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Abstract

Heterosis, or hybrid vigor, is a crucial driver of yield and robustness in modern hybrid breeding. However,
F1 hybrid plants give rise to genetically variable F2 offspring due to the segregation of genetic material in
male and female meiosis. Bioengineered clonal gametes, containing identical genetic material as the parental
plant, offer an innovative route to maintain genetic heterozygosity as a component of synthetic apomixis, or
as a tool in breeding to carry out polyploid genome design. In this protocol, we present methods to
generate clonal gametes in hybrid tomato plants by inducing synthetic apomeiosis through the Mitosis
instead of Meiosis (MiMe) system. This protocol can be used to implementMiMe in tomato plants of choice,
and describes the methods for comprehensive assessment of plant fertility and ploidy.
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1 Introduction

The tomato (Solanum lycopersicum), once referred to as the “wolf
peach,” is an important food crop and genetic model system. As
one of the most widely consumed vegetables globally, tomatoes are
economically important and are consumed in fresh and processed
forms. The tomato genome is relatively small (around 900 Mbp)
and more than 1000 cultivated and wild accessions have been
sequenced, which has been an important basis for understanding
the genetic basis of disease resistance, fruit quality, and yield [1, 2].

Hybrid seed production is a major challenge in crop breeding,
especially in crops, such as tomato, which require manual emascu-
lation, and pollination is required to obtain hybrids. Hybrid seeds
and plants offer advantages in terms of doubled genetic map for
gene introgression, higher yields, and increased robustness.
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However, the cost and complexity of producing hybrid seeds are
substantial, as it requires controlled pollination and careful man-
agement to prevent contamination from self-pollination. Mean-
while, hybrid vigor cannot pass to subsequent generations due to
meiotic recombination and random segregation of homologous
chromosomes during sexual reproduction [3–5]. This means
young plant producers and farmers must purchase new hybrid
seeds each season to maintain uniform phenotypes and high yields.
The need to ensure hybrid seed purity and seed quality further
complicate the hybrid seed production process, making it an expen-
sive and labor-intensive endeavor.
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The application of clonal gametes in synthetic apomixis—clonal
seed production in crops—offers an innovative solution to some of
the challenges associated with hybrid seed production [6, 7]. Clonal
eggs combined with embryogenesis without fertilization (parthe-
nogenesis) allow for the production of offspring that are genetically
identical to the parent plant [6, 7]. This enables the fixation of
desirable traits, such as hybrid vigor, without the need for annual
hybrid seed production. In addition, clonal seed production has the
potential to significantly reduce the costs of breeding and seed
production, as well as to create crops with uniform traits, which is
crucial for large-scale commercial farming.

Abolishing recombination and genome reduction to generate
clonal gametes involves modifying different elements of meiosis
and it is therefore not straightforward to engineer in every plant
species [3, 5]. Clonal egg and sperm cells have been engineered by
modifying three crucial steps in meiosis through a process known as
Mitosis instead of Meiosis (MiMe) [8]. MiMe is a process in which
first the homologous chromosome pairing and recombination is
abolished, second the sister chromatids separate in advance during
meiosis I, and third, the second cell division is skipped to mimic a
mitotic-like cell division [8]. MiMe was first established in Arabi-
dopsis [9] and later rice [9], and has recently also been accomplished
in tomato [10]. Tomato is the first dicot crop species in which the
bioengineering of clonal gametes has been demonstrated
[10]. Apomeiosis through MiMe is a promising method in plant
breeding, as it results in clonal gametes and supports the fixing of
favorable genotypes over generations. MiMe could be especially
useful to maintain heterozygous genotypes displaying hybrid vigor.

This protocol describes how to generate tomato hybrid MiMe
plants producing clonal gametes and how to assess the genomic
composition of their progeny. In short, this involves the generation
of triple knock-out mutants via mutation of SPORULATION 11-1
(SlSPO11-1) to remove meiotic recombination initiation, mutation
of RECOMBINATION 8 (SlREC8) to ablate sister chromatid
cohesion in meiosis I, and mutation of TARDY ASYNCHRO-
NOUS MEIOSIS (SlTAM) to avoid the second meiotic division.
Gene mutagenesis is carried out here using a Clustered Regularly



