal haploids could be increased
by employing a highly efficient E3-ligase for the degradation of target proteins.
Consequently, | aimed to identify a highly efficient plant-derived E3-ligase for in-planta
degradation of the target protein. From a previously analyzed list of E3-ligases
evaluated by in-vivo protein degradation experiments conducted at Bayer Crop
Sciences, USA (J. Lamb, personal communication), the top four candidates (Table 7)
were selected for the subsequent experiments. The previously reported ubiquitination
domains of the selected E3-ligase were used in this study.

Table 7: List of plant-originating E3-ligases utilised in this study. Type refers to the

characteristics of the E3-ligase domain. Amino acid co-ordinates corresponds to the
ubiquitination domain of the E3-ligases and were used in this study.

Name Type SP::;;?‘ - Unli Bmt c‘(\:_noi:‘ d(:naa(;:’s Reference
EL5 RING O. sativa QILRB7 93-181 Katoh et al. (2005)
BPM1 BTB A. thaliana Q8L765 170-407 Weber et al. (2005)
SLY1 F-box A. thaliana QI9STX3 1-151 Ariizumi et al. (2011)
ETO1 BTB A. thaliana 065020 85-418 Yoshida et al. (2005)
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4.7.1. Transiently expressed ELS outperforms other E3-ligase for degradation
of EYFP-CENH3

To conduct in-planta degradation experiments, the transgenic constructs were
prepared for the transient transformation of Nicotiana benthamiana (Fig. 24A). All
constructs contain modules for the constitutive expression of EYFP-CENH3 and
histone H2B-mCherry proteins. EYFP-CENH3 serves as the target protein for
degradation, while H2B-mCherry, labelling the nuclei, acts as a transformation marker.
Five different constructs were prepared, each expressing a different E3-ligase fused
with the anti-GFP nanobody, VHHGFP4. The E3-ligases included ELS (CVE), BPM1
(CVB), SLY1 (CSV), ETO1 (CEV), and SPOP (CVS). Additionally, two control
constructs were prepared: one expressing only the nanobody (CV) and another
containing an empty module (control). The VHHGFP4 is fused to a E3-ligase either of

it's C-terminus or N-terminus depending on it's native substrate interacting domain.

Initially, the suitability of flow cytometry in measuring EYFP degradation by analyzing
EYFP signal intensity was investigated. SPOP had previously been reported as
efficient in degrading EYFP-CENH3. The EYFP intensity in plants transformed with
the CVS construct was compared to that in plants transformed with control constructs
using flow cytometry with isolated nuclei. A reduction in EYFP intensity was
successfully observed in CVS-transformed plants compared to control-transformed
plants (Fig. 24B). Therefore, the flow cytometry was used to compare the degradation
efficiency of other E3 ligases. In parallel, the EYFP-CENH3 pattern in leaf nuclei was

examined using confocal microscopy.

To measure the intensity of EYFP-CENH3, H2B-mCherry positive 2C nuclei were
selected, and the events from different replicates for each construct were pooled for
the EYFP-CENH3 intensity comparison (Fig.24C). It was found that CVE-transformed
plants exhibited the lowest EYFP intensity, significantly reduced compared to CVS
(Fig.24D). CSV had similar EYFP intensity to CVS, while CEV showed a broader
distribution and higher intensity than CVS (Fig.24D). The EYFP intensity in CVB-
transformed nuclei was very high, reaching the upper detection limit of the cytometer
(Fig.24D).
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Figure 24: Evaluation of efficiency of candidate E3-ligases for EYFP-CENH3
degradation. A) Schematic representation of different constructs used for transient
transformation of N. benthamiana. B) Control flow cytometry experiment to detect the
degradation of EYFP-CENH3 caused by CVS (blue histogram) compared to the control (red
histogram). C) Gating schemata to evaluate EYFP-CENH3 intensities of 2C nuclei
transformed with different constructs. D) Flow-cytometric quantification of EYFP intensities in
nuclei expressing different constructs resulting from atleast 5 replicates per construct. E)
Representative confocal images of nuclei showing H2B-mCherry (red) and EYFP-CENH3
(green) for each construct tested.

Leaf nuclei transformed with these constructs were analyzed by confocal microscopy
under similar settings (Fig. 24E). In control plants, nuclei exhibited clear centromere-

like speckles of EYFP-CENH3 signals. In the nanobody-only control, EYFP-CENH3
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was dispersed, but the intensity was much higher compared to CVS. CVE showed the
lowest trace of EYFP-CENH3 signals. Aggregates of EYFP-CENH3 were observed in
CEV and CVB, with the latter showing very large aggregates corresponding to the high

signal intensity measured by the flow cytometry.

These findings indicate that ELS (CVE) is the most effective candidate among the
evaluated E3 ligases for degrading EYFP-CENH3 signals in transiently transformed
N. benthaiana. Although BPM1 (CVB) did not result in a comparable reduction of
EYFP-CENH3 intensity, it leads to higher levels of EYFP-CENH3 aggregation
consistently in all replicates. BPM1 contains a nuclear localization signal at the C-
terminus, causing predominant nucleolar agglomeration (Leljak Levanic et al. 2012).
In this transient assay for degradation, the C-terminal part of BPM1 was used.
Consequently, it was concluded that the EYFP-CENH3 aggregates were mis-localized
to the nucleolus due to interaction with BPM1. Therefore, it was decided to express
BPM1 in the egg cell to investigate whether the re-localization of tagged-CENH3 alone

would be sufficient to induce haploids.

4.7.2. Both ELS AND BPM1 E3-ligases fused to anti-ALFA nanobody can induce
paternal haploids

Next, both ELS and BPM1 E3-ligases were evaluated for their effectiveness in inducing
paternal haploids. Transgenic constructs were prepared by fusing these E3 ligases to
Nb-ALFA (Fig. 25A). The constructs contained either EC1.1pro:NbALFA-ELS (ENE),
EC1.1pro:NbALFA-BPM1 (ENB), or an empty module (control) in the second position.
These constructs were transformed into a genetic background of [cenh3(-/-), ALFA-
gCENH3(+/+)].

