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Abstract

The generation of haploids is one of the most powerful means to accelerate the plant breeding process.
In most crop species, an efficient haploid technology is not yet available or only applicable to a limited
set of genotypes. Recent results published for Arabidopsis thaliana and major cereal crops like maize
and wheat about successful haploid induction by CRISPR/Cas9-mediated editing of the centromeric
histone H3 gene (CENH3) suggest that this novel method for the production of haploid plants might
also be applicable to vegetable species like carrot. Here, we report and summarize the different
experimental and genetic approaches that have been focused in the past few years on CRISPR/Cas9-
based editing of the carrot CENH3 gene. We also describe the discovery of a second CENH3 locus in
the carrot genome, which complicates the attempts to generate and to analyse putative haploid
inducer genotypes. We show that three different CRISPR/Cas9 target constructs, used alone or in
combinations, could successfully target carrot CENH3. Promising mutants such as in-frame indel or in-
frame deletion mutants have been found, but their successful usage as putative haploid inducer is
uncertain yet. Next generation sequencing of amplicons spanning CRISPR target sites and transcript-
based amplicon sequencing seemed to be appropriate methods to select promising mutants, to
estimate mutation frequencies, and to allow a first prediction which gene was concerned. Another aim
of this study was the simultaneous knockout and complementation of the endogenous carrot CENH3
gene by an alien CENH3 gene. Co-transformation of a CRISPR/Cas9-based carrot CENH3 knockout
construct together with a CENH3 gene cloned from ginseng (Panax ginseng) was performed by using
Rhizobium rhizogenes. It was shown, that ginseng CENH3 protein is accumulated inside the
kinetochore region of carrot chromosomes, indicating that PgCENH3 might be a suited candidate for
this approach. However, presently it is unclear, if this gene is fully functioning during the meiotic cell
divisions and able to complement lethal gametes. Challenges and future prospects to develop a
CENH3-based HI system for carrot are discussed.
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Introduction

The cultivated carrot (Daucus carota subsp. sativus) is one of the most widely grown vegetable crops
in the world due to its aromatic flavor and high contents of health-promoting compounds including
carotinoids, anthocyanins, polyacetylenes and volatile terpenes. Due to the abundant availability, high
diversity of cultivars, world-wide experience and its high agricultural yields, carrot is a very promising
target vegetable for attempts to enhance the efficiency of F1 hybrid breeding systems. Traditional
inbred line production in carrots is long-lasting, and the application of tissue culture techniques such
as microspore culture is highly genotype-dependent and therefore mostly inefficient. Uniparental
genome elimination by manipulating centromeric histone H3 (CENH3) might be an alternative future
strategy to generate fully homozygous lines for hybrid breeding. CENH3 is a protein with a universal
function in chromosomes of plants and animals. As a main component of the kinetochore, a multi-
protein complex to which spindle microtubules are attached during mitosis and meiosis, is involved in
controlling proper segregation of chromosomes during cell division (Jiang et al. 2003). Modifications
of CENH3 as one of the structural key components of centromeres could negatively affect their
function and cause disturbed chromosome distribution due to loss of intact CENH3 chromatin.
Manipulating CENH3 gene transcription, translation or CENH3 protein loading onto the centromeric
regions of the chromosomes have been proposed as a biotechnological tool for producing haploid- and
double-haploid plants (Ravi and Chan 2010; Ravi et al. 2014; Karimi-Ashtiyani et al. 2015). Therefore,
CENH3-based uniparental genome elimination has become a new target for research on innovative
plant breeding strategies in the past few years.

Presently, CENH3-mediated haploid induction protocols leading to a sufficiently high number of
haploids have been developed solely for the model plant A. thaliana (Ravi and Chan 2010; Kuppu et al.
2015; Maheshwari et al. 2015; Karimi-Ashtiyani et al. 2015; Kuppu et al. 2020). However, outside of
the Arabidopsis model system, a workable CENH3-based haploid technology has rarely been reported.
An overwiew about CENH3 modifications used for haploid induction (HI) in different crop plants and
the generally low achieved HI rates achieved is given by Kalinowska et al. (2019). For instance, in maize
a HI rate of only 3.6% haploids was reported by Kelliher et al. (2016). Recently, higher frequencies of
haploids of up to 9% were achieved in maize by using a simplified HI system based on crossing plants
which were heterozygous for a CENH3 null mutation (Wang et al. 2021). In wheat, a commercially
operable HI system based on paternal lines with heterozygous CENH3 frameshift mutations created by
genome editing was able to produce up to 7% Hl rate (Lv et al. 2020). However, all HI frequencies
reported by now for crop plants are lower than those reported for Arabidopsis (up to > 30%).

Two different approaches have initially been proposed for CENH3-based uniparental genome
elimination (Fig. 1). The first approach is based on the so called Two-Step strategy presented for the
first time by Ravi and Chan (2010), where lethal A. thaliana knockout CENH3 mutants were successfully
rescued by transformation with modified CENH3 transgenes. Later it was demonstrated by the same
group that functional complementation of A. thaliana CENH3 null mutants and haploid induction is
also possible with untagged natural CENH3 variants from progressively distant relatives such as
different Brassica species (Maheshwari et al. 2015). The Two-Step strategy (denoted in this paper 2-
STEP) would currently most likely require the use of genetic modifications and would result in
transgenic haploid inducer plants. Although it is expected that the next generation would be most
widely non-transgenic due to the loss of the chromosomes of the transgenic haploid-inducer plant,
there is some concern about the utilization of transgenic HI parents within breeding programs. The
alternative One-Step (1-STEP) approach is based on more or less targeted genetic modifications of the
endogenous CENH3 gene. By creating point mutations by TILLING, which were not lethal but
responsible for reduced CENH3 centromere loading and/or the generation of so-called 'weak
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centromeres', haploid genotypes were induced in barley, sugar beet and A. thaliana (Karimi-Ashtiyani
et al. 2015; Kuppu et al. 2015). Alternatively, to the TILLING technique, genome editing techniques
such as CRISPR/Cas might be used to create targeted DNA double-strand breaks (DSBs) and to knock-
out and/or generate partially functional alleles of CENH3. CRISPR-based techniques have been used
successfully to edit genes of interest in a large variety of model and crop plant species (Scheben et al.
2017; Li et al. 2020; Puchta et al. 2022). Due to its relatively low costs, easy design and ability of not
only introducing alterations via NHEJ (Non Homologous End Joining) but also allowing gene
replacements via homologues recombination (Schiml et al. 2014), CRISPR/Cas-based gene editing
offers a suitable alternative to the classical mutagenesis and gene disruption approaches for functional
genomics. Currently this method is based mainly on CRISPR/Cas constructs which are used for
Agrobacterium/Rhizobium-mediated or direct gene transfer. Besides conventional genetic
transformation using RNA-guided Cas endonuclease expression units, the recent establishment of
using preassembled complexes of purified Cas9 protein and target gene-specific guide RNAs (Woo et
al. 2015) opens up the opportunity to implement a particularly promising 1-STEP modification of
CENH3 without any transgene integration (Kalinowska et al. 2019).

Introducing mutations into endogenous CENH3 gene by CRISPR/Cas9 or TILLING

/\

One-Step Two-Step
CENH3 knock-down mutants with CENH3 knock-out mutants,
single amino acid changes rescued by
(,weak centromers”) « genetically engineered CENH3 genes or
(transgenic or non-transgenic) * native CENH3 genes from related species
(transgenic)

\ /

Self fertilization of mutants to get homozygous mutants (optional)

|

| Crossing of putative haploid inducers with wild type |

|

l Screening for (doubled) haploids and residues of transgenic DNA ‘

Figure 1 Schematic presentation of the two different strategies to create ‘haploid inducer’ genotypes
through manipulation of CENH3

Successful approaches to generate haploid crop plants through CRISPR/Cas9-mediated gene editing
has been reported only for the major cereal crops maize and wheat (Kelliher et al. 2019; Lv et al. 2020;
Wang et al. 2021). In A. thaliana, CRISPR/Cas9-mediated in-frame deletions in the CENH3 histone fold
domain resulted in plants with normal growth and fertility while acting as excellent haploid inducers
when pollinated by wild-type pollen (Kuppu et al. 2020). In vegetable species, few studies have applied
CRISPR/Cas9 technique to induce mutations in the CENH3 gene. In red cabbage (Brassica oleracea var.
capitata) several sgRNAs targeting CENH3 were introduced by transfection in protoplasts and in leaves
through infiltration with Agrobacterium tumefaciens, and average mutation rates of up to 14.4% were
obtained after deep sequencing analysis (Staji¢ et al. 2019). Since the C-to-T mutation of the Leu133
codon (CTT) of CENH3 gene can lead to an amino acid change that resulted in haploid plants in barley,
sugar beet and Arabidopsis (Karimi-Ashtiyani et al. 2015), this codon of the CENH3 gene of cauliflower
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(Brassica oleracea var. botrytis) was selected for targeted base editing. Base-edited point mutations
were achieved and could be passed onto the T, generation (Wang et al. 2022).

As a prerequisite for usage of a CENH3-based haploidization strategy, functional CENH3 genes of the
concerned species must be cloned and analysed for the identification of suitable modification sites
within the hypervariable N-terminal region of CENH3 or the more conserved histone fold domain
(Kalinowska et al. 2019). In addition, for usage of the 2-STEP method, genetically engineered CENH3
genes or alien CENH3 genes have to be stably expressed in transgenic cells to complement knockout
mutations of the endogenous CENH3. In carrots, functional CENH3 genes from D. carota subsp. sativus
and some related Daucus wild species were cloned and functionally analysed (Dunemann et al. 2014).
In addition, the native PgCENH3 gene from the distantly related Apiales species Panax ginseng was
cloned and used for Rhizobium rhizogenes-based co-transformation simultaneously with a
CRISPR/Cas9 construct targeting DcCENH3 (Dunemann et al. 2019). CRISPR/Cas9-based mutations
within the carrot CENH3 gene have been achieved and have been cytogenetically studied in transgenic
carrot hairy root cultures and preliminary in subsequently regenerated plants (Dunemann et al. 2019).
Here, we report the continuation of these studies and summarize the outcome of the 1-STEP and 2-
STEP approaches after several genetic studies including self-fertilization of mutants and crossing
experiments. We also describe the discovery of a second CENH3 locus in the carrot genome and report
about new CENH3 knockout experiments based on additional CENH3 target sites and a second
transformation of genetically homogenous transgenic carrot plants expressing already the ginseng
CENH3 gene.

Methods

CRISPR/Cas9 constructs for targeted mutagenesis of carrot CENH3

Three target sites (called C2, C3, and C4) were selected by screening the carrot CENH3 coding region
for putative target sites including potential PAM (Protospacer Adjacent Motif) sites and ruling out
potential off-target binding sites using BLAST analysis (Fig. 2). Target C2 is located in exon 4 of the CDS,
and target C4 is located in exon 5, respectively. The PAM of target C3 is also located in exon 5, but the
target site sequence is spanning the splice site. Constructs were assembled based on the pDE-Cas9
vector backbone (Fauser et al. 2014) which provides a bar resistance cassette for selection. Wild-type
Rhizobium rhizogenes strain 15834 (Lippincott et al. 1973) was transformed with the pDE-Cas9
plasmids using a modified freeze-thaw protocol according to Jyothishwaran et al. (2007). Transformed
bacteria were checked by PCR and kept on CPY-S1 plates with appropriate antibiotics (for culture
media composition, see Suppl. Table 1) with appropriate antibiotics as well as deep-frozen glycerol
cultures for long time storage.