Interspaced Short Palindromic Repeats/CRISPR-associated pro-
tein 9 (CRISPR/Cas9) genome editing system, but could be
equally achieved using other genome editing systems or conven-
tional approaches (e.g., by chemical mutagenesis). MiMe triple
mutants are analyzed by visualizing chromosome behaviour by
meiotic cytology, pollen viability and size phenotyping, and off-
spring ploidy determination through flow cytometry. Finally,
whole-genome sequencing is applied to check for the presence/
absence of meiotic crossovers in the complete genomes of offspring
plants.
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Fig. 1 A schematic display of processes and genes that must be modified to
establish a Mitosis instead of Meiosis (MiMe) system. MiMe leads to unreduced
clonal male and female gametes in plants. It consists of modifying three crucial
pathways (removing all three of (1) meiotic recombination initiation, (2) sister
chromatid cohesion during meiosis I, and (3) the second meiotic division).
Potential gene targets to mutate and establish MiMe are listed at the bottom
of each process. Those genes highlighted in red are the targets for the tomato
MiMe system focused on in this protocol. (Created with Biorender.com)

So far, tomato MiMe has been used to generate clonal gametes
(Fig. 1), which produce tetraploid offspring after fertilization of the
diploid egg cell by the diploid sperm cell. In the future, tomato
MiMemay be used to engineer clonal reproduction/synthetic apo-
mixis [6, 7, 10, 11], which combines apomeiosis with partheno-
genesis (embryogenesis without fertilization of the egg cell) or
haploid induction/chromosome elimination, resulting in diploid



progeny that is genetically identical to the mother plant. In this
protocol, we describe the detailed approach for setting up MiMe in
hybrid tomato plants and the methods for the downstream analysis
(Figs. 2, 3, 4, and 5).
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Fig. 2 A schematic of the design, implementation, and downstream analysis related to Mitosis instead of
Meiosis (MiMe) in hybrid tomato. First, specific sgRNAs targeting SPO11-1, REC8, and TAM were designed by
checking the gene sequences in different tomato accessions/species. The predicted on-target cutting
efficiency and off-target rate of sgRNAs was checked. Through a multiplex gene-editing system, triple gene
MiMe mutants can be obtained in hybrid tomato plants, validated via genotyping and then analyzed through
several phenotyping approaches. (Created with Biorender.com)

2 Materials

2.1 Plant Material

and Growth Conditions

Tomato plants (Solanum lycopersicum) are grown under long-day
conditions of 16-h light (25 °C) and 8-h dark (20 °C). Hybrid
plants should be used to facilitate analysis of presence/absence of
meiotic crossovers by analysis of genetic marker segregation in
offspring plants. In the protocol described here, Moneyberg-
TMV x Micro-Tom hybrid plants are used.

2.2 Seed

Germination

1. 2 mL Eppendorf tubes.

2. Sterile water.
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Fig. 3 The chromosome behavior of male meiocytes and pollen viability from control and MiMe mutant plants.
(a) Meiotic atlas of male meiocytes via DAPI staining from wild-type hybrid Moneyberg-TMV × Micro-Tom.
Scale bars = 10 μm. (b) Meiotic atlas of male meiocytes via DAPI staining from hybrid Moneyberg-TMV ×
Micro-TomMiMe. Scale bars= 10 μm. (c) Alexander staining results from hybrid Moneyberg-TMV ×Micro-Tom
and hybrid Moneyberg-TMV × Micro-TomMiMe mutants. Scale bars = 50 μm



Fig. 4 Phenotyping of control, hybrid MiMe mutant plants and their offspring. (a) High-throughput single pollen
diameter distribution in hybrid Moneyberg-TMV × Micro-Tom (control) and hybrid Moneyberg-TMV × Micro-
TomMiMe mutants. The blue dotted line at 20 μm represents a dividing line between normal and abnormal
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Fig. 5 Whole genome sequencing analysis of allele frequency and normalized read coverage in control hybrid,
control F2, and hybrid MiMe mutant offspring plants. (a) Analysis of allele frequency in Moneyberg-TMV ×
Micro-Tom F1 (in red), Moneyberg-TMV ×Micro-Tom F2 offspring (in blue), Moneyberg-TMV ×Micro-TomMiMe

offspring 1 (in green), and Moneyberg-TMV × Micro-TomMiMe offspring 2 (in orange). On the y-axis, 0 means
homozygous Moneyberg-TMV (MbTMV), 1 means Micro-Tom (MT) and 0.5 means heterozygous between
MB-TMV and MT. The MiMe plants maintain the heterozygosity (green and orange are similar to red), while in
the F2 plant (blue) genetic segregation of alleles is observed (due to random segregation and meiotic
recombination). Moneyberg-TMV × Micro-TomMiMe offspring 2 (in orange) has a region at the end of
chromosome 11 with 0.66 allele frequency indicating a potential loss of a small part of a MbTMV chromosome
11. (b) Normalized read coverage of two Moneyberg-TMV × Micro-TomMiMe offspring among the whole
chromosomes. There is chromosome truncation at the end of chromsome 11 (region in red), in Moneyberg-
TMV × Micro-TomMiMe offspring 2