Ten individual T1 plants were crossed with [g/71(-/~)] pollen donors, and their progenies
were screened for glabrous haploid plants (Fig. 25B). No glabrous plants were found
among the progenies from the control mothers. However, mothers carrying either of
the engineered E3 ligases induced haploid (glabrous) plants. The haploid induction
frequency of individual ENE T1 plants ranged from 0.93% to 8.37%, while for ENB it
ranged from 0.52% to 5.73%. Although the median haploid induction frequency of
different ENB T1 plants (2.45%) was higher than that of ENE (1.76%), the difference
between their means (2.60% for ENB and 2.54% for ENE) was not statistically
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significant. The results indicate that the re-localization of tagged CENH3 is equally

capable of inducing haploids compared to their degradation.
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Figure 25: Both EL5 and BPM1 E3-ligases can induce paternal haploids with similar
frequency. A) Schematic representation of different constructs used for the egg cell-specific
degradation of ALFA-CENH3 using plant-derived E3-ligase B) Haploidization frequency of
independent hemizygous T1 plants carrying different constructs. Red dots indicates the mean
haploidization frequency. ‘n’ indicates the number of individual T1 plants evaluated for each
construct. ‘N’ indicates the total number of plants screened for glabrous phenotype, from all
T1 plants evaluated for a particular construct. p values were added on top of the comparison
bars.
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5. Discussion

In this study, the targeted degradation of tagged versions of CENH3 in the gametic
nucleus is reported as a novel method to induce haploid plants. This method was
formulated based on observing the pre- and post-fertilization status of EYFP-CENH3
signals in parental chromosomes during a haploid induction cross in A. thaliana. The
findings of this study demonstrate that degrading tagged CENH3 in the egg cell
nucleus of the female parent can induce paternal haploids (Fig. 26). Additionally, it
was found that degrading tagged CENH3 in the sperm nuclei of the male parent can
induce female-like diploids (Fig. 26). However, it is uncertain whether the formation of

these female-like diploids is due to early spontaneous haploid genome doubling.

5.1. A critical level of CENH3 asymmetry is necessary for haploid induction

The analysis of EYFP-CENH3 signals in early embryos indicates the existence of a
threshold level of CENH3 asymmetry between parental chromosomes necessary for
UGE. In embryos from [cenh3(-/-), EYFP-gCENH3(+/+)] x wild-type crosses, the
chromosome set with undetectable levels of CENH3, from the female parent, is
eliminated. In contrast, differences in CENH3 levels between parental chromosomes
in early embryos derived from wild-type x [cenh3(-/-), EYFP-gCENH3(+/+)] crosses do
not induce elimination of paternal chromosomes. Though, the paternal chromosomes
carry comparatively less CENH3 than the maternal wild-type chromosomes, it is not
eliminated. Our results align with those of Marimuthu et al. (2021) regardless of the
type of CENH3 modification (GFP-tailswap vs EYFP-CENH3). Therefore, the
centromere size hypothesis remains a valid model for explaining centromere-mediated
UGE, with the additional requirement of a critical level of CENH3 difference between

parental chromosomes.

Marimuthu et al. (2021) suggested the selective removal of modified CENH3 from the
egg cell. However, | propose an alternative hypothesis: modified CENH3 is diluted in
both gametes of the haploid inducer, with greater dilution occurring in the egg cell than
in the sperm. Recent studies indicate that the mature egg cell of Arabidopsis is in the
G2 phase of the cell cycle, while the sperm nuclei are arrested in the G1 phase

(Simonini et al. 2024; Liu et al. 2021). Assuming there is no reloading of modified
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CENHS3, its dilution in the egg cell nucleus would be twice as much as in the sperm

nuclei. This increased dilution results from an additional mitosis in the female

gametophyte and DNA replication-mediated dilution in the egg cell nucleus.

e
Egg cell-specific degradation of tagged Sperm-specific degradation of tagged
CENH3 CENH3
cenh3(-I-) Wildtype | Wildtype cenh3(-I-)
tagged-CENH3 CENH3 (+/+) | CENH3 (+/+) tagged-CENH3
DAZ3:Nanobody+E3-ligase

EC1.1:Nanobody+E3-ligase
y \\ ///7 - o\ e \\'\@ V. \“'\\
\ \
Parents ( HH j ( %% ) ( ﬁﬁ %} ( HH ]
\ K / ,}
’ x\\,__\“"_/ 4 4 \1\‘\.\~_’/!/‘/ \\\\,”/4,/

1 | ]

V. y k\\' '/’/ SR,
/& . \\ X \\ b 4 .
Gametes ( S H ) % (/ B ) .b’
& \ /
\\\5___/ 4 l \\ /// 4 l
—— T —— ——
V- R < N\
D N
\ ‘ / \ )
Zygote \\‘-~., i»// \\ /
Maternal genome Paternal genome |
elimination l elimination l
/”;—\ —
v'/ X\ ///- R \‘\
Embryo K H } ( H \) Maternal
- g \_ 7 haploid
Paternal haploid with Spontaneous T
maternal cytoplasm genome doubling? Y
/ R\
©@ip
\ /’J
\_\/\\~’- /f
Maternal doubled haploid with
maternal cytoplasm?
® tagged CENH3 ®  Wildtype CENH3
’ Nanobody+E3-ligase

26S Proteasome
Degraded EYFP-CENH3

&
9
i J

\
Figure 26: Schemata representing gametophytic degradation of tagged-CENH3 for

haploid induction. Left panel indicates the outcome of egg cell-specific degradation of tagged
CENH3 and the right one indicates that of sperm-specific degradation of tagged-CENH3.
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5.2. Seed death may be caused by other reasons in addition to endosperm-

failure

Shriveled seeds were common among the progeny of crosses with a high haploid
frequency, likely due to endosperm failure caused by mis-segregation (Ravi et al.
2014; Kuppu et al. 2020). Observations from a previous study support this assumption.
Demidov et al. (2022) found that haploid seeds were always accompanied by triploid
endosperm. Therefore, the possibility of seed death due to impaired development of
the endosperm cannot be excluded. However, shriveled seeds were also observed
among self-pollinated T2 seeds of T1 plants carrying constructs for egg cell-specific
degradation of EYFP-CENH3 using E3-ligases (Fig. 12). Additionally, shriveled seeds
were noted among F1 seeds when these T1 plants were crossed with wild-type plants

(data not shown).