Ginseng CENH3 construct

To identify CENH3 orthologous sequences of Panax ginseng, the assembled P. ginseng transcriptome
(Li et al. 2013) was used for in silico gene mining. A single contig was found spanning the whole putative
CDS of PgCENHS3. For cloning of PgCENH3, a PCR primer pair was designed from the 5'-UTR and 3'-UTR
sequences of the contig, respectively, to amplify the whole CDS. DNA fragments with the expected size
obtained after PCR with P. ginseng cDNA templates were blunt-end cloned by the CloneJET PCR cloning
kit (ThermoFisher Scientific). The construction of the binary expression vector p6i-d35S::PgCENH3 was
described by Dunemann et al. (2019).
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10 20 30 40 50 60 .70 80 90 100
Gene_A CDS DH1 AT GGCCCGAACGAAGCACCCT GCCAAACGGTAGCT CCGGT CACCGCT CCCGAGRTCCCCOT CT CTCGGAACT CCGAGACGAAGAAGTACT GCTACGGCGA| 100
Gene_A CDS DP AT GGCCCGAACGAAGCACCCT GCCAAA CGT ACCT CCGGT CACCGCT GCCGAGRTCC CGGBAACT CCGAGACGAZ ACTGCTACCCCGA| 100
Gene_A CDS YS AT GGCCCGAACGAAGCACCCT GCCAAA EXON:1T CCGGTCACCGCT CCCGAGRTCCe EXONI2 1 CGGBAACT CCGAGACGAAEXON 3CTGCTACCCCGA] 100
Gene_A CDS RO AT GGCCCGAACGAAGCACCCT GCCAAACG! / ACCT CCGGT CACCGCT CCCGAGRT CCCEGT Gi G COGBAACT CCGAGACGAAGAAGT ACT GCTACCCCGA| 100
Gene_B CDS RO AT GGCCCGAACGAAGCACCCT GCCAAACGTACCT CCGGTCACCGCT CGCGAGRTCCCCCT CT CT CGGBAACT CCGAGACGAAGAAGTACT GCTACCCCGA| 100
a—
110 120 130 140 PAM C2 160 170 180 190 200
Gene_A CDS DH1 GAGAGGCAGAT GCAGAGGGACAACAACAGCGAAAGCCCCACAGAT T TJAGGECT GGTACCGT GGCT CTT CGT GAGATT CGT AAGTTT GAGAAGACTT GGAA 200
Gene_A CDS DP GAGAGGCAGAT GCACAGC / ACAGCGAAAGCCCCACAGATTTIAGGECTGGTACCGTGGCTCTTCGT GAGATT CGTAAGTTT CAGAAGACTT GGAA 200
Gene_A CDS YS GAGAGGCAGAT GCACAGC Exon 4'ACAGCGAAAGCCCCACAGA177 GGECTGGTACCGTGGCTCTTCGT GAGATT CGT AAGTTT CAGAAGACTT GGAA 200
Gene_A CDS RO GAGAGGCAGAT GCACAGGGACAACAACAGCGAAAGCCCCACAGATT TIAGGECT GGTACCGT GGCT CTT CGT GAGATT CGTAAGTTT CAGAAGACTT GGAA 200
Gene_B CDS RO GAGAGGCAGAT GCA CAGGGACAACAACAGCGAAAGCCCCACAGATT TIAGGECTGGTACCGT GGCT CTT CGT GAGATT CGT AAGTTT CAGAAGACTT GGAA 200
210 220 230 PAM C3 250 PAM C4 I 270 280 290 300
Gene_A CDS DH1 CCTTCTAATTGCTGCTGCTCCGTTTAT CCGCACT STJAGGBAGATTAGCTTCTAC TCCCT CAATCACACGTT GGCAAGCT GAAGCACTAAGAGCA 300
Gene_A CDS DP CCTTCTAATTCCTGCT GCTCCGTTTAT CCGCACT TT|AGGBAGAT T AGCTTCTACGT GGCT CCCT CAAT CACACGT I by i 43 CT GAAGCACT AAGAGCA 300
Gene_A CDS YS CCTTCTAATTCCTGCTGCTCCGTTTAT CCGCACT BTTIAGGBAGATT AGCTTCTAC TCCCT CAATCACACGT 1 EXOR D CTGAAGCACT AAGAGCA 300
Gene_A CDS RO CCTTCTAATTCCTGCT GCT CCGT T TAT CCGCACTTTAGGBAGATTAGCTTCTAC TCCCT CAAT CACACGTT GGCAAGCT GAAGCACT AAGAGCA 300
Gene_B CDS RO CCTTCTAATTCCTGCTGCT CCGTTTAT CCGCACT BTTAGGBAGATTAGCTTCTAC TCCCT CAATCACACGTT GGCAAGCCGAAGCACT AAGAGCA 300
310 320 330 340 3%0 360 370 380 3% 40
Gene_A CDS DH1 ATTCAAGAGRBCAGCAGAGGAT TTTATCATTCATCTAT TTGAGGATGCGATGCTAT GTGCAATTCATGCAAGACGT GT CACAGT TATGAAAAAAGACT GGG 400
Gene_A CDS DP ATTCAAGAGBCAGCAGAGGAT TTTAT CATT CATCTAT TTGAGGA [y (i GCCTAT GTGCAAT TCATGCAAGACGT GT CACAGT TAT GAAAARAGACT GGG 400
Gene_A CDS YS ATTCAAGAGBCAGCAGAGGAT TTT AT CATTCATCTATTTGAGGA EXOTLOGCT AT GTGCAAT TCATGCAAGACGT GT CACAGT TAT GAAAAAAGACT GGG 400
Gene_A CDS RO ATTCAAGA CAGCAGAGGATTTTATCATTCATCTATTTGAGGATGCGATGCTATGTGCAATTCATGCAAGACGTGT CACAGTT GAAAAAAGACT GGG 400
Gene_B CDS RO ATTCAAGAGBCAGCAGAGGAT TTTAT CATTCAT CTAT TTGAGGAT GCGAT GCTAT GTGCAAT T CATGCAAGACGT GT CACAGT TAT GAAAAAAGACT GGG 400
410 4?0 4%0
Gene_A CDS DH1 AGTTGGCACGCCGGCT GGGAAAGAAAGCGCAGCCCT GG
Gene_A CDS DP AGTTGGCACGCCGGC AAAGAAAGCGCAGCCCT GG
Gene_A CDS YS AGTTGGCACGCCGGCTEXON 74AGAAAGCGCAGCCCT GG
Gene_A CDS RO AGTTGGCACGCCOGCT GGGAAAGAAAGCGCAGCCCT GG
Gene_B CDS RO AGTTGGCACGCCGGCT GGGAAAGAAAGCGCAGCCCT GG

Figure 2 Location of CRISPR targets within the coding sequences of CENH3 of cultivars 'Deep Purple'
(DP), 'Yellowstone' (YS), 'Rotin' (RO), and 'DH1' genotype used by lorizzo et al. (2016) for carrot
genome sequencing

Transformation of carrot with Rhizobium rhizogenes

Carrot (D. carota subsp. sativus) cultivars 'Deep Purple' (DP), 'Yellowstone' (YS), 'Rotin' (RO) and
'Blanche' (BL) were used for the 1-STEP- and 2-STEP-experiments of this study. Plants obtained from
seeds were grown in pots in a greenhouse until they were used in transformation experiments. In
addition, transgenic T; carrot plants obtained from the 2-STEP experiment were used for a second
transformation with CRISPR construct combinations. Tap roots were washed, peeled and surface-
sterilized by immersion in 70% ethanol for 5 min followed by a 20 min treatment with 4% sodium
hypochlorite and 0.1% Tween 20. Each carrot was sliced into several 0.5 — 0.8 cm thick discs and the
dead tissue of the outer edge of the discs was removed. The apical (shoot-averted) side was labeled
with a sterile toothpick, and the carrot discs were placed (apical side up) onto 2% water agar (Duchefa,
Haarlem, Netherlands) without any antibiotics. Bacterial inocula were prepared from liquid cultures
grown in CPY-S2 medium (Suppl. Table 1) for about 24 h at 28°C in the dark on a rotary shaker (180
rpm). Cultures with an optical density (ODego) of 0.6 - 0.8 were either used as single inoculum in the 1-
STEP experiment or mixed 1:1 for the co-transformation experiments. Table 1 summarizes the
different transformation experiments and the binary plasmid combinations used for co-
transformations. The transformation experiment using selected PgCENH3-transgenic carrots for a
second transformation with combinations of two CRISPR targets is called in this study 2-STEP-DT
(double transformation). About 100 pl of the inoculum was spread along the cambial ring on the upper
surface of the root discs. After co-cultivation for seven days the carrot discs were placed for up to five
weeks on 2% water agar supplemented with 200 mg/| cefotaxime and 100 mg/I carbenicillin (WA-CC
medium, Suppl. Table 1).

Hairy roots started to regenerate generally after two weeks and were harvested weekly alongside with
a small piece of original root tissue. Regenerated hairy roots were placed in small petridishes (6 cm
diameter) on selective MS-CCP medium with 10 mg/| phosphinotricin (1-STEP and 2-STEP-DT) and
cultured in the dark at 22°C. For 2-STEP co-transformation, roots were placed on selection medium
with 50 mg/| hygromycin (for PgCENH3 transgene selection) and 10 mg/| phosphinotricin (for CRISPR
target selection). Hairy root cultures developing from a single excised root were considered to have an


https://doi.org/10.1101/2022.09.19.508489
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.09.19.508489; this version posted November 24, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

6

independent origin of regeneration. They were placed in a 6-cm single petridish and were designated
as 'hairy-root line'. About four weeks later the surviving and evidently propagating hairy root lines
were subcultured on the same selective culture medium. At least three successive subcultures grew
on the same culture medium. Then the cultures were considered to be free of remaining R. rhizogenes
bacteria and subcultured on medium without cefotaxime and carbenicillin. PCR tests for R. rhizogenes
contamination were performed for selected lines with PCR primer for the virD2 gene, which is located
on the Ri plasmid outside of the T-DNA.

Table 1 Transformation experiments

Approach Co-transformation | Binary plasmids
1-STEP no pDE-Cas9::C2 or
pDE-Cas9::C3  or
pDE-Cas9::C4
2-STEP yes pDE-Cas9::C4 + p6i-d35S::PgCENH3
2-STEP-DT yes pDE-Cas9::C2 + pDE-Cas9::C3 or
pDE-Cas9::C2 + pDE-Cas9::C4

Plant regeneration from carrot hairy roots

Hairy root lines propagated over a period of about 3-4 months were used as starting material for plant
regeneration via somatic embryogenesis. Segments of hairy roots with a length of about 1-2 cm were
dissected and placed on plates with a medium containing half concentration of the Murashige and
Skoog (MS) basic medium and 1 mg/I of the plant hormone 2,4-D (2,4-dichlorophenoxyacetic acid) for
callus induction. Culture conditions were 16 h light (25°C) and 8 h darkness (22°C). Callus pieces were
transferred after one or two culture passages on callus-induction medium to the same medium
without 2,4-D but with kinetin (0.2 mg/I). After 4-5 weeks the callus (partly already with small somatic
embryos) was transferred to hormone-free MS medium. Regenerated plantlets were sub-cultured in
10 cm glass vessels on the same medium and then transferred to soil for further growth in a
greenhouse cabin. Individual plants regenerated from different regions of the embryogenic callus
cultures were labeled with an individual plant number.

Molecular analyses

Total genomic DNA of hairy roots or young leaf tissue of individual regenerated plants was extracted
with the innuPREP Plant DNA kit (Analytik Jena, Jena, Germany) using 50-100 mg fresh tissue as starting
material for tissue disruption by a swing mill. In order to assess the genetic status of the hairy roots
and putatively transformed plants, different PCR primer were applied. To check the integration of the
CRISPR/Cas9 expression cassette containing the sgRNA targeting the C2, C3 or C4 region of DcCENHS3,
the primer pair S542/43 (Fauser et al. 2014) was used resulting in a fragment of 1070 bp in positive
transformants. Additionally, PCR analysis with the primer pair BAR-F/R amplifying a 500 bp long
fragment from the bar resistance cassette of pDe-CAS9 plasmid was performed (for PCR primer details,
see Suppl. Table 2). To verify the integration of PgCENH3 in hairy roots and regenerated plants, a
primer pair was designed based on the PgCENH3 cDNA sequence, which amplifies a 300 bp fragment
in transgenic hairy roots and plants. This primer pair (PCEN-F/-R) is specific for expressed ginseng
CENH3 and could not amplify the native carrot CENH3 gene. Standard PCR analysis was generally
carried out in a total volume of 25 pl containing 40 ng template DNA , 1 U of ‘DreamTaq’ DNA
polymerase (Thermo Fisher Scientific), 1x Tag polymerase buffer with 20 mM MgCl, (Thermo Fisher
Scientific), 0.2 uM of each primer and 0.2 mM of each dNTP. Amplification conditions were as followed:
1 cycle of 3 min at 94°C; 35 cycles of 94°C for 30 sec, 55°C-60°C for 45 sec, 72°C for 1 min; final extension


https://doi.org/10.1101/2022.09.19.508489
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.09.19.508489; this version posted November 24, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

7

of 72°C for 5 min. Specific annealing temperatures of the used primers are shown in Suppl. Table 2.
PCR fragments were separated on standard 1% agarose gels at 100 V and stained using ethidium
bromide.