Fig. 4 (continued) pollen. (b) Seeds collected after selfing of hybrid Moneyberg-TMV × Micro-Tom (control)
and hybrid Moneyberg-TMV × Micro-TomMiMe mutants. Scale bars = 3 mm. (c) Flow cytometry histogram of
hybrid Moneyberg-TMV × Micro-TomMiMe (left), the offspring (middle) and the merged result (right)
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3. 2.7% NaClO: dilute the 12% Sodium hypochlorite solution
(NaClO) (e.g., Roth #9062.3) to a working solution (2.7%
NaClO) with sterile water.

4. Saturated Na3PO4 solution: dissolve 28 g Na₃PO₄·12H₂O in
100 mL (final volume) water.

5. Glass vessels and leucopore tape.

2.3 Cloning of

CRISPR-Cas9

Plasmids

1. A vector expressing 35S::AtCas9 with cloning sites to add
multiple sgRNAs, e.g., 35S:Csy4-P2A-AtCas9 + CmYLCV:
gRNAs (pDIRECT_22C, Addgene Plasmid #91135).

2. Enzymes and buffers for Golden Gate cloning: BsaI-HFv2
(e.g., NEB #R3733L); SapI (e.g., NEB #R0569L); T4 DNA
Ligase (e.g., NEB #M0202L); Adenosine 5′-Triphosphate
(ATP) (e.g., NEB #P0756S9) and rCutSmart™ Buffer (e.g.,
NEB # B6004S).

3. Oligos encoding the sgRNA sequences with overhangs for
Golden Gate cloning.

2.4 Agrobacterium-

Mediated Tomato

Transformation

1. Agrobacterium tumefaciens, strain GV3101, carrying the final
CRISPR-Cas9 genetic construct.

2. YEB Agrobacterium growth medium and antibiotics specific
for the GV3101 Agrobacterium strain and CRISPR construct
used (working solutions: 50 μg/mL kanamycin, 20 μg/mL
rifampicin and 20 μg/mL gentamicin).

3. Basic MS medium: 4.3 g/L MS salt (incl. vitamins) (e.g.,
M0222.0050, Duchefa Biochemie), 100 mg/L myo-inositol
(e.g., I0609.0100, Duchefa Biochemie), 30 g/L sucrose (e.g.,
S0809.5000, Duchefa Biochemie), 7 g/L phyto agar (e.g.,
P1003.1000, Duchefa Biochemie) (pH 5.9 adjusted with
1 M KOH). Autoclaved (see Note 1).

4. MS-0 medium (seed germination): 4.3 g/L MS salt (incl.
vitamins), 100 mg/L myo-inositol, 20 g/L sucrose, 7 g/L
phyto agar (pH 5.9 adjusted with 1 M KOH). Autoclaved (see
Note 2).

5. MS-1 medium (transformation and callus induction): Basic MS
medium (as above point 3). After autoclaving, add zeatin ribo-
side (e.g., Z0937.0050, Duchefa Biochemie), acetosyringone
(e.g., D134406, Sigma), and IAA (I2886, Sigma) to a final
concentration of 2 mg/L, 73 mg/L, and 0.1 mg/L,
respectively.

6. MS-2 medium (callus differentiation and shoot initiation):
Basic MS medium (as above point 3). After autoclaving, add
zeatin riboside, carbenicillin (e.g., C0109.0005, Duchefa Bio-
chemie), and kanamycin (e.g., K0126.0001, Duchefa Bio-
chemie) to a final concentration of 2 mg/L, 500 mg/L, and
100 mg/L, respectively (see Note 3).
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7. MS-3 medium (root development): MS-0 medium (as above
point 2). After autoclaving, add carbenicillin and kanamycin to
a final concentration of 250 mg/L and 50 mg/L, respectively.

8. Vented Petri dishes (9-cm diameter) containing MS-1 and
MS-2 medium and tissue culture containers (e.g., jars or
boxes) containing MS-0 and MS-3 medium.

9. Stacks of filter paper (10 × 10 cm) wrapped in tin foil and
autoclaved.

10. 0.7% phyto agar. Autoclaved.

11. Flame-sterilized scalpels and/or scissors, and a flat-beaked
tweezer.

12. Leucopore and sterile glass plates.

13. 50-mL Falcon tubes and 1-mL sterile pipette tips.