The transgenic constructs were designed to affect only the egg cell, without impacting
chromosome segregation in the endosperm. By comparing the expression pattern of
the EC1.1 gene (At1G31450) in egg cells and central cells using the dataset from
(Song et al. 2020), there was no evidence of EC1.1 promoter leakiness into the central
cell. Therefore, | conclude that other factors contribute to seed lethality in addition to
endosperm failure. | speculate that genomic imprinting (Simonini et al. 2021) and
embryo-endosperm communication signals (Zhang et al. 2023b) may play a role in

causing shriveled seeds beyond genome imbalance in the endosperm.

5.3. The transgenic supply of CENH3 may also contribute to haploid induction

Initially, it was hypothesized that the bulkiness of the EYFP-tag might contribute to the
high haploid frequency in [cenh3(-/-), EYFP-gCENH3(+/+)] lines after outcrossing with
wild-type. Adding the EYFP-tag increased the size of native CENH3 from 19.7 kDa to
48.3 kDa, whereas the ALFA-tagged CENH3 is just 21.6 kDa. Despite the small size
of the tag, haploid induction rates of up to 15% were observed among a few ALFA-
CENH3 complemented lines after outcrossing with wild-type, disproving the
hypothesis. Additionally, there was high variability between T2 families for the haploid
frequency despite the uniform growth conditions. Based on these observations, | argue
that transgene copy number and positional effects may indirectly contribute to high

haploid induction rates by altering CENH3 expression levels.
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A number of substitution point mutations of CENH3 have been evaluated for their
effects on haploid induction using modified CENH3 supplied as a transgene in
Arabidopsis (Karimi-Ashtiyani et al. 2015; Kuppu et al. 2015; Kuppu et al. 2020). For
example, the L130F substitution mutation has been shown to induce 0 to 4.8%
haploids, depending on the transgene copy number (Karimi-Ashtiyani et al. 2015).
However, base editing of the endogenous CENH3 with the L130F mutation has been
shown to induce 2.9% haploids (Wang and Ouyang 2023). Therefore, transgenic
supply of CENH3 point mutations may have confounding effects on haploid induction.
It would be useful to confirm these findings using a TILLING mutant or by isolating a
base-edited substitution mutant of the endogenous CENH3 to identify the effect of
each point mutation on the haploid frequency. Alternatively, using more replicates

could provide further clarity.

Nevertheless, the possible influence of the tag added to the CENH3 protein cannot be
excluded. Recently it was demonstrated that the tagged CENP-A (CENH3 in
mammals) was functionally inequivalent to the native CENP-A protein (Bui et al. 2024).
Therefore, the tag in addition to the positional effects of the transgene insertion can

also influence the haploid induction frequency.

5.4. How to target CENH3?

This study demonstrates that the targeted degradation of tagged CENH3 can induce
haploids regardless of the tag used (EYFP or ALFA). Although structural modifications
of CENH3 can induce haploids, a specific successful modification in one plant species
may not be suitable for others (Wang et al. 2021). RNAi-mediated CENH3 dilution
could help induce parental asymmetry for CENH3. However, the high dilution
necessary for haploid induction might negatively impact the fithess of the potential
haploid inducer (Manape et al. 2024). Also, the RNAi approach was not found to be
successful in maize and Arabidopsis (Kelliher et al. 2016; Ahmadli et al. 2023). There
exists a need for a universal strategy without involving any species-specific
optimizations. Therefore, depleting CENH3, specifically in gametes, as described in
this study, has significant potential to become a generic in-planta haploid induction

method for many crop species.
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The simplest approach is to isolate a native CENH3 binder, such as a nanobody, to
degrade wild-type CENH3 in combination with a nanobody-E3 ligase. Theoretically, a
nanobody binding to any antigen of interest can be isolated (Kourelis et al. 2023).
However, despite the costly and laborious screening of synthetic and immune libraries,
a nanobody against the AtCENH3 protein N-tail was not isolated. The N-terminal tail
region used for immunization corresponds to the hyper-variable and unstructured
region of the CENP-A protein (Tachiwana et al. 2012). A potential reason for the failure
to isolate a nanobody could be the absence of any secondary structures of the applied
recombinant CENH3 N-tail protein, which may favor strong interactions between the
nanobody and the antigen. In addition, it is likely that candidate nanobodies against

the CENH3 N-tail were lost during affinity selection due to their weak affinity.

Given this risk, it is worth to identifying native CENH3-binding endogenous proteins of
Arabidopsis and using their binding motifs to engineer E3 ligases in the future. So far,
NASP (Sim3) is the only known candidate to interact directly with CENH3, but it does
not interact with CENH3 loaded onto the centromeric chromatin (Le Goff et al. 2020).
Therefore, further attempts are necessary to identify candidate proteins that can

interact with free and CENH3 protein loaded onto the centromeric chromatin.