For mutation analysis by next generation amplicon sequencing of the C2 target region, the primer pair
C2-AEZ-F/-R was used, which amplifies a 400 bp fragment (Suppl. Table 2). For amplicon sequencing of
the C3/C4 target region, the primer pair C4-AEZ-F/-R was used for amplification of a 369 bp fragment
spanning both target sites. To allow amplicon sequencing of up to ten pooled amplicons, six nt's were
added at the 5' end of the forward primer to form a barcode-tag (Suppl. Table 2). These barcodes
should allow the mutant screening for up to ten plants in a single sequencing reaction. PCR for each
target site analysis was performed in a total volume of 100 pl (2 x 50 pl). The PCR reactions were loaded
onto a 1% agarose gel, and obtained fragments were cut from the gel and purified with the innuPREP
Gel Extraction kit (Analytik Jena, Jena, Germany). Extracted DNA was finally diluted in 30 ul extraction
buffer and quantified by a Qubit fluorometer (Thermo Fisher Scientific). lllumina-based sequencing
was performed by Genewiz (Leipzig, Germany) using the service type 'Amplicon-EZ', which is suited for
amplicons 150-500 bp in size. The option 'variant detection' was used for first sequence analyses.
Further sequence analyses were performed with BioEdit (vers.7.2.6.1) and MEGA-X (vers.10.1.7).
BioEdit was used for filtering of sequences produced by a special barcode primer and elimination of all
sequences showing the wild-type target sequences. After sorting and evaluation of frequency and kind
of induced mutations, FASTA files were generated and used for MEGA-X-based sequence alignments
by the MUSCLE algorithm.

For amplicon sequencing of CENH3 transcripts without pooling, a universal primer pair (DCEN-F/-R)
was designed that amplifies the complete CDS (minus 1 nt from the stop codon) of DcCENH3 (Suppl.
Table 2). For RNA isolation, young leaves were flash frozen in liquid nitrogen and grounded to fine
powder using a swing mill. Total RNA was isolated using the innuPREP Plant RNA kit (Analytik Jena,
Jena, Germany). The integrity of the RNA was checked on standard 1% agarose gels at 100 V stained
using EthBr, and its concentration was measured using a NanoDrop device. Qualitatively and
guantitatively checked RNA was then used to synthesize cDNA with the RevertAid H minus First Strand
cDNA Synthesis Kit (ThermoFisher Scientific). This cDNA (1 ul, ~20 ng) was used for PCR with the DCEN
primer pair amplifying a fragment with a length of 437 bp. Sequencing and data evaluation was done
as decribed above.

Cloning of full-length genomic DNA sequences of DcCENH3A and DcCENH3B

A PCR-based cloning strategy was used to clone the full-length genomic sequences (~4.500 bp) of
DcCENH3B of 'Rotin' and DcCENH3A of the DH line (double-haploid) 'DH1' used by lorizzo et al. (2016)
for sequencing the carrot genome. Seeds of 'DH1' were kindly provided by Th. Nothnagel (JKI,
Quedlinburg, Germany). After several intermediate cloning steps using the pGEM-T Easy Vector System
(Promega, Madison, USA), final forward primer were designed from the 5'UTR (DcCENH3B) or the first
nt's of the CDS (DcCENH3A) that were able to amplify the whole genomic sequences when used
together with an identical reverse primer (CEN-UNI-R) located in the 3' UTR. For PCR and subsequent
cloning steps, the TOPO™ XL-2 Complete PCR Cloning Kit (Invitrogen) was used. Sequencing of the full-
length sequences was performed by a primer-walking approach using plasmid DNA and six
intermediate primer for sequencing (Microsynth Seqglab, Gottingen, Germany).

Cytogenetic analyses by CENH3 immunostaining

To prove the existence of carrot and ginseng CENH3 in the centromeres of mitotic root or leaf cells by
immunofluorescence experiments, nuclei were isolated from 10 mg (young leaves) to 100 mg (hairy
roots or segments of taproots) plant material. The plant material was kept 5 min under vacuum in 10
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ml ice-cold 4% formaldehyde followed by fixation on ice for 15 min. After two washing steps in 5 ml
ice-cold Tris buffer KI (10 mM Tris HCI, 10 mM Na»-EDTA, 100 mM NaCl, pH7.5) for 10 min, the material
was chopped up with a razor blade in 1 ml ice-cold LBO1 buffer (15 mM Tris-HCl, 2 mM Na,-EDTA, 0.5
mM Spermin x 4 HCI, 80 mM KCl, 20 mM NaCl, 0.1% Triton X-100, 15 mM mercaptothanol, pH 7.5) and
filtrated through a 35 um mash. The filtrate was centrifuged in a 1.5 ml tube at 3.000 rpm for 3 min to
facilitate the formation of nuclei clumps, which allowed a faster microscopic screening for the
evaluation of the respective CENH3 in a putative CENH3 mutant. After removal of the supernatant 100
ul nuclei suspension was mixed with the same volume sucrose buffer (10 mM Tris, 50 mM KCI, 2 mM
MgCl,, 5% (m/v) sucrose, 50 pl Tween 20, pH7.5) and left to dry overnight on a microscope slide at
room temperature. The immunostaining procedure based on specific polyclonal antibodies (LifeTein,
Hillsborough, USA) corresponding to the N-terminus of DcCENH3 or PgCENH3, respectively (Fig. 3), was
performed for each genotype separately as described by Dunemann et al. (2014). A DyLight®594-
conjugated goat anti-rabbit IgG antibody (Abcam, Cambridge, UK) was used as secondary antibody for
staining carrot CENH3, and a CF™488A-conjugated goat anti-rabbit IgG antibody (Sigma-Aldrich) was
used for the indirect staining of ginseng CENH3. Double immunostaining of the same nuclei
preparation was also performed, but this method was not used as a general screening method for the
evaluation of the existence and strength of carrot and ginseng CENH3 signals.

MARTKHPAKRSSGHRSRGPPLSGTPRTRSXASPREADAQGQQQRKPHRFKPGTVALREI RKFQKTWNLLI PAAPFI RTVR Majority
T T T T T T T T

10 20 30 40 50 60 70 80

n 1 N N h n
MRTKHPAKRTSGHRSRGPPLSIGTPRRRSTATPREADAQGQQQRKPHRFRPGTVAL REI RKFQKTWNLLI PAAPFI RTVR Daucus carota
MA GTPR- RSTASPREADAQGQQQRKPHRFKPGTVALREI RKFQKTWNLLI PAAPFI RTVR Daucus muricatus
MARTKHPAKRSSGHRSRGPPLSGTPRTRTPASPREADAQGQEQRKPHRFKPGTVALREI RKFQKTWNLLI PAAPFI RTVR Daucus pusillus

MARTKHPAKRSSGHRSRGPPLSGTPRTRTPASPREADAQGQQQRKPHRFKPGTVALREI RKFQKTWNLLI PAAPFI RTVR Daucus glochidiatus
MARTKQI AKRSTqHRTRAGSSS- TPTKRSGRNVIPPI GGEGQTQRKAHRYRPGTVALREI RHFQKTWNLLI PAAPFI RTVR Panaxginseng

EIl SFYLAPS| TRWQAEAL RAlI QEAAEDFI | HLFEDAMLCAI HARRVTVMKKDWEL ARRL GKKAQPW Majority

T T T T T T

99 1(‘)0 1‘10 1%0 1;50 14}0
El SFYLAPSI TRWQAEAL RAI QEAAEDF! | HLFEDAML CAl HARRVTVMKKDWEL ARRL GKKAQPW Daucus carota
El SFYLAPSI TRWQAEAL RAI QEAAEDFI | HLFEDAML CAl HAKRVTVMKKDWEL ARRL GKKAQPW Daucus muricatus
El SFYLAPS|I TRWQAEAL RAlI QEAAEDFI | HLFEDAML CAl HARRVTVMKKDWEL ARRL GKKAQPW Daucus pusillus
El SFYLAPSI TRWQAEAL RAI QEAAEDF I | HLFEDAML CAl HARRVTVMKKDWEL ARRL GKKAQPW Daucus glochidiatus
El SYSLAPSVTRWQAEAL VAl QEAAEDYLVHLFEDAMLCAI HAKRVT! MKKDWEL ARRL GKKGQPW Panax ginseng

Peptide sequence for polyclonal antibody DcCENH3
Peptide sequence for polyclonal antibody PgCENH3

Figure 3 CENH3 protein sequences of D. carota, some other Daucus species, and Panax ginseng

Results and discussion

Previous research on CRISPR/Cas9-based mutagenesis of carrot CENH3 has demonstrated, that
CRISPR-induced mutations in the DcCENH3 gene could be obtained with the C4 CRISPR target construct
in hairy root cultures obtained after transformation with R. rhizogenes using both 1-STEP and 2-STEP
approaches (Dunemann et al. 2019). Analysis of mutations in hairy roots and regenerated To plants
indicated that mutations were mostly chimeric, which is a common phenomenon after CRISPR/Cas9-
mediated mutagenesis (Schedel et al. 2017; Lee et al. 2019). After cytogenetic analyses of mutated
hairy roots it was found that the CENH3 production in some hairy root lines was impaired. Although
there was no relationship between the kind and extent of the mutations in the hairy roots and the
CENH3 phenotype, it was obvious that mutations within the DcCENH3 gene were associated with a
reduced CENH3 protein accumulation in the centromeres of some hairy root lines (Dunemann et al.
2019). After first 2-STEP transformations, the ginseng PgCENH3 gene was present and expressed in
almost all hairy roots indicating that co-transformations have been induced efficiently in carrots.
Among the first regenerated plants, no plant was found with a complete failure of carrot CENH3
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signals, neither in the 2-STEP experiments (where such a finding might be possible due to the expected
“rescue”-effect by ginseng CENH3) nor in the 1-STEP plants (which is expected, since complete
DcCENH3 knockout individuals would be not able to survive). To promote the generation of
homogeneously mutated plants transformed with the 1-STEP or the 2-STEP constructs, To plants were
crossed with several carrot cultivars and breeding lines. Although the Ty parents used for crossing
experiments were most probably still heterozygous and/or chimeric for mutations within the carrot
CENH3 gene, the generation of haploid genotypes could not be completely ruled out. Recently, it was
shown that maize lines which were heterozygous for a CENH3 null mutation (containing a premature
stop codon) were able to induce up to 9% haploids in progenies obtained after crosses with wild-type
plants (Wang et al. 2021). However, the analysis of carrot T, plants derived from crosses with Ty plants
containing lethal CENH3 mutations did not result in haploid plants. In the following, we report about
the continuation and extension of previous work on 1-STEP and 2-STEP approaches.