2.5 Chromosome

Spreading

1. Carnoy’s fixation buffer: 3:1 (v/v) absolute ethanol: glacial
acetic acid.

2. 60% acetic acid.

3. 10 mM of citric buffer (pH 4.6): mix 5 mM of citric acid (e.g.,
Sigma, C0759) with 5 mM of sodium citrate dihydrate (e.g.,
Sigma, W302600) and adjust the pH to 4.6 with hydrochloric
acid or sodium hydroxide.

4. 3x digestion enzyme mix: 0.1% (w/v) cellulase Onozuka R-10
(e.g., Sigma, C8883), 0.1% (w/v) cytohelicase from Helix
pomatia (e.g., Sigma, C8274), and 0.1% (w/v) pectolyase
from Aspergillus japonicus (e.g., Sigma, P5936) in 10 mM of
citric buffer (pH 4.6). This 3x stock solution can be stored at-
20 °C. Before use, dilute the 3x stock solution (containing
0.3% (w/v) of each enzyme) into a 1x digestion enzyme mix
using 10 mM of citric buffer (pH 4.6).

5. 2 μg/mL DAPI staining solution: 40 μL 100 μg/mL DAPI
stock (e.g., DAPI powder, Roche 10236276001, dissolved in
water), in an antifade mounting medium (e.g., 1960 μL VEC-
TASHIELD® Antifade Mounting Medium (H-1000-10)).

2.6 Pollen Analysis 1. 100mL Alexander staining solution: 10 mL 96% ethanol, 1 mL
1% malachite green in 96% ethanol (10 mg Malachite green),
50 mL distilled water, 25 mL glycerol, 5 mL 1% acid fuchsin in
distilled water (50 mg acid fuchsin), and 0.5 mL 1% Orange G
solution in distilled water (5 mg Orange G), 4 mL glacial acetic
acid, and 4.5 mL distilled water (stored in the dark).

2. The alternative commercial Alexander staining solution: Mor-
phisto, Labochemikalien & Histologieservice 13441.00250.

3. Mulitisizer 4e instrument with 100-μm Aperture Tube.

4. ISOTON II Diluent particle characterization for Multisizer 4e.
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2.7 Flow Cytometry 1. Galbraith’s buffer: 45 mM MgCl2 (4.574 g MgCl2·6H2O,
e.g., Sigma, M2670), 30 mM sodium citrate (4.412 g sodium
citrate, e.g., Sigma, W302600), 20 mM MOPS (2.093 g
MOPS, e.g., Sigma, M1254), 0.1% (v/v) Triton X-100
(0.5 mL Triton X-100, e.g., T9284, Sigma), pH 7.0 (Final
volume: 500 mL).

2. QC beads: Three drops of mixed original QC beads (Cyto-
FLEX Daily QC fluorospheres, B53230) into 1 mL distilled
water (vortex beads in advance).

3. DAPI, 100 μg/mL stock solution (e.g., 6335.1, Roth).

4. CellTrics disposable filters-green 30 μm (e.g., 04-004-2326,
Sysmex).

5. Sharp razors (e.g., Wilkinson Sword) for chopping.

6. CytoFLEX Sheath Fluid, B51503.

7. FlowClean Cleaning Agent, A64669.

2.8 Equipment 1. Tomato transformation: Laminar flow cabinet and growth
chamber.

2. Particle size detector (for pollen size): theMulitisizer 4e instru-
ment with 100 μm Aperture Tube. The Multisizer 4e Coulter
Counter (Beckman Coulter, Germany).

3. Anthers separation: StereoMicroscope (e.g., Stemi 508, Zeiss).

4. DIVAC (Diaphram Vacuum Pumps) machine: used for vacuum
treatment of anthers.

5. Ploidy checking: CytoFLEX LX Flow Cytometer (Beckman
Coulter, Germany).

6. Seeds imaging: digital stereomicroscope (Fig. 4b), e.g., Leica
M205 FA (Leica Microsystems).

7. Chromosome imaging: Zeiss Axio Imager Z2 upright
microscope.

8. Pollen imaging: Zeiss Axioplan 2 imaging fluorescence
microscope.

3 Methods

3.1 Generation of the

MiMe Genotype by

CRISPR-Cas9 Gene

Editing

1. Identify the tomato homologs of the Arabidopsis genes
SPO11-1, REC8, and TAM based on the Arabidopsis gene
information (https://www.arabidopsis.org/), using the SolGe-
nomics Network database (https://solgenomics.net/) or a
comparable database (see Note 4).