Currently, two different options are available for attempting gametophytic CENH3
degradation in crops. The first approach involves three steps: isolating a CENH3 null
mutant, complementing the null mutant with a tagged-CENH3 variant, and then
transforming the complemented line with a construct for gamete-specific degradation.
Alternatively, the targeted insertion of a tag into the endogenous CENH3 can simplify
the first two steps of the previous approach. Given its smaller size and recent
advancements in CRISPR-mediated knock-in technology (Schreiber et al. 2024; Zong
et al. 2022), the targeted insertion of the ALFA-tag at the N-terminus of endogenous
CENH3 is now feasible in both monocots and dicots. The CRISPR-mediated

homology-directed ALFA insertion in Arabidopsis is currently under investigation.

5.5. Comparison of different E3-ligases

Demidov et al. (2022) reported that the E3 ligase Nslmb causes higher haploid rates
than SPOP through zygotic degradation of EYFP-CENH3. In this study using EYFP-

CENH3 complemented lines, no statistical differences were found between SPOP
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(EVS) and NsIimb (ENV) in terms of haploid induction ability, likely due to variability
from the genetic background and different E3 ligases used. However, in the ALFA-
CENH3 complemented background, constructs with SPOP (ENS) resulted in a higher
mean haploid induction frequency than Nsimb (ENN), contrasting with the previous
study. There is no explanation for this discrepancy except for the difference in the
tagged CENH3 variant used for complementation. Nevertheless, the frequency of
phosphinothricin-resistant T2 seedlings and the frequency of T2 shriveled seeds from
the EVS and ENV T1 plants in the [cenh3(-/-), EYFP-gCENH3(+/+)] background
provide additional indication that SPOP is more effective than Nsimb in causing

uniparental genome instability.

As a further attempt to optimize gametophytic degradation components, some plant-
derived E3 ligases were tested. Given that SPOP and NsIlmb were derived from non-
plant species, it was anticipated that using plant-derived E3 ligases would increase
haploid induction frequencies. Top four candidates out of a list of seven plant-derived
E3-ligases provided by Bayer Crop Sciences (J. Lamb, personal communication) were
analyzed using a transient assay. Based on an in-planta EYFP-CENH3 degradation
assay, two promising candidates, BPM1 and ELS derived from O. safiva and A.
thaliana, respectively, were selected for evaluation of their haploid induction
frequencies through gametophytic CENH3 degradation. To my knowledge, this study
is the first to evaluate plant-derived E3 ligases for targeted protein degradation in a
plant system, whereas previous studies used those derived from only non-plant
organisms (Faden et al. 2016; Huang and Rojas-Pierce 2024; Baudisch et al. 2018;
Demidov et al. 2022; Sorge et al. 2021; Ma et al. 2019).

ELS was highly efficient in degrading EYFP-CENH3 in transiently transformed N.
benthamiana leaves. Nevertheless, SPOP had the highest median haploid induction
frequency among analyzed E3 ligases when comparing T1 plants. The order of E3
ligases for median haploid induction frequency is SPOP > BPM1 > ELS > NsImb. The
results from BPM1 confirm that CENH3 relocalization is effective in inducing haploids
in addition to its degradation. The variation among E3 ligases could be due to
limitations caused by the downstream adapter proteins involved in the ubiquitination
process of the target protein. Possible steric hindrances that prevent conjugation to

the substrate, as well as the availability of lysine residues for ubiquitin conjugation,
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may also influence the efficiency of degradation. These factors must be considered

for necessary optimizations in future studies.
5.6. Comparison of haploidization frequencies

Although the possibility of generating haploids was successfully demonstrated through
gametophytic degradation of CENH3, the maximum frequency achieved was 12.90%
from a DVS T1 plant, which is significantly lower than the 34 to 45% achieved with a
GFP-tailswap modification (Ravi and Chan 2010). However, given that the effects of
the constructs were gametophytic and the T1 plants were hemizygous, a haploid
frequency of homozygous lines is expected to be more than twice that of the
corresponding hemizygous lines. This is because up to 50% of the gametes in
hemizygous lines do not contain transgenic constructs, and the haploid frequencies

were calculated based on germinated seedlings.

The effective haploid frequency should be calculated in terms of seeds from
transgene-bearing ovules, suggesting that the frequency could be increased further
by obtaining homozygous plants. Different strategies to isolate homozygous T1 plants
need to be explored, as transgene segregation analysis is hampered by the presence
of shriveled seeds upon self-pollination. Alternatively, the recently demonstrated
toxin—antidote transgene-drive strategy (Oberhofer et al. 2024; Liu et al. 2024a) should

also be investigated.

5.7. Maternal versus paternal haploidization

Paternal haploid induction is crucial for cytoplasm swapping to transfer male sterility.
Two recent studies demonstrated the use of centromere-based haploid induction for
the rapid transfer of cytoplasmic male sterility to inbreds in broccoli and maize (Han et
al. 2024; Bortiri et al. 2024). Nevertheless, maternal haploids are more relevant for
breeding programs as their cytoplasm is derived from the non-inducer parent.
Therefore, sperm-specific degradation of EYFP-CENH3 was attempted, and it was
found that female-like diploids were generated upon outcrossing. In addition to female-
like diploids, haploids were also observed among the screened progenies but
comparatively less frequent than the diploids. Since there was no obvious correlation

between the level of pollen without EYFP-CENH3 signals and the frequency of female-
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like diploids, these plants were considered to be the result of stochastic events.
However, it is uncertain if the diploidization occurred pre-fertilization due to unreduced

gametes or post-fertilization by early haploid genome doubling.

Early haploid genome doubling has been previously described but is rare and has
been only systematically studied in maize (Wu et al. 2014). A high frequency of
spontaneously doubled maternal haploids has been reported among the progeny of
interploidy crosses between Brassica napus and Brassica allo-octaploids (Fu et al.
2018). Paternal chromosome elimination coupled with maternal genome doubling was
shown to be the reason behind the formation of maternal doubled haploids (Zhao et
al. 2023). This phenomenon has also been described in interploidy crosses of maize
(Elkonin et al. 2023). The formation of doubled haploids helps to avoid the need to
treat haploid plants with hazardous chemicals like colchicine for genome doubling.
However, it is necessary to confirm if the female-like diploids are indeed

spontaneously doubled haploids.
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6. Outlook

Future studies should address the following research questions:

1.