1-STEP experiments

The proven R. rhizogenes-based transformation system and the pDE-Cas9 vector system (Fauser et al.
2014) was used to transform different carrot cultivars with three different sgRNAs to target specific
regions of the DcCENH3 gene. The targeted region of the previously used vector pDE-Cas9::C4 is
completely on exon 5, whereas the newly used targets are either on exon 4 (pDE-Cas9::C2) or are
targeting a putative splicing site (pDE-Cas9::C3) (Fig. 2). Based on pre-tested mutated hairy root lines,
totally 120 To plants were regenerated via somatic embyogenesis. Out of the transformation with the C2
construct, 20 plants were obtained from originally four selected hairy root lines. The transformation
with the C3 target vector resulted in 35 T, plants regenerated from five hairy root lines. Including the
plants derived from the initial experiment, totally 65 Ty plants were obtained for target C4. Almost all To
plants have been sequenced by next generation amplicon sequencing using a pooling strategy with
specific 6-nt barcodes for each individual plant. By this way, we have been able to analyse the sequences
around the CENH3 target sites for up to ten plants simultaneously in a single sequencing reaction, which
resulted in a drastic reduction of the sequencing costs. Nevertheless, we were able to use up to several
thousands of sequences of each individual plant for mutation analyses. With the exception of eight
plants regenerated from the hairy root line C3/BL-5, which were DcCENH3 wild-type, all other sequenced
To plants showed different types of mutations (Fig. 4). Beside many single base substitutions which we
called "weak" mutations, also several “strong” mutations (single nt insertions or deletions leading to
frame shift mutations, different longer insertions and deletions) were found, partly in relatively high
frequency of up to 70%. For example, among eight T, plant regenerated from the hairy root line C4/YS-
23, the mutation frequency varied from 40 to 70% (with a mean of 56%; data not shown). The most
frequent mutation in the C4/YS-23 regenerates was the insertion of an additional base 'T' at the position
4 bp upstream to the PAM of target C4 leading to a lethal frameshift mutation due to a premature stop
codon. In most cases, more than one mutation was found in a single plant (up to four or sometimes even
more) indicating that the original hairy roots as well as plants/tissues were strongly chimeric concerning
the CRISPR effects. Several Tp plants appeared to carry biallelic mutations, as for example plant C4/YS-
21-4, which had a high total mutation frequency of >60% and showed both mutations, insertion 'T' and
deletion 'T', with a similar frequency (Table 2, Fig. 4).
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Figure 4 Examples for typical mutations within the genomic CENH3 sequences of regenerated Ty
plants transformed with the C3 and C4 CRISPR constructs. Original hairy root lines were C3-BL-2 and
C3-BL-3 for target C3, and C4-YS-21, C4-YS-22 and C4-YS-23 for target C4, respectively. Alignment by
MUSCLE (MEGA-X).

Most mutations occurred 4 bp upstream to the PAM region. This finding was not unexpected, since the
Cas9 enzyme binds to its recognition site upstream of the PAM and normally induces a DSB three bp
upstream of the PAM (Schindele et al. 2018). In all plants also CENH3 wild type sequences were present
at different ratios suggesting that the majority of the analysed plants were chimeric and/or
heterozygous for the mutation(s). As expected, all plants showed carrot CENH3 signals after
immunostaining, but in some plants the signals appeared to be somewhat weaker. Analysing the total
mutation frequencies by amplicon sequencing, we noticed a tendency that the transformation with the
C2 CRISPR target resulted mostly in plants with low mutation frequencies (< 10%, data not shown), when
they were compared with the other two targets (C3, C4). One plant originating from the transformation
of a 'Yellowstone' plant (C4/YS-21-6, renamed into M4-1) carrying the C4 construct displayed a 30 bp
indel mutation spanning the splicing site of exon 5 (Fig. 4). Amplicon sequencing of whole transcripts
obtained by RT-PCR identified a 27 bp indel mutation resulting in a translated protein sequence with the
three additional amino acids F, D and V (Fig. 5). Among the about 40.000 sequences obtained after
amplicon sequencing, more than 31.000 sequences showed the 27 bp indel mutation, and only less than
1.000 were wild-type CENH3 indicating that the altered transcripts might be possibly coding a functional
CENH3 protein (data not shown). Up to now, all attempts to produce a flowering M4-1 mutant were
unsuccessful. However, this interesting mutant could be vegetatively propagated by cuttings, which is
often possible in transgenic carrot plants obtained from transformation with R. rhizogenes, and longer
vernalization periods are currently applied to induce flowering.

To analyse if induced mutations were heritable, and to study putative Hl effects, 21 mutated T, plants
carrying either the C2, C3 or C4 construct were used for test crosses with carrot cultivars and
progressed breeding lines, which resulted in totally 29 T, progenies. Additionally, 11 T plants were
used for self-fertilizations to produce 11 Tl; (l-inbreeding) progenies. Generally, the seed set and partly
also germination was poor indicating that mutated plants were often not fully fertile. From totally 367
seeds, finally 157 plants could be raised (102 T; and 55 Tl; plants). Flow cytometric analysis of the
plants from the T; generation did not indicate any haploidization effects. Amplicon sequencing was
performed for the Tl; plants derived from selfing to prove if homozygous mutants were obtained that
might be used as putative haploid inducers in a subsequent cross. Most interesting, in a single Tl;
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progeny (19.032, 10 plants derived from self-fertilization of the T, plant C4/YS-21-4) a genetic
segregation was found for two lethal frameshift (FS) mutations present in the Ty plant, either insertion
'T' or deletion 'T', respectively, and most individuals were obviously mutated on both chromosomes
(Table 2). Six plants (19.032-1, -2, -4, -5, -7) with total mutation frequencies >90% showed both FS
mutations with frequencies larger about 30%, and two plants (19.032-3, -6) probably were
homozygous for the insertion 'T' mutation (>90 % insertion 'T'). The remaining two plants (19.032-11,
-14) appeared to be less frequently mutated and showed either both FS mutations (19.032-14) or only
the insertion 'T' mutation (19.032-11). To confirm the amplicon sequencing performed by pooling we
repeated sequencing for the genotypes 19.032-2, -3, - 5, and -6 without usage of barcoded primer and
could confirm that plants 19.032-3 and -6 were completely mutated and, therefore, were very
probably homozygous for the insertion 'T' mutation (Table 2). Because of the lethal FS mutations, the
mutated genotypes should be not able to growth. Surprisingly, the opposite was found. The plants
appeared to be vital, and only flowering was delayed or suppressed. Hence, contrarily to the
assumption of a one-gene control, this finding suggested the existence of a second CENH3 gene in the
carrot genome.

Table 2 Amplicon sequencing results of progeny 19.032 and parental genotype C4/YS-21-4 used for
self-fertilization

Amplicon sequencing No. of sequences No. of sequences
Plant Generation  Pooling: yes [ no Total no. of sequences Mutated sequences % Insertion T % Deletion T %
19.032-1 Ty yes 2726 2555 93,7 1258 49,2 1187 46,4
19.032-2 Ty yes 5717 5330 93,2 3368 63,2 1712 32,1
19.032-2 Ty no (repetition) 28117 28047 99,8 17048 60,8 10051 358
19.032-3 Ty yes 3530 3334 94,4 3034 91,0 161 4,8
19.032-3 Ty no (repetition) 23290 23203 99,6 22324 96,2 25 0,1
19.032-4 Tly yes 2761 2519 91,2 1616 64,2 792 31,4
19.032-5 T, yes 1252 1173 93,7 664 56,6 366 31,2
19.032-5 Ty no (repetition) 24293 24214 99,7 14998 61,9 8370 34,6
19.032-6 Ty yes 1585 1479 93,3 1356 91,7 56 3,8
19.032-6 Ty no (repetition) 28141 28043 99,7 27021 96,4 12 0,1
19.032-7 LLPY yes 2007 1894 94.4 989 52,2 543 28,7
19.032-9 Ty yes 2507 2321 92,6 1233 53,1 670 28,9
19.032-11 Tly yes 5786 3289 56,8 2901 88,2 177 54
19.032-14 Tl, yes 1370 898 65,5 455 50,7 361 40,2
C4/¥S-21-4 Tg(parent) yes 539 343 63,6 169 49,3 154 44,9

Identification of a second CENH3 gene in the carrot genome

Based on bioinformatic searches in the carrot genome vers.2 (lorizzo et al. 2016) we found an additional
sequence (DCAR_021490) on chromosome 6, which appeared to encode a second CENH3 gene. This
putative CENH3 gene was only fragmentarily assembled and annotated and, therefore, has not been
considered yet in the carrot CENH3 research project. The CENH3 gene, which has been initially the target
gene for the CRISPR/Cas9 approach of this study, is located on carrot chromosome 7. This gene
previously isolated and functionally characterized by Dunemann et al. (2014) could be in principal
confirmed by the carrot genome sequence, but the annotation of this gene (DCAR_025246) was not
complete. The genomic sequence of DCAR_025246 is about 800 bp shorter as the whole genomic
sequences of the CENH3 gene previously cloned from 'Deep Purple' (DP) and a homologous CENH3 gene
cloned from 'DH1' in this study. In addition, the CDS and the translated protein sequence of
DCAR_025246 contained two gaps at the beginning (amino acids 19-35) and at the end (Fig. 6). We re-
analysed this genomic region and noticed that this CENH3 gene was indeed completely present in the
carrot genome. An optimized prediction was performed and called DCAR_025246-OP. The genomic
position of the DNA sequence of DCAR_025246-0OP in the actual carrot genome is on chromosome 7
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from 25.166.681 to 25.171.180 Mbp. With regard to the second putative CENH3 gene on chromosome
6, the corresponding DCAR_021940 sequence has a total length of about 11 kb, but only the first 1.000
bp could be partly assigned to CENH3. As shown in Figure. 6, less than half of the coding sequence is
present in DCAR_021940. Attempts to find the missing parts in this genomic region failed. Interestingly,
the same gap (PPL....TPR) is present in both DCAR_021940 and DCAR_025246, probably due to the same
annotation problem.

T T T T T T
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Figure 5 Alignment of nucleotide sequences (A) and deduced protein sequences (B) of CENH3 mutants
M4-1 and M23-3

Based on sequence differences between the two DCAR sequences within the first 1.000 bp of the
genomic sequences, primer pairs were designed to prolong step-by-step the unknown (about 3.500 bp
expected) part of the DCAR_021940 gene by PCR. Forward primer specific for DCAR_021940 were
combined with unspecific primer developed from the available DCAR_025246 sequence. If amplicons of
the expected size were obtained, they were cloned and sequenced, and the next primer pair was
designed. By using this cloning strategy, we were finally able to develop a PCR primer pair from the
5'UTR and 3'UTR regions for cloning the complete full-length genomic DNA sequence from cultivar
'Rotin' (RO). This new gene on carrot chromosome 6 was designated as DcCENH3B, and the gene
corresponding to DCAR_025246 on chromosome 7 was given the name DcCENH3A. By using another
specific forward PCR primer based on the first nt's of the CDS of DCAR_025246, we cloned the genomic
sequence of DcCENH3A from the 'DH1' genotype, which was used for carrot genome sequencing by
lorizzo et al. (2016). The genomic sequence of DcCENH3B of 'Rotin' (DcCENH3B-RO) has a length of 4.430
bp, and those of DcCENH3A from 'DH1' (DcCENH3A-DH1) is 4.500 bp long, respectively (Suppl. Fig. 1;
Suppl. Inf. 1). An alignment of the two newly cloned genes, the earlier cloned CENH3 gene from 'Deep
Purple' (with the name DcCENH3A-DP), and DCAR_025246-0P is shown in Suppl. Fig. 1. The sequence of
the cloned gene DcCENH3A-DH1 is to 100% identical with the optimized prediction of DCAR_025246-OP
(Suppl. Fig. 2). DcCENH3B-RO displayed 94 to 95% sequence identity with the two CENH3A genes. The


https://doi.org/10.1101/2022.09.19.508489
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.09.19.508489; this version posted November 24, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in

perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

13

coding sequences, which are only about one tenth as long as the genomic sequences, however, are very
similar. Only two SNPs were found in the CDS of DcCENH3B-RO, which does not change the protein
sequence (Fig. 6). The nucleotide sequence lengths of 438 bp, encoding a 146 amino acid protein, are
identical for all three cloned CENH3 genes. Based on the carrot genome sequence vers.2 implemented
in Phytozome v.13 (Goodstein et al. 2012) and PlantCARE, a database of plant cis-acting regulatory
elements (Rombauts et al. 1999), we bioinformatically identified the putative promotor sequences of
DcCENH3A on chromosome 7 and DcCENH3B on chromosome 6 (Suppl. Inf. 2). An analysis of motifs
encoding putative regulatory elements is shown in Suppl. Fig. 3.
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Figure 6 Alignment of CDS (A) and translated protein sequences (B) of annotated CENH3 gene
models DCAR_021940 and DCAR_025246 present in the carrot genome vers.2 (lorizzo et al. 2016)
and three carrot CENH3 genes cloned from DH1, DP and RO. SNPs are marked with a red circle.