2. Perform gene annotations according to the gene and protein
information against NCBI database (https://blast.ncbi.nlm.
nih.gov/Blast.cgi).

https://www.arabidopsis.org/
https://solgenomics.net/
https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://blast.ncbi.nlm.nih.gov/Blast.cgi
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3. Design specific sgRNAs to knock-out SlSPO11-1, SlREC8, and
SlTAM using CRISPR-P (http://crispr.hzau.edu.cn/
CRISPR2/) (see Note 5).

4. Verify the conservation of the sgRNA target sequence among
different tomato accessions/species and confirm they can tar-
get different hybrid lines (https://solgenomics.net/projects/
tomato13/).

5. Clone the CRISPR vector using the Golden Gate assembly
approach with sgRNA products (PCR-purified) and also as
outlined in Čermák et al., [12] (see Note 6). Prepare the
Golden Gate reaction as follows:

Golden gate assembly reaction (Total volume: 20 μL)

pDIRECT22C (50 ng) 1 μL

Diluted purified PCR products (4 samples) 0.5 μL

SapI 1 μL

BsaI-HF 1 μL

T4 DNA ligase 1 μL

ATP (10 mM) 2 μL

10x CutSmart 2 μL

ddH2O 10 μL

6. Run reaction in a thermocycler with the following steps:

Temperature (°C) Time Cycles

37 10 min x8
16 10 min

37 10 min x1

85 5 min x1

4 Hold

7. Perform E. coli transformation with the reaction product, sin-
gle colony identification, and subsequent plasmid sequencing
(Sanger sequencing or whole-plasmid sequencing).

3.2 Hybrid Tomato

Seed Germination

1. Incubate hybrid tomato seeds in 1 mL sterile water in a 2-mL
Eppendorf tube for 2 h (see Note 7). Germinate around 50 or
180 seeds when using true leaves or cotyledons as explants,
respectively.

2. Remove sterile water and incubate seeds for 15 min in a
saturated Na3PO4 solution to degrade spores and viruses.

http://crispr.hzau.edu.cn/CRISPR2/
http://crispr.hzau.edu.cn/CRISPR2/
https://solgenomics.net/projects/tomato13/
https://solgenomics.net/projects/tomato13/
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3. From here onwards, work in a laminar flow cabinet to ensure a
sterile working environment.

4. Wash seeds with sterile water three times.

5. Incubate seeds in 2.7% NaClO for 20 min.

6. Wash seeds with sterile water three times.

7. Place the wet seeds on 0.7% agar (seal the glass vessels with
leucopore tape) and let them germinate and grow at 25 °C in
long-day conditions.

8. Transfer the seedlings intoMS-0 solid medium, and cotyledons
or true leaves can be used for tomato transformations (seeNote
8).

3.3 Agrobacterium-

Mediated

Transformation for

Hybrid Tomatoes

1. Grow the Agrobacterium strain containing the CRISPR con-
struct in 100 mL liquid YEB containing antibiotics (20 μg/mL
rifampicin, 20 μg/mL gentamycin, and the selection antibiotic
from the CRISPR construct, which is 50 μg/mL kanamycin for
the plasmid described in Subheading 2.2) for about 2 days at
28 °C, 220 rpm (see Note 9).

2. Re-inoculate 100 mL liquid YEB with antibiotics with various
amounts of Agrobacterium original culture (100 μL, 200 μL,
and 400 μL). Be sure to include 100 mL liquid YEB (50 μg/
mL kanamycin, 20 μg/mL rifampicin, and 20 μg/mL genta-
micin) as baseline control for the OD600. Incubate around 12 h
on 28 °C, 220 rpm (roughly from 18:00 to 08:00).

3. From here onwards, work in a laminar flow cabinet to ensure a
sterile working environment.

4. On the day before the transformation, cut about 200 explants
using flame-sterilized scalpels and/or scissors, and a flat-beaked
tweezer. Explants can be obtained from the true leaves of 4–6-
week-old plants grown in vitro on MS-0 medium. Alterna-
tively, cotyledons can be used (see Note 10). Explants can be
cut in a sterile environment on sterile glass plates, should have
two or three cut sides, and be approximately 6 × 6 mm in size.

5. To avoid drying of the explants, transfer them adaxially onto
MS-1 plates directly after cutting, using a flat-beaked tweezer.

6. Incubate the plates, sealed with leucopore, overnight at 25 °C
in the dark to adapt the leaves to the medium and avoid stress
by photosynthesis.