The ALFA-CENH3 has been provided as a transgene in this study to induce
haploids. Verifying if the results are repeatable when the ALFA-tag is added to
endogenous CENH3 using CRISPR-mediated homology-directed insertion is

important.

Homozygous transgene insertion lines for the E3 ligase construct need to be
recovered using approaches other than herbicide resistance segregation.
Segregating population obtained from a plant heterozygous for the ALFA-
CENH3 and the E3-ligase bearing transgene can be used for isolation of such
homozygous lines. These homozygous lines will be crucial for realizing the
actual haploid induction potential of the gametophytic CENH3 degradation

approach.

The effect of genotype and environment (e.g. temperature, light intensity) on
the haploid induction frequencies of the gametophytic CENH3 degradation

approach has to be analyzed.

Additional plant derived E3 ligases have to be evaluated, and the impact of
adding lysine-rich flexible linkers between ALFA-tag and CENH3 on haploid

induction frequencies has to be investigated.

Different gamete-specific promoters for the expression of E3 ligase should be

assessed for their effects on haploid induction.

It is noteworthy that shriveled seeds were formed even when there was no
effect of CENH3-degradation on the central cell (or endosperm). Therefore, the
fate of endosperm derived from the haploid induction cross has to be examined

for any developmental defects.

The suitability of the fluorescent seed marker (FAST) (Shimada et al. 2010) and
additional dominant transgenic markers such as RUBY (Wang et al. 2023a) for

efficient haploid screening has to be investigated.

To identify the origin of female-like diploids after the application of a male

haploid inducer, segregation analysis of heterozygous genetic markers should
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be performed. If these diploids are confirmed to be the result of early
spontaneous genome doubling of haploid cells, the underlying mechanism

behind this phenomenon needs to be elucidated.

. One of the main areas of focus for the future is to validate the gametophytic

CENH3 degradation approach for haploid induction using a crop plant. An
economically important crop species that lacks an in-planta haploid induction

system would be an ideal candidate for such a study.



7. Summary

This study presents mechanisms behind centromere-mediated uniparental genome

elimination and proposes a potential universal strategy for haploid induction in plants

using Arabidopsis as a model.

1.

Analysis of the EYFP-CENH3 pattern in gametes from a haploid inducer
genotype and early embryos from various crosses reveals that extreme
asymmetry between parental chromosomes for the amount of centromeric
CENH3 is crucial for eliminating chromosomes with 'weak' centromeres during

early embryogenesis.

Constructs designed for egg cell-specific degradation of EYFP-CENH3 resulted
in the formation of shriveled seeds, impacting transgene segregation analysis
using herbicide resistance. While T1 plants for these constructs induce haploids
more frequently compared to controls, statistical differences between the

constructs were not observed.

Both synthetic and immune nanobody libraries were found to be not useful for
the isolation of a nanobody against the CENH3 N-tail antigen. The lack of any
secondary structure in the N-tail of recombinantly prepared CENH3 protein

could be a possible reason for the failure.

This study is the first report on the utilization of the ALFA-tag in a plant system.
ALFA-tag in combination with its nanobody, was used for gametophytic
degradation of the CENH3 protein.

ALFA-CENH3 was found to be efficient in complementation of the CENH3 null
mutation [cenh3(-/-)], when compared to the EYFP-CENH3. Some of the ALFA-

CENH3 complemented lines were found to induce paternal haploids up to 15%.

Further experiments involved the transformation of [cenh3(-/-), ALFA-
gCENH3(+/+)], with constructs targeting egg cell-specific degradation of ALFA-
CENH3, where the E3 ligase SPOP was identified as superior to Nsimb in

inducing paternal haploids.

Identification of a sperm-specific promoter, DAZ3, was performed using publicly

available Arabidopsis transcriptome datasets. DAZ3 promoter was used for the

75



76

expression of E3 ligase, SPOP fused with GFP-nanobody in [cenh3(-/-), EYFP-
gCENH3(+/+)] genetic background. Microscopy and flow cytometry confirmed
the degradation of EYFP-CENH3 in sperm nuclei.

. Interestingly, sperm-specific degradation of EYFP-CENH3 led to the formation

of female-like diploids when used as pollen donors with wild-type CENH3-
carrying parents, necessitating further investigation into the origin of these

diploids.

. Evaluation of four plant-derived E3 ligases in N. benthamiana demonstrated

that ELS from O. sativa efficiently degrades EYFP-CENH3, while BPM1 from
Arabidopsis relocates most of the EYFP-CENH3 protein to the nucleolus.
Fusion of ELS5 and BPM1 with ALFA-specific nanobody in egg cell-specific
degradation or relocation of ALFA-CENH3 showed equal efficacy in inducing
paternal haploids. Notably, SPOP protein derived from the mammalian system
induced a higher frequency of paternal haploids compared to other plant- or

animal-derived E3 ligases.



8. Zusammenfassung

In dieser Studie werden die Mechanismen aufgezeigt, die der durch das Zentromer

vermittelten uniparentalen Genomeliminierung zugrunde liegen. Desweiteren wird

eine potenzielle universelle Strategie zur universellen Haploideninduktion in Pflanzen

vorgeschlagen, wobei Arabidopsis als Modell diente.

1.

Die Analyse der EYFP-CENH3 Verteilungsmuster in Gameten eines haploiden
Induktionsgenotyps sowie in frthen Embryonen aus verschiedenen
Kreuzungen zeigt, dass eine extreme Asymmetrie zwischen den elterlichen
Chromosomen in Bezug auf die Menge an zentromerischem CENH3
entscheidend fur die Eliminierung von Chromosomen mit "schwachen"

Zentromeren wahrend der frihen Embryogenese ist.