The finding that carrot obviously possess duplicated CENH3 genes on chromosomes 6 and 7 raises the
guestion about the functional roles of both CENH3 paralogs. In most diploid eukaryotes and flowering
plant species, CENH3 is encoded by a single copy gene (Ishii et al. 2020). Knowledge about duplicated
CENH3 genes is restricted to a small number of about a dozen plant species. Two CENH3 genes were
reported for Arabidopsis halleri and A. lyrata (Kawabe et al. 2006), Hordeum vulgare (Sanei et al. 2011),
Pisum sativum (Neumann et al. 2012), Luzula nivea (Moraes et al. 2011), Lathyrus sativus (Neumann et
al. 2015), Secale cereale (Evtushenko et al. 2021) and Vigna unguiculata (Ishii et al. 2020). In genomes
carrying a gene duplication, often one of them is silenced, but sometimes both duplicated genes are
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expressed (Moraes et al. 2011). In tetraploid Oryza species, two CENH3 genes were identified, and both
are transcribed, showing no preferential expression of one of them (Hirsch et al. 2009). With regard to
the putative functions of the duplicated CENH3 genes in carrot, we could not yet verify if both genes are
functional. Because of the 100% identical protein sequences, it is impossible to create a specific
polyclonal antibody for functional analysis of DcCENH3B. In addition, gene-specific RT-PCR was not
possible yet. An alignment of the deduced proteins of the duplicated CENH3 genes found in the literature
indicated that the two carrot CENH3 genes are most similar, which suggests an early evolutionary origin
(alignment not shown). We used a universal PCR primer pair from the beginning and the end of the CDSs
of DcCENH3A and DcCENH3B to amplify a 437 bp transcript, which was analysed by Illumina amplicon
sequencing. In addition, amplicons were cloned and analysed by plasmid sequencing. Up to now, we
found no indications that the investigated plants from cultivars 'Rotin', 'Yellowstone' and 'DH1'
expressed the DcCENH3B gene. All transcripts were DcCENH3A, using the detected two SNPs as criterion.
Interestingly, in the "lethal" CENH3 mutants of the Tlp progeny 19.032 described before, only wild-type
DcCENH3A appeared to be expressed, and analyses of the genomic sequences flanking the C4 CRISPR
target site indicated that DcCENH3B was that gene with the induced knockout mutations. In contrast,
the M4-1 mutant showing almost exclusively mutated (27 bp indel) transcripts appeared to be mutated
within the DcCENH3A gene. However, it must be stated that a safe verification of the targeted gene only
by using the short genomic sequences (370 to 400 bp) obtained by amplicon sequencing was not
possible in this study. Carrot is a highly heterozygous species, and it appeared that there is considerable
allelic variability for CENH3 not only between cultivars. Even on the two homologous chromosomes of a
distinct carrot genotype allelic variability was observed. This complex genetic situation, together with
the challenge to sequence different target regions for two CENH3 genes, makes a solid sequencing study
for characterization of hundreds of putative mutated plants to a practically unsolvable task. In addition,
each sequencing study is only a snapshot in time for a specific genotype. As far the CRISPR targets are
still present in the plant genome, as it is often the case after crossing, new mutations can occur in the
next generation, which would only be detected after repeated sequencing. Since the three CRISPR
targets C2, C3, and C4 have been cloned before the detection of DcCENH3B, we wanted to know, if the
constructs would be able to target also this gene. As shown in Suppl. Fig. 4, this seems to be case.
Nevertheless, the knowledge about the existence of a duplicated CENH3 locus in carrot implicates that
the creation of a HI plant based on the 1-STEP approach might be difficult, if not impossible. This option
would probably only function, if DcCENH3B is permanently inactive. More basic research would be
needed on the function of both CENH3 genes in carrots, to justify further 1-STEP attempts.

2-STEP experiments

First experiments to use R. rhizogenes for co-transformation of the CRISPR C4 target construct and the
ginseng PgCENH3 gene construct have been started parallel to the 1-STEP experiments (without prior
knowledge about the second CENH3 gene on chromosome 6), and preliminary results were reported
(Dunemann et al. 2019). With this approach, we wanted to use co-transformation to develop an
accelerated 2-STEP HI system by combining mutation induction with the simultaneous integration of
the foreign CENH3 gene provided for complementation of lethal mutations in the endogenous gene.
The used "rescue" gene was PgCENH3 cloned by a PCR approach from transcripts of Panax ginseng, a
member of the plant family Araliaceae (order Apiales). PgCENH3 has exactly the same length as the
CENH3s of D. carota (146 amino acids) but displays more than 30 amino acid changes especially within
the N-terminal region of the gene (Fig. 3). Initially a test transformation only with the PgCENH3 vector
was performed, and it was shown, that PgCENH3 was stably expressed in transgenic carrots and the
ginseng CENH3 protein co-localized with carrot CENH3 (Fig. 7). Co-transformation together with the
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binary vector carrying the C4 CRISPR target construct resulted in totally 50 regenerated To plants, which
were analysed by PCR using the SS42/43 and bar primer (C4 target) and the PCEN primer (ginseng
CENH3) to verify the double-transformation with both constructs. In comparison to the 1-STEP
experiment targeting C4, the same spectrum of mutations was found in the C4 target region, but it
seemed that the frequency of strong mutations (frameshift mutations) was lesser, and the frequency
of weak mutations (silent mutations due to single nt substitutions) and wild-type plants was higher
than in the 1-STEP experiment. In addition, plants/tissues appeared also here to be often strongly
chimeric concerning the CRISPR effects. As in the 1-STEP approach, some selected Tomutants carrying
the ginseng CENH3 gene were used to generate the Tl; generation by self-pollination (to get
homozygous mutants) and T, progenies by crosses with carrot cultivars (to study putative HI effects).
As expected, PgCENH3 segregated in the next generation, but the genetic transmission of the C4 target
mutations appeared to be generally low. To screen efficiently several hundreds of progeny plants for
putative reduction or failure of carrot CENH3 signals, we used a slightly modified immunostaining
protocol, which allowed a fast evaluation due to a clustering of stained nuclei (Fig. 7). Only in a few
cases, as for example in the Tp individual G4/YS-1-4, mutations were possibly associated with a reduced
carrot CENH3 protein accumulation, but no plant was found with a complete failure of carrot CENH3,
neither in the T, nor in the T; and Tl; generations. Within the T; progeny 18.021 deriving from a cross
with G4/YS-1-4 as mother, flow cytometry, chromosome counting based on root tip mitosis, and
CENH3 immuno-fluorescence staining showed irregularities in cell divisions in leaves of young
seedlings. One plant (18.021-1) appeared to be partially haploid (Suppl. Fig. 5). In addition, molecular
analyses showed that all transgenes were lost in the plants of this progeny, which might be a sign that
the genome of the putative HI might have been eliminated. However, a repeated cytogenetic analysis
based on older plants could not confirm the existence of any homogenously haploid plant .

Table 3 Mutation frequencies evaluated by amplicon sequencing of the C3 and C4 target regions of
parental individuals and progeny plants derived from crosses between 1-STEP and 2-STEP plants

Progeny Target Mutated Target Mutated No. of sequenced Mutated sequences (%)
Name Mother and Origin sequences (%) Father and Origin  sequences (%) progeny plants Range
19.200-1  C4/YS-22-8  C4 (1-STEP) 60 18.005-10 C4 (2-STEP) 7,2 1 10
19.200-2 18.005-10  C4 (2-STEP) 7,2 C4/YS-22-8 C4 (1-STEP) 60 4 5,7-18,2
19.200-4 C4/YS-23-9  C4 (1-STEP) 21,6 18.006-17 C4 (2-STEP) 7,8 1 6,5-6,7
19.200-5 C4/YS-23-11 C4 (1-STEP) 19,7 18.006-17 C4 (2-STEP) 7,8 5 54-6,5
19.200-7 18.003-10  C4 (2-STEP) 15,7 C4/YS-23-11  C4 (1-STEP) 19,7 3 6,5-12,8
19.200-8 18.005-10  C4 (2-STEP) 7,2 C4/YS-23-11  C4 (1-STEP) 19,7 1 4,8-5,4
19.200-9  C4/YS-23-12 C4 (1-STEP) 7 18.006-17 C4 (2-STEP) 7,8 3 6,0-8,1
19.300-3 C3/BL-5-3 C3 (1-STEP) 16,2 18.006-17 C4 (2-STEP) 7,8 9 6,4-13,1
19.300-4 18.001-32  C4 (2-STEP) 6,5 C3/BL5-5 C3 (1-STEP) 20,6 4 17,9-21,9
19.300-8 C3/BL-3-8  C3 (1-STEP) 34,1 18.005-14 C4 (2-STEP) 8,3 1 26,2
19.300-9 C3/BL-3-9 C3 (1-STEP) 34 18.005-10 C4 (2-STEP) 7,2 1 11,9

33

Because of the obviously low mutation efficiency and the poor transmission of mutations in the next
generations we set up a new crossing experiment with the aim to combine ginseng CENH3 producers
with the strongest carrot CENH3 mutants identified in the 1-STEP approach. Seven 2-STEP T, plants
with strong expression of ginseng CENH3 (and carrot CENH3 wild-type after immunostaining), which
still possessed the C4 CRISPR target construct, were selected for crosses with To plants out of the 1-
STEP approach. These plants have been selected because of their amplicon sequencing results, which
have revealed putative lethal (heterozygous) mutations induced either by the C3 or C4 constructs.
Surprisingly, in the sequenced 33 progeny plants the mutation frequencies decreased, and only in the
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progenies 19.300-4 and 19.300-8 the frequencies were in the magnitude of the 1-STEP parent plant
(Table 3). The reason for the obvious decrease of the mutation frequencies is unknown. One reason
might be, that strong CENH3 mutations did not pass the meiose due to occurrence of lethal alleles.
Why could the ginseng CENH3 stably present in a T; plant obviously not complement the lethal carrot
CENH3 mutations? Since the ginseng CENH3 is controlled by a doubled p35S promotor, it cannot be
ruled out that the activity of PgCENH3 was absent or too low during the gametogenesis phase. In A.
thaliana, CENH3-GFP expression under the control of p35S promotor resulted in centromere specific
GFP signals in a large number of organ types such as root tips, leaf meristems, young leaf material,
flower meristems and developing flower organs, but no expression was observed in male and female
reproductive cells or in developing meiocytes (De Storme et al. 2016). However, in strawberries p35S
appeared to drive expression of GUS in pollen and other reproductive tissues (De Mesa et al. 2004).
Although it is a generally held view that the 35S promotor is virtually silent in reproductive tissues,
Dutt et al. (2014) concluded that the transgene expression profile conferred by the CaMV 35S
promotor is species-dependent and may show variability due to its interaction with environmental
factors and the physiological state of the plant. One option for future carrot 2-STEP approaches might

be the usage of a construct combining the native DcCENH3A promotor with the CDS of PgCENH3.

anti-PgCENH3 antibody
+ DAPI

.

anti-PgCENH3 antibody + DAPI

anti-PgCENH3 antibody + DAPI

Figure 7 (A-B) Immunostaining of a
nuclei preparation from young
leaves of a carrot plant trans-
formed with the PgCENH3 gene
using anti-PgCENH3 antibody (A)
and immunostaining of metaphase
chromosomes of a root-tip cell of
the same plant using anti-PgCENH3
antibody (B).