7. On the day of the transformation, measure the absorbance
value (OD600) of Agrobacterium culture medium with differ-
ent concentration gradients. Choose the appropriate overnight
culture (OD600 = 0.6–0.8) and dilute 1:20 with LB without
antibiotics (100 mL total volume). This can be done outside
the laminar flow cabinet.
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8. Collect the explants from the MS-1 plates using a flat-beaked
tweezer in a 50-mL Falcon tube and keep the empty MS-I
plates. Add the Agrobacterium solution to the tube and incu-
bate the explants for 15 min on a roller-bench.

9. Place the leaves on sterile filter paper to remove the liquid and
place the explants adaxially on the MS-1 plates (kept in step 8)
and seal plates with leucopore tape.

10. Incubate the plates, containing explants infected withAgrobac-
terium, for 48 h in the dark at 25 °C.

11. Transfer the explants adaxially onto MS-2 plates and place
them in long-day conditions at 25 °C and seal the plates with
leucopore tape. See Note 11 for regeneration control.

12. After 7 days, transfer explants to fresh MS-2 plates.

13. Transfer the explants to fresh MS-2 plates every 2–4 weeks for
callus and shoot formation.

14. Cut off emerging shoots at the base and place on MS-3
medium in tissue-culture jars for root development. Take care
to keep the shoot apical meristem intact and to not include
callus.

15. Transfer well-developed tomato plants with roots into nonster-
ile conditions in a growth chamber or greenhouse. Let the
plants gradually adjust to decreased humidity using a plastic
cover or cling film. Continue with further genotyping and
phenotyping.

3.4 Chromosome

Spreading to Visualize

Chromosome

Dynamics During

Meiosis

1. Harvest developing unopened meiotic buds of various sizes
(separated meiotic anthers length about 3–4 mm) into fresh
Carnoy’s fixation buffer (see Note 12).

2. Deeply infiltrate the tissue with the fixate by placing them in a
diaphragm vacuum pumps (DIVAC) machine and incubate at
room temperature under a vacuum for at least 30 min.

3. Refresh the Carnoy’s fixation buffer so the fixed materials can
be stored for longer term at -20 °C.

4. Manually dissect unopened flower buds using a stereomicro-
scope and tweezers, and separate the anthers from the other
tissues. Keep the tissue moist in a droplet of Milli-Q while
dissecting. Store the dissected anthers in Milli-Q.

5. Pipet off Milli-Q from the anthers and add 200 μL of 10 mM
citric buffer (pH 4.6) and mix gently by flicking the tube or
pipetting. The anthers should stay intact.

6. Remove the citric buffer and add 200 μL of 1x digestion
enzyme mix. Mix by pipetting carefully and incubate the
anthers for 3 h at 37 °C.
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7. Prepare ethanol dilutions (75%, 90%, and 100%) and grab
liquid nitrogen.

8. After incubation, remove the 1x digestion enzyme mix and add
75% ethanol.

9. Take three or four anthers of the size of interest and place them
on a microscope slide. Gently remove the ethanol from the
microscope slide with filter paper and add 5 μL of Milli-Q.

10. Cut the anthers in half using tweezers and press/squash the
anthers into a mixed soup.

11. Add 50 μL of 60% acetic acid and crush the anthers by using
tweezers until no visible intact pieces are left.

12. Mix and transfer 10 μL to a new slide.

13. Put on a coverslip. Remove air bubbles by gently tapping with
the forceps.

14. Put the slide and coverslip between filter paper and press firmly
for 5 s.

15. Put the slide and coverslip in liquid nitrogen until the sizzling
stops.

16. Remove coverslip (in a single go) with a knife.

17. Dehydrate the slides by putting them in 75% ethanol, 90%
ethanol, and 100% ethanol for 5 min each (see Note 13).

18. Add DAPI and visualize chromosomes using a fluorescent
microscope (e.g., Zeiss Axio Imager Z2 upright microscope)
(Fig. 3a, b). Besides meiocytes, the slide will contain somatic
cells going through mitosis. See Note 14 (and Fig. 3a, b) on
how to differentiate meiotic and mitotic cells.

3.5 Pollen Viability

and Single Pollen Size

Determination

3.5.1 Alexander Staining

1. Select a blooming inflorescence from the tomato plants.

2. Add 20 μL Alexander staining solution into 2.0-mL
Eppendorf tube.

3. Use an electric pollinator to release pollen from a single flower
into the 2.0-mL Eppendorf tube (see Note 15).

4. 10 s centrifugal spin down and mix the contents evenly by
pipetting up and down using a cut 200-μL tip.