. Konstrukte, die fur den Eizell-spezifischen Abbau von EYFP-CENH3 entwickelt

wurden, fuhrten zur Bildung von schrumpelig Samen, was sich auf die
Segregationsanalyse von Transgenen mit Hilfe der Herbizidresistenz
auswirkte. Wahrend die T1-Pflanzen fur diese Konstrukte im Vergleich zu den
Kontrollen haufiger Haploide ausbilden, wurden zwischen den Konstrukten

keine statistischen Unterschiede festgestellt.

Sowohl synthetische als auch Immun-Nanokdrper Bibliotheken erwiesen sich
als nicht nutzlich far die Isolierung eines Nanokorpers gegen das CENH3 N-
Tail-Antigen. Das Fehlen jeglicher Sekundarstruktur im N-Terminusende des
rekombinant-hergestellten CENH3 Proteins kdnnte ein méglicher Grund fur den

Misserfolg sein.

Die vorliegende Studie ist der erste Bericht Uber die Verwendung von ALFA-
tag in einem Pflanzensystem. ALFA-tag in Kombination mit seinem Nanokorper

wurde fur den gametophytischen Abbau des CENH3-Proteins verwendet.

ALFA-CENH3 erwies sich bei der Komplementierung der CENH3-Nullmutation
[cenh3(-/~)] im Vergleich zu EYFP-CENH3 als effizienter. Bei einigen der ALFA-
CENH3-komplementierten Linien wurde festgestellt, dass sie bis zu 15 %

vaterliche Haploide induzieren.

Weitere Experimente umfassten die Transformation von [cenh3(-/-), ALFA-
gCENH3(+/+)] Pflanzen mit Konstrukten, die auf den Eizell-spezifischen Abbau
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von ALFA-CENH3 abzielen, wobei sich die E3-Ligase SPOP bei der Induktion

von vaterlichen Haploiden als besser erwies im Vergleich zu Nsimb.

. Unter Zuhilfenahme offentlich zuganglicher Arabidopsis Transkriptom-

Datensatze konnte der Spermienkern-spezifische Promotor DAZ3 identifiziert
werden. Der DAZ3-Promotor wurde fur die Expression der E3-Ligase SPOP,
fusioniert mit dem GFP-Nanobody im genetischen Hintergrund [cenh3(-/-),
EYFP-gCENH3(+/+)] verwendet. Mikroskopisch und durchflusszytometrische
Analysen bestatigten den Abbau von EYFP-CENH3 in den Spermienkernen.

. Interessanterweise fuhrte die Spermienkern-spezifische Expression von EYFP-

CENH3 zur Bildung von mutterahnlichen Diploiden, wenn sie als Pollenspender
mit  Wildtyp-CENH3-tragenden Eltern verwendet wurden. Weitere

Untersuchungen zum Ursprung dieser Diploiden sind erforderlich.

. Die Auswertung von vier pflanzlichen E3-Ligasen in N. benthamiana zeigte,

dass ELS aus O. safiva EYFP-CENH3 effizient abbaut, wahrend BPM1 aus
Arabidopsis den Grofdteil des EYFP-CENH3-Proteins in den Nukleolus
verlagert. Die Fusion von ELS und BPM1 mit ALFA-spezifischen Nanokdrpern
zum Eizell-spezifischen Abbau oder die Verlagerung von ALFA-CENH3 zeigte
die gleiche Wirksamkeit bei der Erzeugung von vaterlichen Haploiden.
Insbesondere das aus dem Saugetiersystem stammende SPOP-Protein
induzierte im Vergleich zu anderen aus Pflanzen oder Tieren stammenden E3-

Ligasen eine héhere Haufigkeit von vaterlichen Haploiden.
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12. Appendix

Appendix 1: List of primers, templates and destination plasmid used for the construction of
level-0 plasmids and entry vectors. ‘-’ refers to no primers as synthetic fragments were used
to build these modules

Construct Destination Primer-F Primer-R Template
pNOS-PPT pICH41331 NOS_PROM-F | NOS TER-R pGWB605
pNOS-NPT pICH41331 NOS_PROM-F | NOS TER-R pGWB401
pCAMV35S-pro plCH41295 35S-gg-F 35S-gg-R plCH86988
pDAZ3-pro plCH41295 DAZ3-Prom-F DAZ3-Prom-R Arabidopsis gDNA
pEC1.1-pro plCH41295 EC1.1-GG-F EC1.1-GG-R Arabidopsis gDNA
pA9-pro plCH41295 A9-Prom-F A9-Prom-R Arabidopsis gDNA
pHSP-ter pAGM9121 HSP-TER-F HSP-TER-R Arabidopsis gDNA
pRbcSE9-ter pAGM9121 rbcsTER-F rbcsTER-R Pisum sativum gDNA
pBarnase pAGM1287 - - Synthetic fragment
pH2B plCH41258 H2B-F1 H2B-R1 Arabidopsis cDNA
pMCherry pAGM1299 - - Synthetic fragment
pVHHGFP4 pAGM1287 - - Synthetic fragment
pVHHGFP4-BTB | pAGM1287 - - Synthetic fragment
pNsImb- pAGM1287 - - Synthetic fragment
VHHGFP4
pNbALFA-N plCH41258 - - Synthetic fragment
pNbALFA-C pAGM1299 - - Synthetic fragment
pNbALFA pAGM1287 - - Synthetic fragment
pNsIimb plCH41258 NsIimb-F1 41258-NSLMB- | pNsIimb-VHHGFP4
R
pBTB pAGM1299 BTB-F MYC-R pVHHGFP4-BTB
pEYFP plCH41258 - - Synthetic fragment
pCENH3-cds pAGM9121 CENH3-Ntail-F1 | cenh3-gg-r Arabidopsis cDNA
pEL5 pAGM1299 - - Synthetic fragment
pBPM1 pAGM1299 - - Synthetic fragment
PCR1 PCR fragments | CENH3-Bsa1- CENH3-Bsa1- Arabidopsis gDNA
F1 R1
PCR2 PCR fragments | CENH3-Bsa1- CENH3-Bsa1- Arabidopsis gDNA
F2 R2
PCR3 PCR fragments | CENH3-Bsa1- CENH3-Bsa1- EYFP-gCENH3
F1 R2
pVHHGFP4-N plCH41258 VHHGFP-F1 VHHGFP4- pVHHGFP4
6xGly-R
pVHHGFP4-C pAGM1299 gly-vhhgfp4-f gly-vhhgfp4-R pVHHGFP4
pSLY1 plCH41258 - - Synthetic fragment
pETO1 plCH41258 - - Synthetic fragment
p221EC1.1 pDONR221 - - Construct from
p1-p4 UCDavis
p221H2B- pDONR221 - - Construct from
tdTomato p4r-p3r UCDavis
p221RbcSE9 Ter | pDONR221 - - Construct from
p3-p2 UCDavis
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Appendix 2: List of level-0 modules and destination plasmid used for the construction of level-
1 plasmids. - refers to less than four level-0 plasmids (either 3, 2 or 1) were used for the
construction of corresponding level-1 plasmid.