(C-D) Double-immunostaining of a
root tip preparation of a ginseng-
CENH3-transformed carrot plant
with both anti-PgCENH3 antibody
(C) and anti-DcCENH3 antibody (D).
(E-F) Immunostaining of nuclei
clusters prepared from young
leaves of a putative CENH3 mutant
with anti-DcCENH3 antibody (E)
and DAPI staining of the same
preparation (F). Scale bar 5 um.
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Because of the low mutation frequencies found in generative descendents we wanted to know, if
combinations of different CRISPR/Cas9 targets would enhance the chance to generate more strong
mutations able for HI induction already in the T, generation. For this approach, we used the same
carrot T1 plant material used for the crosses with 1-STEP mutants and used individuals with proven
strong presence of ginseng CENH3 for a second transformation. In this 2-STEP-DT experiment
combinations of the two CRISPR targets C2 and C3 or C2 and C4, respectively, were introduced by co-
transformation in the transgenic carrots carrying the ginseng CENH3 gene and the C4 target too. The
mutation spectrum found after amplicon sequencing for each target region in the transformants was
comparable with earlier experiments, with the difference, that more interesting mutations were found
in the C2 target than in the 1-STEP experiment (Fig. 8). PCR with a universal primer pair (DEL-C2C4-F/-
R) flanking the C2 and C3/C4 targets of both CENH3 genes, however, did not give any incidence, that
large deletions (i.e. between the C2 and C4 targets) could be induced. Among about 60 sequenced To
plants, 15 plants were found which contained strong mutations (different types of insertions and
deletions) at different frequencies. Both DcCENH3A and DcCENH3B appeared to be concerned, but as
mentioned before, a detailed quantification was not possible due to additional SNPs present in the
target regions of this genetically diverse material. In some mutants, mutation frequencies of up to 40%
indicated heterozygous mutations. The most interesting finding was a putative homozygous in-frame
mutation in DcCENH3A of mutant M23-3 concerning a 3-bp deletion in target C2, which results in the
deletion of a single arginine ('R') amino acid just before before the aN-helix (Fig. 5, Suppl. Fig 6). Among
more than 90.000 sequences obtained after transcript amplicon sequencing, no wild-type sequences
were found indicating that the altered CENH3 transcripts might be functional. Interestingly, in the
study of Kuppu et al. (2020) CRISPR/Cas9-mediated in-frame deletions at the beginning of the highly
conserved aN-helix of the CENH3-HFD such as a 2-amino acid (-GT) mutation shown in Suppl. Fig. 6
were able to efficiently induce haploids in A. thaliana. Unfortunately, original mutant M23-3 as well as
vegetatively propagated cuttings have not yet flowered. Plant growth is very slow suggesting that the
"minus R" mutation might have some serious effects on cell division.

7.M2358¢- - - - - - - -
8. M24-18¢- - - ~ - - - -
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Figure 8 Three different frameshift mutations and one in-frame mutation in C2 target sequences of
To plants derived from the double-transformation experiment
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Conclusion

Several transformation experiments and subsequent genetic experiments have shown that
CRISPR/Cas9-based gene editing of carrot CENH3 is feasible. Promising mutants such as the 27-bp in-
frame indel mutant (1-STEP approach) or the 3bp in-frame deletion mutant (2-STEP approach) have
been found, but their successful usage as putative haploid inducers is uncertain yet. The finding of a
duplicated CENH3 locus in the carrot genome would require more research on the functional roles of
both genes to develop the best strategy for future CENH3 gene editing.

Next generation sequencing of amplicons spanning CRISPR target sites and transcript-based amplicon
sequencing seemed to be appropriate methods to select promising mutants, to estimate mutation
frequencies, and to allow a first prediction which CENH3 gene was concerned. Since there was a serious
amount of allelic variability within CENH3 genes of different carrot cultivars, future carrot CENH3
research should consider cloning and sequencing of further full-length CENH3 genes. A more practical
alternative might be to use homozygous carrots, such as double-haploid carrot lines, for targeting
CENH3 and to analyse mutants by deep sequencing.

The main lesson from the 2-STEP experiments is that a simultaneous carrot CENH3 gene editing by
CRISPR/Cas9 and integration of a foreign CENH3 gene, in this case from Panax ginseng, seemed to be
easily possible by co-transformations based on R. rhizogenes. The ginseng CENH3 protein was stably
accumulated inside the kinetochore region of carrot chromosomes, indicating that PgCENH3 might be
a suited candidate for complementation of putative carrot CENH3 knockout mutants. However,
presently it is still unclear, if this gene, controlled by a CaMV 35S promotor, is fully functioning during
the meiotic cell divisions and, therefore, suited to complement lethal gametes. Usage of a native carrot
CENH3 promotor might improve CRISPR mutation accumulation in future 2-STEP approaches.
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Supplemental Tables 1 and 2

Suppl. Table 1 Used media for R. rhizogenes cultivation and transformation

Medium | Basic components Mineral Antibiotics / Usage

nutrients Selective agens

CPY-S1 bacto-yeast extract 0,1% MgS04x7H20 spectinomycin 100 culture of R. rhizogenes-
(Difco), 200 mM mg/I strains
peptone 0,5% (Roth), (Sigma-Aldrich)
saccharose 0,5% (Merck),
bacto-agar 20g/I (BD)

CPY-S2 bacto-yeast extract 0,1% MgS04x7H20 spectinomycin 10 mg/l | culture of R. rhizogenes-
(Difco), 200 mM (Sigma-Aldrich) strains
peptone 0,5% (Roth),
saccharose 0,5% (Merck)

WA-CC agar 2 g/l (Duchefa) cefotaxime 200mg/| transformation /
(Duchefa), regeneration
carbenicillin 100 mg/I
(Roth)

MS-CCP | plant agar 6 g/I Murashige & cefotaxime 200mg/| hairy root growth /
(Duchefa), Skoog (Duchefa), selection
saccharose 20 g/l (Merck) medium carbenicillin 100 mg/I

(micro and (Roth),

macro phosphinotricin 10
elementsincl. | mg/l

vitamins (glufosinate-
(Duchefa ammonium pestanal)
MO0222) (Sigma-Aldrich)
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Suppl. Table 2 PCR primer information
Primer Sequence Ta Fragment Use
name (5'> 3 size
BAR-F GAT CTC GGT GAC GGG CAG GA (20 nt) Presence of selectable
60°C ~ 500 bp marker
BAR-R GGC GGT CTG CAC CAT CGT CAA (21 nt) (pDE-CAS9)
SS42 TCC CAG GAT TAG AAT GATTAG G (22 nt) Presence of CRISPR
58°C ~1.070 bp expression cassette
SS43 CGA CTAAGG GTTTCT TATATG C (22 nt) (pDE-Cas9)
(Fauser et al. 2014)
PCEN-F GGC GAG AAC CAA ACA AAT AGC T (22nt) Presence of ginseng
55°C 302bp | CENH3 (PgCENH3)
PCEN-R CCT GAATTG CCA CTAGAG CTT C (22 nt)
DCEN-F ATG GCC CGA ACG AAG CAC (18nt) Amplicon sequencing
55°C 437 bp of CENH3 transcripts
DCEN-R CAG GGCTGC GCTTTCTTTC (19 nt)
C2-AEZ-F* ACT GCT ACC CCG AGT AAG TCT ATA (24 nt) Amplicon sequencing
58°C 400 bp CRISPR target C2
C2-AEZ-R TAC CAC AAT ATC CCG TGC CAT TC (23 nt)
CA-AEZ-F* ATG TAC GGC ACCTTT GTAACCT (22 nt) Amplicon sequencing
58°C 369 bp CRISPR targets
C2-AEZ-R AGT GTG TTT CTT CCA GAG CCA A (22 nt) C3 and C4
CENA-DH1-F | ATG GCC CGA ACG AAG CAC (18 nt) Full-length
cloning of
CENB-RO-F GTC ATC ATT TCC GGC AAG TG (20 nt) 55°C ~4.500bp | DcCENH3A-DH1
and
CEN-UNI-R TCC AAA AGG TCA GGATCA GTT TTC (24 nt) DcCENH3B-RO
DEL-C2C4-F GTC TCT CTC CCT CACACACTT A (22 nt) Test for large
55°C 1209 bp deletions between
DEL-C2C4-R ACC TCT TGA ATT GCT CTT AGT GC (23 nt) CRISPR targets C2 and
C4
*barcode sequences (tags) at the 5' end: ACGGTA, AGCATG, ATCGTC, CCTGAT, CGAGTA, GACTAG, GGAACT,
GTGCTA, TGACCT, TTGCAG
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Supplemental Figures 1- 6