5. Add 10 μL of mixed solution on the slide and cover with a
cover slip.

6. Capture images of the pollen staining, for example, using
Axioplan 2 Imaging Microscope (Zeiss, Germany) using 10x
objective. See Fig. 3c for Alexander staining results of wild-type
Moneyberg-TMV x Micro-Tom, and Moneyberg-TMV x
Micro-TomMiMe.

7. Use ImageJ software to automatically measure the single pollen
diameter and size.



Engineering Mitosis Instead of Meiosis in Hybrid Tomato Plants 269

3.5.2 Single-Particle

Diameter Determination

1. Collect a fresh blooming inflorescence.

2. Install an aperture tube (100 μm) for pollen measurement
according to Beckman Coulter Multisizer 4 User Manual.

3. Edit Standard Operating Method (SOM) settings (12,000
events per sample) and enter the low and high limits (Sizing
threshold: 8–60 μm) for the range of particle diameter sizes. See
Fig. 4a for high-throughput single pollen diameter distribution
(see Note 16).

4. Add 10 mL Isoton II diluent fluid into the container and shake
the pollen from one flower into the solution using an electric
pollinator.

5. Mix the sample well and then measure the particle size.

6. Analyze the data using the Multisizer 4e software according to
the manufacturer’s manual (https://www.manualslib.com/
manual/1221961/Beckman-Coulter-Multisizer-4.html?
page=3#manual).

3.6 Ploidy Analysis:

Flow Cytometry

1. Collect a small piece of leaf (approximately 1 cm × 1 cm).

2. Chop the collected leaf tissue in 520 μL of Galbraith’s buffer
using a sharp razor blade (see Note 17).

3. Filter the slurry through a 30-μm CellTrics green filter (e.g.,
04-0042, Sysmex).

4. Add 20 μL DAPI (100 μg/mL) into 500 μL of filtered sample
and incubate for 15 min.

5. Use flow cytometer (e.g., cytoFLEX V5-B5-R3) to check the
ploidy level of plants according to the manufacturer’s
instructions.

6. Perform daily clean and quality control by using CytoFLEX
Daily QC fluorospheres (e.g., Beckman coulter, B53230).

7. For final data collection, 12,000 events per sample were
acquired in fast mode for each independent measurement.

8. Analyze the final data (Fig. 4c). In our case, this was done using
CytExpert (Beckman Coulter) and FCS Express 7 software (see
Note 18).

3.7 Whole-Genome

Sequencing for

Crossover Detection

3.7.1 SNP Marker

Identification Using Short-

and Long-Read

Sequencing

1. To identify the markers between Moneyberg-TMVand Micro-
Tom, align the short reads (BGI) and long reads (HiFi) of
Micro-Tom [10] against MbTMV reference genome [13]
using bwa-mem [14] and minimap2 [15], respectively.

2. Detect SNPs using GATKHaplotypeCaller and keep SNPs that
are supported by both long and short reads.

https://www.manualslib.com/manual/1221961/Beckman-Coulter-Multisizer-4.html?page=3#manual
https://www.manualslib.com/manual/1221961/Beckman-Coulter-Multisizer-4.html?page=3#manual
https://www.manualslib.com/manual/1221961/Beckman-Coulter-Multisizer-4.html?page=3#manual
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3.7.2 High-Throughput

Sequencing and Genomic

Profiling of Parent Plants

and Offspring Populations

1. Collect small (1 cm × 1 cm) leaf samples from wild-type F1
plants, wild-type F2 plants, and MiMe offspring plants.

2. Use the NucleoMag Plant Kit (Macherey Nagel, 744400.4) in
96-well plates to extract genomic DNA, employing a robotic
KingFisher device (Thermo) for automated processing.

3. Prepare TPase-based barcoded DNA sequencing libraries from
the extracted DNA to enable multiplexed sequencing.

4. Sequence the pooled libraries using an Illumina device (Paired
end 150-bp mode) and subsequently separate raw reads of
individual libraries by demultiplexing. Map the reads to the
Moneyberg-TMV genome using bwa-mem [14].

3.7.3 Analysis of

Sequencing Data of Parent

Plants and Offspring

Populations

1. Illumina reads of wild-type F1 plants, wild-type F2 plants, and
MiMe offspring plants are mapped against the MbTMV refer-
ence genome [13] using bwa-mem [14] and SNPs are called
using GATK HaplotypeCaller.

2. Using the marker set developed in Subheading 3.7.1, compute
the average allele frequency in a sliding 1-Mb window with
50 kb step size per sample and visually inspect deviations from
the expected frequency to differentiate F2 offspring from F1
hybrid and MiMe samples and to infer presence or absence of
recombination.