o Level-0 modules
Construct Destination
1 2 3 4
pPPT pICHA47802 oNOS-PPT | - - ]
NPT pICHA47802 ONOS-NPT | - - -
bCVE pICHA47732 EEAMV%S' PVHHGFP4-N | pEL5 fe'beSEg'
bCVB pICHA47732 EEAMV%S' DVHHGFP4-N | pBPM1 fe'beSEg'
pCSV pICHA47732 EEAMV%S' pSLY1 pVHHGFP4-C fe'beSEg'
pCEV pICHA47732 EEAMV%S' pETO1 pVHHGFP4-C fe'beSEg'
bCVS pICHA47732 EEAMV%S' pVHHGFP4-N | pBTB fe'beSEg'
bCV pICHA47732 EEAMV%S' pVHHGFP4 pRbcSEQ-ter | -
pDVS pICHA47811 pDAZ3-pro E\T/gHGFP“' pRbcSEQ-ter | -
pEVS pICHA47811 PEC1.1-pro | BYEHCFP4- pRbcSEQ-ter | -
pNsImb-

pENV pICH47811 pEC1.1-pro VHHGEP4 pRbcSE9-ter -
pEV pICH47811 pEC1.1-pro | pVHHGFP4 pRbcSE9-ter -
PpENS pICHA47811 pEC1.1-pro | pNbALFA-N pBTB fe'beSEg'
pENN pICHA47811 pEC1.1-pro | pNsimb ONbALFA-C fe'beSEg'
pEN pICH47811 pEC1.1-pro | pNbALFA pRbcSE9-ter
pENE pICHA47811 pEC1.1-pro | pNbALFA-N pEL5 fe'beSEg'
pENB pICHA47811 pEC1.1-pro | pNbALFA-N pBPM1 fe'beSEg'
PALFA-

| P pICHA47742 PCR1 PCR2
PEYFP-

| e pICHA47742 PCR3 - - -
PEYFP- pCAMV35S- PRbCSES-
i pICHA47742 i PEYFP PCENH3-cds | PX
PENS2 pICHA7751 pEC1.1-pro | pNbALFA-N pBTB fe'beSEg'
PEVS2 pICHA7751 pEC1.1-pro E\T/gHGFP“' PRbCSEQ-ter
PFAST pICHA47822 pICSL70008 | - - -
pH2B- oCAMV35S-
mCherry pICH47751 pro pH2B pMCherry pHSP-ter
pBarnase pICH47831 pA9-pro pBarnase pHSP-ter
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Appendix 3: List of level-1 modules and destination plasmid used for the construction of level-
2 plasmids. ‘-’ refers to empty (dummy) plasmid or an unoccupied position at the end.

Construct Destination | Position1 | Position 2 Position 3 Position 4
EVS plCSL4723 pPPT pEVS - -
ENV plCSL4723 pPPT pENV - -
EV plCSL4723 pPPT pEV - -
ALFA-gCENH3 + ENS | pICSL4723 | pNPT PALFA- | JENs2 ;
gCENH3
pALFA-
ALFA-gCENH3 pICH86966 pNPT GCENH3 - -
EYFP-gCENH3 + EVS | pICSL4723 | pNPT PEYFP- | bEVS2 ;
gCENH3
pEYFP-
EYFP-gCENH3 plCSL4723 pNPT gCENH3 - -
ENS plCSL4723 pPPT pENS pFAST pBarnase
ENN plCSL4723 pPPT pENN pFAST pBarnase
EN plCSL4723 pPPT pEN pFAST pBarnase
Control (only Barnase) plCSL4723 pPPT - pFAST pBarnase
DvsS plCSL4723 pPPT pDVS pFAST -
pEYFP- pH2B-
CVE plCSL4723 pCVE CENH3 mCherry -
pEYFP- pH2B-
CvB plCSL4723 pCVB CENH3 mCherry -
pEYFP- pH2B-
Ccsv plCSL4723 pCSV CENH3 mCherry -
pEYFP- pH2B-
CEV plCSL4723 pCEV CENH3 mCherry -
pEYFP- pH2B-
CVS plCSL4723 pCVS CENH3 mCherry -
pEYFP- pH2B-
CcVv plCSL4723 pCV CENH3 mCherry -
. pEYFP- pH2B-
Control (no E3-ligase) plCSL4723 - CENH3 mCherry -
ENE plCSL4723 pPPT pENE pFAST pBarnase
ENB plCSL4723 pPPT pENB pFAST pBarnase

Appendix 4: List of PCR primers used for the genotyping of Arabidopsis stable-transformants
bearing different constructs