10 20 30 40 50 60 70 80 90 100
N N N L N N L N N L
DCAR _025246-OP.seq ATGGCCCGAACGAAGCACCCTGCCAAACGTACCTCCGGTCACCGCTCCCGAGGTCTCTCTCCCTCACACACTTATTTTATTAATTTAATTTGTACTGTTT 100
DcCENH3A-DHL1.seq ATGGCCCGAACGAAGCACCCTGCCAAACGTACCTCCGGTCACCGCTCCCGAGGTCTCTCTCCCTCACACACTTATTTTATTAATTTAATTTGTACTGTTT 100
DcCENH3A-DP.seq ATGGCCCGAACGAAGCACCCTGCCAAACGTACCTCCGGTCACCGCTCGCGAGGTCTCTCTCCCTCACACACTTATTTTATTAATTTAATTTGTACCGTTT 100
DcCENH3B-RO.seq ATGGCCCGAACGAAGCACCCTGCCAAACGTACCTCCGGTCACCGCTCGCGAGGTCTCTCTCCCTCACACACTTATTTTATTAATTTAATTTGTACCGTTT 100
T T T T T T T T T T
110 120 130 140 150 160 170 180 190 200
1 L L s L L L L L L
DCAR_025246-OP.seq TTCAATTGCTCTTTACAAGCCCTAAATTATCTTCCTCCTTTTTTGTTACAGGTCCCCCTCTCTCGGTATCTCTCTCTCTCTCTCTCTCTC - 190
DcCENH3A-DH1.seq TTCAATTGCTCTTTACAAGCCCTAAATTATCTTCCTCCTTTTTTGTTACAGGTCCCCCTCTCTCGEGTATCTCTCTCTCTCTCTCTCTCTC - 190
DcCENH3A-DP.seq TTCAATTGCTCTTTCCAAGCCCTAAATTATCTTCCTCCTTTTATGTTACAGGTCCCCCTCTCTCGGTATCTCTCTCTCTCTCTCTCTCTCTCTCTCTC- = 198
DcCENH3B-RO.seq TTCAATTGCTCTTTCCAAGCCCTAAATTATCTTCCTCCTTTTTTGTTACAGGTCCCCCTCTCTCGGTATCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTC 200
T T T T T T T T T T
210 220 230 240 250 260 270 280 290 300
N ! L s L L L L L L
DCAR _025246-OP.seq CCCTCTCTTTCTCTCTCTCTCTCAAATTGGAGTTATATAAAATTTTGAATGCTGATGAGTATTTATACAGGGAACTCCGAGACGAAGAAGTACTGCTACC 290
DcCENH3A-DH1.seq CCCTCTCTTTCTCTCTCTCTCTGAAATTGGAGTTATATAAAATTTTGAATGCTGATGAGTATTTATACAGGGAACTCCGAGACGAAGAAGTACTGCTACC 290
DcCENH3A-DP.seq CCCTCTCTTTCTCTCTCTCTCTGAAATTGCGAGTTATATAAAATTTTGAATGCTGATGAGTATTTATACAGGGAACTCCGAGACGAAGAAGTACTGCTACC 298
DcCENH3B-RO.seq CCCTCTCTTTCTCTCTCTCTCTGAAATTGCGAGTTATATAAAATTTTGAATGCTGATGAGTATTTATACAGGGAACTCCGAGACGAAGAAGTACTGCTACC 300
T T T T T T T T T T
310 320 330 340 350 360 370 380 390 400
1 | L N L L L L L !
DCAR _025246-OP.seq CCGAGTAAGTCTATAATCTTCGTATTGTTCGAGTTAGGGATTCAGTTTTTGTTAGTCAAATGAAACTGATTTCGTTGATATAGGAGAGGCAGATGCACAG 390
DcCENH3A-DH1.seq CCGAGTAAGTCTATAATCTTCGTATTGTTCGAGTTAGGGATTCAGTTTTTGTTAGTCAAATGAAACTGATTTCGTTGATATAGGAGAGGCAGATGCACAG 390
DcCENH3A-DP.seq CCGAGTAAGTCTATAATCTTCGTATTGTTCGAGTTAGGGATTCAGTTTTTGTTAGT CAAATGAAACTGATTTCGTTGATATAGGAGAGGCAGATGCACAG 398
DcCENH3B-RO.seq CCGAGTAAGTCTATAATCTTCGTATTGTTCCGAGTTAGGGATTCAGTTTTTGTTAGT CAAATGAAACTGATTTCGTTCGATATAGGAGAGGCAGATGCACAG 400
T T T T T T T T T T
410 420 430 440 450 460 470 480 490 500
1 | L N L L L L L !
DCAR _025246-OP.seq GGACAACAACAGCGAAAGCCCCACAGATTTAGGCCTGGTACCGTGGCTCTTCGTGAGATTCGTAAGTTTCAGAAGACTTGGAACCTTCTAATTCCTGCTG 490
DcCENH3A-DH1 seq GGACAACAACAGCGAAAGCCCCACAGATTTAGGCCTGGTACCGT GGCTCTTCCTGAGATTCGTAAGTTTCAGAAGACTTGGAACCTTCTAATTCCTGCTG 490
DcCENH3A-DP.seq GGACAACAACAGCGAAAGCCCCACAGATTTAGGCCTGGTACCGTGGCTCTTCGCTGAGATTCGTAAGTTTCAGAAGACTTGGAACCTTCTAATTCCTGCTG 498
DcCENH3B-RO.seq GGACAACAACAGCGAAAGCCCCACAGATTTAGGCCTGGTACCGTGGCTCTTCGTGAGATTCGTAAGTTTCAGAAGACTTGGAACCTTCTAATTCCTGCTG 500
T T T T T T T T T T
510 520 530 540 550 560 570 580 590 600
1 L 1 h 1 ! ! ! 1 !
DCAR _025246-OP.seq CTCCGTTTATCCGCACTGTAAGTTATCGCTACTTGTTTAA- TTTCTGTTTATTTTTGTATTTGGTTTGGTATTCGGATATAATTGCCCTTAGTAATGGAT 589
DcCENH3A-DH1.seq CTCCGTTTATCCGCACTGTAAGTTATCGCTACTTGTTTAA- TTTCTGTTTATTTTTGTATTTGGTTTGGTATTCGGATATAATTGCCCTTAGTAATGGAT 589
DcCENH3A-DP.seq CTCCGTTTATCCGCACTGTAAGTTATCGCTACTTGTTTAA- TTTCTGTTTATTTTTGTATTTGGTTTGGTATTCGGATATAATTGCCCTTAGTAATGGAT 597
DcCENH3B-RO.seq CTCCGTTTATCCGCACTGTAAGTTATCTCTACTTGTTTAAATTTCTGTTTATTTTTGTATTTGGTTTGGTATTCGCGATATAATTTCCCTTAGTAATGGAT 600
T T T T T T T T T T
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N L L s L L L L L L
DCAR _025246-OP.seq GGAAATTTGAATTATATCGACTGT GGAAGT GTGAACGGATAGTAATTAAAGTTTAAATGCTTTGAACCAGAAT GGCACGGCATATTGTGGTATGATTTAA 689
DcCENH3A-DHL.seq GGAAATTTGAATTATATCGACTGTGGAAGT GTGAACGGATAGTAATTAAAGTTTAAATGCTTTGAACCAGAATGGCACGGGATATTGTGGTATGATTTAA 689
DcCENH3A-DP.seq GGAAATTTGAATTATATCGACTGTGGAAGT GTGAATGGATAGTAATTAAAGTTTAAATGCTTTGAACCAGAATGGCACGGGATATTGTGGTATGACTTAA 697
DcCENH3B-RO.seq G- AAATTTGAATTATATCGACTGTGGAAGTGTGAACTGATAGTAATTAAAGTTTAAATGCTGTGAACCAGAATGGCATGGGATATTGTGGGATGATTTAA 699
T T T T T T T T T T
710 720 730 740 750 760 770 780 790 800
n s L L L L L L L L
DCAR_025246-OP.seq TTGAAGTTGTACCTAATAGGTTCTTATTTGTTGCGTACACTCAAGATCTGCTAGCTTCTTTATATAGTTAGATGCACTGATTTATTTTCATGACTAACAA 789
DcCENH3A-DH1.seq TTGAAGTTGTACCTAATAGGTTCTTATTTGTTGCGTACACTCAAGATCTGCTAGCTTCTTTATATAGTTAGATGCACTGATTTATTTTCATGACTAACAA 789
DcCENH3A-DP.seq TTGAAGTTGTACCTAATAGGTTCTTTTTTGTTGCATACACTCAAGATCTGCTAGCTTCTTTATATAGTTAGATGCACTGATTTATTTTCATGACTAACAA 797
DcCENH3B-RO.seq TTGAAGTTGTACCTTATCGGTTCTTATTTGTTGCGTACACTCAAGATCT- CTAGCTACTTTATATAGTCAGATGCACTGATTTATTTTCATTACTAACAA 798
T T T T T T T T T T
810 820 830 840 850 860 870 880 890 900
n s L N L L L L L L
DCAR _025246-OP.seq TGTTAATGTAGGTATTTTAAATGTTCTCAAGAAAACTTTTTATTTGGTGCGATAATATGGAAAAGTTCTTTTCTTATTGAACTATTATTTGTTGAAAATTT 889
DcCENH3A-DH1.seq TGTTAATGTAGGTATTTTAAATGTTCTCAAGAAAACTTTTTATTTGGTGGATAATATGGAAAAGTTCTTTTCTTATTGAACTATTATTTGTTGAAAATTT 889
DcCENH3A-DP.seq TGTTAATGTAGGTATTTTAAATGTTCTCAAGAAAACTTTTTATTTGGTGGCTAATATGGAAAAGTTCTTTTCTTATTGAACTATTATTTGTTGAAAATTT 897
DcCENH3B-RO.seq TGTTAATGTAGGTATT- - - - - - - = - - - m o s o s oo e oo oo oo oo o m oo oo oo mm o m o m o A-mmm e TTTTTTAAAAATTT 829
T T T T T T T T T T
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DCAR _025246-OP.seq ACCCCCCAAATCTGGTTTTCTTTTCGTGTATGATA:- - - - - GAAGTTATTTGGCAGAATGTGTTATTATGTGAATATCAAACAACCTGAGCAACAGAATAC 984
DcCENH3A-DH1.seq ACCCCCCAAATCTGGTTTTCTTTTCGTGTATGATA- - GAAGTTATTTGGCAGAATGTGTTATTATGTGAATATCAAACAACCTGAGCAACAGAATAC 984
DcCENH3A-DP.seq ACCCCCCAAATCTGGTTTTCTTTTCGTGTATGATA- - GAAGTTATTTGGCAGAATGTGTTATTATGTGAATATCAAACAACCTGAGCAACAGAATAC 992
DcCENH3B-RO.seq ACCCCCCAAATCTGGTTCTCTTTTCTTGTATGATACAGTAGAAGTTATTTGGCAGAGTGTGTTATTATGT GAATATCAAACAACCTGAGCAACAGAATAC 929
T T T T T T T T T T
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f f N f N N f N N N
DCAR _025246-OP.seq TGATTTAATATGGACTATA- ATTGTAAATCTAGTTGAAATTGTCTGTAGTATCATGAGTGACTAGAATATATTGTGCATATATGTACCGCACCTTTGTAA 1083
DcCENH3A-DH1 seq TGATTTAATATGGACTATA- ATTGTAAATCTAGTTGAAATTGTCTGTAGTATCATGAGT GACTAGAATATATTGTGCATATATGTACCGCACCTTTGTAA 1083
DcCENH3A-DP.seq TGATTTAATATGGACTATA- ATTGTAAATCTATTTGAAATTGTCTGTAGTATCATGAGTGACTAGAATATTTTGTGCATATATGTACGGCACCTTTGTAA 1091
DcCENH3B-RO.seq TGATTTAAAATGAACTACGGATTATAAATCTATTTGAATTTGTCTGTAGTATCATGAGTGACTAGAATATATTGTGCATATATACACGGCACCTTTGTAA 1029
T T T T T T T T T T
1110 1120 1130 1140 1150 1160 1170 1180 1190 1200
L L N s N N L N N N
DCAR _025246-OP.seq CCTACAACTCTCATTTTGAAATGGCTAATAGTAATATCAAATATGTCTACTTGT GAATTCAGTTGGTATTTGATGTCATAATAATTGTTAACAGGTTAGGE 1183
DcCENH3A-DHL1 seq CCTACAACTCTCATTTTGAAATGCTAATAGTAATATCAAATATGTCTACTTGTGAATTCAGTTGGTATTTGCATGTCATAATAATTGTTAACAGGTTAGGE 1183
DcCENH3A-DP.seq CCTACAACTCTCATTTTGAAATGGTAATAGTAATATCAAATATGTCTACTTGTGAATTCAGTTGGTATTTGATGTCATAATAATTGTTAACAGGTTAGGG 1191
DcCENH3B-RO.seq CCTACAACTCTCTTTTTGAAATGGTAATAGTAATATCAAATATGTCTACTTGTAAATTCAGTTGGTATTTGATGTCATAATAATTGTTAACAGGTTAGGG 1129
T T T T T T T T T T
1210 1220 1230 1240 1250 1260 1270 1280 1290 1300
| | N s N N s N N N
DCAR_025246-OP.seq AGATTAGCTTCTACCTGGCTCCCTCAATCACACGTTGGCAAGCT GAAGCACTAAGAGCAATTCAAGAGGTATTTAAAAATTCTGTCCAACTAAATTCTGT 1283
DcCENH3A-DHL.seq AGATTAGCTTCTACCTGGCTCCCTCAATCACACGT TGGCAAGCT GAAGCACTAAGAGCAATTCAAGAGGTATTTAAAAATTCTGTCCAACTAAATTCTGT 1283
DcCENH3A-DP.seq AGATTAGCTTCTACCTGGCTCCCTCAATCACACGTTGGCAAGCT GAAGCACTAAGAGCAATTCAAGAGGTATTTAAAAATTCTGTCCAACTAAATTCTGT 1291
DcCENH3B-RO.seq AGATTAGCTTCTACCTGGCTCCCTCAATCACACGTTGGCAAGCCGAAGCACTAAGAGCAATTCAAGAGGTATTTAAAAATTTTGTCCAACTAAATTCTGT 1229
T T T T T T T T T T
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L L N L N N L N N L
DCAR _025246-OP.seq TGTTCAGTACTACTTTGTCATTTTTTTTAAAGCATTATAGCT GAATTAGAAACACTATCAAATGACCAAGACTTTAACAGTACTACTCTGGGTACCCCTT 1383
DcCENH3A-DH1.seq TGTTCAGTACTACTTTGTCATTTTTTTTAAAGCATTATAGCTGAATTAGAAACACTATCAAATGACCAAGACTTTAACAGTACTACTCTGGGTACCCCTT 1383
DcCENH3A-DPseq TGTCCAGTACTACTTTGTCATTTTTTTTAAAGCATTATAACTGAATTAGAAACACTATCGAATGACCAAGACTTTAACAGTACTACTTTGGGTACCCCTT 1391
DcCENH3B-RO.seq TGTTCAGTACTACTTTGCCATTGTTTT- AAAGAATTATAATTGAATTAGAAATACTATCAAATGTCCAAGAATATAACATTACTACTTTGAGTACCC- - - 135
T T T T T T T T T T
1410 1420 1430 1440 1450 1460 1470 1480 1490 1500
f L L f L s f L L N
DCAR _025246-OP.seq TCCGGCTTTCCTATATATAATACAAAGTTTGGCTCTGGAAGAAACACACTGCATATAGGCAAAGGCTTAATCAGCTATTTAATGTTATACTTGTCACATT 1483
DcCENH3A-DH1.seq TCCGGCTTTCCTATATATAATACAAAGTTTGGCTCTGGAAGAAACACACTGCATATAGGCAAAGGCTTAATCAGCTATTTAATGTTATACTTGTCACATT 1483
DcCENH3A-DP.seq TCCGGCTTTCCTATATATAATATAAAGTTTGGCTCTGGAAGAAACACACTGCATATAGGCAAAGGCTTAATCAGCTATTTAATGTTATACTTGTCACATT 1491
DcCENH3B-ROseq - ---- CTTTCCTATATTTAATATAAAATTTGGCTCTGGAAGAAACACACTGCATATAGTTAAAGGCTTAATCAGCTATTTAATGTTATACTTGTCACATT 1420