3. Using the short-read mapping, compute the genome-wide
mean read coverage per sample and inspect regions with signif-
icant fold change. Deviation in both read coverage and allele
frequency, which span from one genomic location to the end of
the chromosome, may indicate chromosome truncation or
aneuploidy. See Fig. 5a, b for illustration of WGS analysis of
allele frequency and normalized read coverage in control
hybrid, control F2, and hybrid MiMe mutant offspring plants.

4 Notes

1. It is important to work sterile in tissue culture. Therefore,
antibiotics and hormones should be filter sterilized before
use. All media should be autoclaved.

2. This protocol has been optimized for Moneyberg-TMV x
Micro-Tom hybrid plant transformations. Sucrose and hor-
mone concentrations deviate from other protocols specifically
for Micro-Tom transformation.

3. The carbenicillin is added to kill theAgrobacterium and prevent
contamination of the tissue culture; kanamycin is a construct-
specific antibiotic selection agent and may be replaced by
another agent depending on the construct used.
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4. The Sol Genomics Network website (https://solgenomics.
net/) provides tools and resources for tomato genomics
research. The alternative websites are as follows: Phytozome
(https://phytozome-next.jgi.doe.gov/), Ensembl Plants
(https://plants.ensembl.org/index.html), and TomAP
(https://bioinformatics.cau.edu.cn/TomAP/index.
html) [16].

5. Apart from this CRISPR-P website, some other websites can be
used to design sgRNAs: CHOPCHOP (https://chopchop.
cbu.uib.no/) and CRISPR-PLANT (http://omap.org/crispr/
CRISPRsearch.html).

6. For the Golden Gate assembly, it is recommended to use
purified PCR products diluted after column purification, rather
than gel-purified or unpurified PCR products, as this signifi-
cantly improves assembly efficiency.

7. For some tomato seeds germination, incubation of seeds with
700 ppm GA3 overnight can increase the germination rate.

8. True leaves of 4–6-week-old plants can be used for the trans-
formation. In our experience, using older leaf materials is not
advised, as it increases the chance of generating tetraploid
plants.

9. Liquid cultures can be stored in the fridge (4 °C) for 6 weeks.
Glycerol stocks (25% glycerol as final concentration) from the
liquid culture can be stored at -80 °C for several years.

10. Cotyledons may be used as alternative to true leaves as
explants. Per cotyledon, one or two explants can be cut.

11. A few explants can be placed on a regeneration control medium
without kanamycin (or other plant selection antibiotic). These
explants should regenerate rapidly and confirm that the condi-
tions are good for regeneration.

12. The anther sizes linked with meiosis stages vary between dif-
ferent tomato varieties, and also the growth temperature influ-
ences the anther development. For the exact meiotic stage
determination, the tip of one anther can be cut and then
make the squash to check stage via DAPI staining or acetocar-
mine staining. To ensure that the microscope slide will contain
a complete range of meiotic stages, pool anthers of different
sizes (from different sizes of flower buds, thus different devel-
opmental stages). Anthers from up to six flower buds can be
pooled. Do not pool anthers from different flower buds when
interested in a specific meiotic stage.

13. The slides can be stored at-80 °C and used for fluorescence in
situ hybridization (FISH) or immunostaining in the future.

https://solgenomics.net/
https://solgenomics.net/
https://phytozome-next.jgi.doe.gov/
https://plants.ensembl.org/index.html
https://bioinformatics.cau.edu.cn/TomAP/index.html
https://bioinformatics.cau.edu.cn/TomAP/index.html
https://chopchop.cbu.uib.no/
https://chopchop.cbu.uib.no/
http://omap.org/crispr/CRISPRsearch.html
http://omap.org/crispr/CRISPRsearch.html
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14. Meiotic cells can be differentiated from mitotic cells based on
size and chromosome behavior such as chromosome pairing
and synapsis. Meiocytes are bigger than mitotic cells.

15. A home-made electric pollinator can be made from an electric
toothbrush. To do this, the toothbrush head needs to be
removed, and a metal rod (length: 10 cm, diameter: 2 mm)
needs to be attached to the vibrating tip/shaft. Alternatively, a
commercial electric pollinator can be bought.

16. To accurately determine the exact pollen number per flower,
the Control Mode (Volumetric-2 mL) can be selected for SOM
Wizard. So, the final number of individual pollen will be five
times the measured number.

17. To detect the diploid and tetraploid samples, co-chopping is a
good approach (select the same size of both leaf materials and
put them together for co-chopping, so it will exhibit overlap-
ping tetraploid peaks).

18. The online website https://floreada.io/analysis for analyzing
flow cytometry data (.fcs file) is free to use.
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