Transgene/mutant Forward primer Reverse primer
EVS EC1.1-GG-F BTB-R2

ENV EC1.1-GG-F NSLMB-R

EV EC1.1-GG-F VHHGFP-R1
ENS EC1.1-GG-F BTB-R2

ENN EC1.1-GG-F NSLMB-R

EN EC1.1-GG-F VHHGFP-R1
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ENE EC1.1-GG-F EL5-R

ENB EC1.1-GG-F BPM1-R1
Control (only Barnase) A9-Prom-F HSP-TER-R
DVS DAZ3-Prom-F BTB-R2

EC1.1-GG-F BTB-R2
ALFA-gCENH3 + ENS

Alfa-F CenH3-exon2-R
ALFA-gCENH3 Alfa-F CenH3-exon2-R

EC1.1-GG-F BTB-R2
EYFP-gCENH3 + EVS

EYFP-F CenH3-exon2-R
EYFP-gCENH3 EYFP-F CenH3-exon2-R
cenh3-1 EcoRV dCAPS for

CenH3-dCAPS-F CenH3-dCAPS-R
EYFP-gCENH3 lines
cenh3-1 EcoRV dCAPS for

AtCENH3-Geno-F2 CenH3-dCAPS-R

ALFA-gCENH3 lines

Appendix 5: List of all PCR primers used in this study and their corresponding nucleotide
sequence.

Primer name Sequence

NOS_PROM-F TTGAAGACAAGGAGGCGGAGAATTAAGGGAGTCACG

NOS_TER-R TTGAAGACAAAGCGAATTCCCGATCTAGTAACATAGATGACACCG
35S-gg-F TTGAAGACAAGGAGGAATTCCAATCCCACAAAAATC

35S-gg-R TTGAAGACAACATTGTATCGATAATTGTAAATGTAATTGTAATGTTGTTTG
rbcsTER-F TTGAAGACATCTCATTCGTAGTAATTATGGCATTGGGAAAACTG
rbcsTER-R TTGAAGACAACTCGAGCGTGTTTTACTCCTCATATTAACTTCGGTC
HSP-TER-F TTGAAGACATCTCATTCGATATGAAGATGAAGATGAAATATTTG
HSP-TER-R TTGAAGACAACTCGAGCGCTTATCTTTAATCATATTCCATAGTC
EC1.1-GG-F TTGAAGACAAGGAGAACGCCTATCATGAATTAGCTCTACTAAATCTAG
EC1.1-GG-R TTGAAGACAACATTTTCTCAACAGATTGATAAGGTCGAAAGAAGAAAGAG

DAZ3-Prom-F TTGAAGACAAGGAGGGAAGTTGAGATGAGCATTGATG
DAZ3-Prom-R TTGAAGACAACATTAATTTCTTCTTTGCAGAGATTTAG

A9-Prom-F TTGAAGACAAGGAGCACCTACACTTGTGTTTCCTC

A9-Prom-R TTGAAGACAACATTCTAATTAGATACTATATTGTTTGTACTTCTG

H2B-F1 TTGAAGACAAAATGGCACCAAGAGCCGAGAAGAAGCCCGCCGAGAAAAAA
ACCGCCGCTGAGAGGCCGGTG

H2B-R1 TTGAAGACAAACCTCCACCACTTCCACCACCTCCAG
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NsImb-F1

TTGAAGACAAAATGATGAAAATGGAGACTGACAAAATAATG

41258-NSLMB-R

TTGAAGACAAACCTGACTCGAGGTGGCGGCCAG

BTB-F TTGAAGACAAAGGTTCTGTCAACATTTCTGGCCAG
MYC-R TTGAAGACAACGAACCATTCAGATCCTCTTCTGAGATG
CENH3-Ntail-F1 | TTGAAGACATCTCAAGGTATGGCGAGAACCAAGCATCG
cenh3-gg-r TTGAAGACAACTCGCGAATCACCATGGTCTGCCTTTTC

CENH3-Bsa1-F1

TTGGTCTCATCCCGTACGGACGCATCATCAACATCTG

CENH3-Bsa1-F2

TTGGTCTCAGGAACTCAGACGTAGGCTCACGGAACCTGCGAGAACCAAGC
ATCGCG

CENH3-Bsa1-R1

TTGGTCTCATTCCTCTTCCAGCCTGGACGGCATTGATTTTTACTGCTGGAG
AAATC

CENH3-Bsa1-R2

TTGGTCTCACAGATTTCGTTTAAGGACCAATGAG

gly-vhhgfp4-f

TTGAAGACAAAGGTGGAAGTGGTGGAATGGATCAAGTCCAACTGGTG

gly-vhhgfp4-R

TTGAAGACAACGAACTAGCTGGAGACGGTGACCTG

VHHGFP-F1 TTGAAGACAAAATGGATCAAGTCCAACTGGTG
VHHGFP4- TTGAAGACAAACCTCCACCACTTCCACCGCTGGAGACGGTGACCTG
6xGly-R

CenH3-dCAPS-
F

GGTGCGATTTCTCCAGCAGTAAAAATC

CenH3-dCAPS-
R

CTGAGAAGATGAAGCACCGGCGATAT

BTB-R2 GGTTTCCAAGACATCCGAAGCATGATAG
EYFP-F AATGGTGAGCAAGGGCGAG
CenH3-exon2-R | CGTAGTTGGACCTGCCGCCTG

Alfa-F TCCAGGCTGGAAGAGGAACTCAG

AtCENH3-Geno-
F2

CTCCAGCAGTAAAAATCAATGGATAGA

NSLMB-R ACCTGACTCGAGGTGGCGGCCAG
VHHGFP-R1 TCCTCATAGGAGCTACGATCACCCG
EL5-R CGAACTACACGACGACGGTGAGGC
BPM1-R1 CGCCTAAAGGGCCAAAAAGCTGTG
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