Suppl. Figure 1 Alignment of full-length genomic DNA sequences of two carrot CENH3A genes
cloned from DP and DH1, and DcCENH3B-RO (DNASTAR Lasergene, ClustalW)
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1510 1520 1530 1540 1550 1560 1570 1580 15% 1600

" " ! f ! \ ! | ’ )
DCAR _025246-OP.seq TAATGCCATAAGCATACATATCAAATTTAAAAGACTTGACCAGCTTATTTTGTTTCCAAAATCATACAGAAGAAATACCATTATTTTACTCACTAGATAT 1583
DcCENH3A-DH1.seq TAATGCCATAAGCATACATATCAAATTTAAAAGACTTGACCAGCTTATTTTGTTTCCAAAATCATACAGAAGAAATACCATTATTTTACTCACTAGATAT 158
DcCENH3A-DP.seq TAATGCCATAAGCATACATATCAAATTTAAAAGACTTGACCAGCTTATTTTGTTTCCAAAATCATACAGAAGAAATACCATTATTTTACTCACTAGATAT 1501
DcCENH3B-RO.seq TA- TGCCATAAGCATACGTATAAAATTTAAAAGACTTGACCAGCTTATTTTGTTTCCAAAATCATACAGAAGAAATAA- ATTATTGTACTCACTAGATAT 1518

T T T T T T T T T T

1610 1620 1630 1640 1650 1660 1670 1680 1690 1700

s ’ ! \ h ) A A ! h
DCAR _025246-OP.seq TGTAAATTTTCTTATGAAGCTTCCTTTGACTTATTGAAAAGATATACGATAATCCACTTAAGATAAATCGTACTCCTTAGAATTGTAAAAACAAATGATT 1683
DcCENH3A-DH1.seq TGTAAATTTTCTTATGAAGCTTCCTTTGACTTATTGAAAAGATATACGATAATCCACTTAAGATAAATCGTACTCCTTAGAATTGTAAAAACAAATGATT 1683
DcCENH3A-DP.seq TGTAAATTTTCTTATGAAGCTTCCTTTGACTTATTGAAAAGATATACGATAATCCACTTAAGATAAATCATAATCCTTAGAATTGTAAAAACAAATGATT 1691
DCCENH3B-RO seq TGTAAATTTTCTTATGAAGCTTCCTTTGACT TATTGAAATGAT- - ACAATAAT CCACTTAAGATAAATCATACTCCTTAGAATTGTAAAAACAAACGG- - 1614

T T T T T T T T T T

1710 1720 1730 1740 1750 1760 1770 1780 1790 1800

h : h . h h . A h "
DCAR _025246-OP.seq GTGCATTTGTGCCCCTTCCTGCAATAGACGACATATTAGCTTCATGTAGAAGCCCCTTACAAATATCAAGTATTAGTACAGAATTATGCATAATGACTAA 1783
DcCENH3A-DH1.seq GTGCATTTGTGCCCCTTCCTGCAATAGACGACATATTAGCTTCATGTAGAAGCCCCTTACAAATATCAAGTATTAGTACAGAATTATGCATAATGACTAA 1783
DCCENH3A-DPseq GTGCATTTGTGCCCCTTCCTGCAATAGACGACATATTAGCT TCATGTAGAAGCCCCTTACAAATATCAAGTATTAGTACAGAATTATGCATAATGACTAA 1791
DcCENH3B-ROseq - ----- TTGTGCCCCTTTCTGCAATAGACGGCATATTAG: - - - = === === s s mmoomoommon s TACAGAATTATGCACAATGACTAA 1671

T T T T T T T T T T

1810 1820 1830 1840 1850 1860 1870 1880 1890 1900

) : 7 f A ) ! | ’ "
DCAR _025246-OP.seq ACCTTGACAATTGGAAGTTTGCAATTATTTCATTGTGGAATGAGTTTTTTGTTTCAAAAATTTATCTCTTGT GGAACAAAGTAAGTAAAATTTTATTTAA 1883
DCCENH3A-DHLseq ACCTTGACAATTGGAAGT TTGCAATTATTTCATTGTGGAATGAGT TTTTTGTTTCAAAAATTTATCTCTTGT GGAACAAAGTAAGTAAAATTTTATTTAA 1883
DeCENH3A-DPseq CCCTTGACAATTGGAAGT TTGCAATTATTTCATTGTGGAATGAGT TTTTTGTTTCAAAAATTTATCTCTTGTGGAACAAAGTAAGTAAAATTTTATTTTA 1801
DcCENH3B-RO.seq CCCTTGACAATTGGAAGTTTGCAATTATTTCATT GTGGAATGAGTTTTTTGTTGCAAAAATTTATCTTTTGTGGATCAATGAAAGTAAAATTTTATTTAA 1771

T T T T T T T T T T

1910 1920 1930 1940 1950 1960 1970 1980 1990 2000

| f | f h ) | | | )
DCAR_025246-OP.seq TAATGAAACCAAATAACTATGTT- AGTTATTTTATTTTAGAGGT TGTACAATTGACATA- - GATGAGCA TSI L-- TGAGATAACAGAGCAAATAA 1969
DCCENH3A-DHLseq TAATGAAACCAAATAACTATGTT- AGTTATTTTATTTTAGAGGT TGTACAATTGACATA- - GATGAGCA - TGAGATAACAGAGCAAATAA 1969
DcCENH3A-DP.seq TTATGAAACCAAATAACTATGTT- AGTTATTTTATTTTAGAGGTTGTACATTTGACATA- - GATGAGCA- TGAGATAACAGAGCAAATAA 1977
DcCENH3B-RO.seq TAATGAATCCAAATAACTATGTTTAGGTATTTTGTTTTAGAGGTTGTACAATTGACATAAAGATGAGCAAGAGGATTGCATGAGATAACAGAGCAAATAA 1871

T T T T T T T T T T

2010 2020 2030 2040 2050 2060 2070 2080 209 2100

" " ! f \ A ’ A 7 \
DCAR_025246-OP.seq TAATTTCAAATGATATACCGCTCTTTTTTTTAAACATAACT TCTTCCATTATCGCATTCTAGGAACT GCATCTCTAACCG: = - - - - -~ CATATTTTTITG 2061
DcCENH3A-DHL seq TAATTTCAAATGATATACCGCTCTTTTTTTTAAACATAACTTCTTCCATTATCGCATTCTAGGAACTGCATCTCTAACCG- - - - - - - - CATATTTTTTTG 2061
DcCENH3A-DP.seq TAATTTCAAATGATATACCGCTCTTTTTTTTATACATAACTTCTTCCATTATCGCATTCTAGGAACTGCATCTCTAACCG- ===~ =+ - CATATTTTTTTG 2069
DcCENH3B-RO.seq TAATTTCAAAT- ATATAC- - CCCTTTTTTTTAAACATAACTTCTTCCATTATCGCATTCTAGGAACTGCATCTCTAACCAACAAACCACATATCTTTTTG 1968

T T T T T T T T T T

2110 2120 2130 2140 2150 2160 2170 2190 2190 2200

\ ; ) | ! ) | ! | \
DCAR _025246-OP.seq TTTAGATCAGTAAAATCGATAACCCCCGATTTTTTCGTAAACTATTTCCTTTCTCTACATGCTAGTACATAGAGTTTTCCCTTTCTTAGCTAGGCTGTTT 2161
DcCENH3A-DH1.seq TTTAGATCAGTAAAATCGATAACCCCCGATTTTTTCGTAAACTATTTCCTTTCTCTACATGCTAGTACATAGAGTTTTCCCTTTCTTAGCTAGGCTGTTT 2161
DcCENH3A-DP.seq TTTAGATCAGTAAAATCGATAACCCCCGATTTTTTCGTAAACTATTTCCTTTCTCTACATGCTAGTATATAGAGTTTTCCCTTTCTTAGCTAGGCTGTTT 2169
DcCENH3B-RO.seq TTCAGATCAGTTAAATCGATAACCCCCGAATTTTTCACACACTATTTCCTTTCTCTACATGCTAGTATT- - - AGCTTTCCCTTTCTTAGCTTGGCTGTTA 2065

T T T T T T T T T T

2210 2220 2230 2240 2250 2260 2270 2280 229 2300

’ . M \ ! ) | | ! )
DCAR _025246-OP.seq GCATCTTTGCACTTTTAAATCTGCTCTCTAAATGTTTTTTGCGAGATATTCTCTGATGTATAGAGACCTAATATCCTGGCTCACAGTTATAAATTTATTAG 2261
DcCENH3A-DH1.seq GCATCTTTGCACTTTTAAATCTGCTCTCTAAATGTTTTTTGCGAGATATTCTCTGATGTATAGAGACCTAATATCCTGGCTCACAGTTATAAATTTATTAG 2261
DcCENH3A-DP.seq GCATCTTTGTACTTTTAAATCTGCTCTCGAAATGTTTTTTGCGAGATATTCTCTGATGTATAGAGACTTAATATCCTGGCTCACAGTTATAAATTTATTAG 2269
DeCENH3B-RO seq GCAGTTTTGCACTTTAAAATCTGCTCTCTAAATGTTTTTTGGAGATATTCTCTGATGTATAGAGACT TAATATTCTGGCTCACAGT TACAAATCTATTAG 2165

T T T T T T T T T T

2310 2320 2330 2340 2350 2360 2370 2380 2390 2400

) f 7 f A ) | A ’ \
DCAR _025246-OP.seq TCATTTTTTTGGTTATAATATATTTACAGTACCTGTGTTTGAAGTTGTTTAAATATATTTCCAGCAATGAATACCTTTTCTTTATCTGTTTTTTTATGGT 2361
DcCENH3A-DH1.seq TCATTTTTTTGGTTATAATATATTTACAGTACCTGTGTTTGAAGTTGTTTAAATATATTTCCAGCAATGAATACCTTTTCTTTATCTGTTTTTTTATGGT 2361
DeCENH3A-DPseq TCATTTTTTTGGTTATAATATATTTACAGTACCT GTGTTTGAAGT TGTTTAAATATATTTCCAGCAATGAATATCTTTTCTTTATCTGTTTGTTTATGET 2369
DCCENH3B-RO seq TCATTTATTTGGTTATAATATATTTACAGTACTGTGTTTTGAAATTGTTTAAAAATATTTCCAGCAATGAATACCTTTTCTTTATCTGTTT- TTTATGET 2264

T T T T T T T T T T

2410 2420 2430 2440 2450 2460 2470 2480 2490 2500

’ ; ’ \ A ) A A ! "
DCAR_025246-OP.seq TTTATCGTTGGTTATGTTTTTAGTTTTGGTCCTTCAGAGGGTAAATTGTCATGATTTTCAATAATTATAATTGTATATATTGTACTTCTCTAGATAA- GA 2460
DCCENH3A-DHLseq TTTATCGTTGGTTATGTTTTTAGT TTTGGTCCTTCAGAGGGTAAATTGTCATGATTTTCAATAATTATAATTGTATATATTGTACTTCTCTAGATAA: GA 2460
DCCENH3A-DPseq TTTATCGTTGGTCGTGTTTTTAGT TTTGGTCCTTCAGAGGGTAAATTGTCATGATTTTCAATAATTATAATTGTATATATTGTACTTCTCTAGATAA: GA 2468
DcCENH3B-RO.seq TTTATTGTTTGTTATGTTTTTAGGTTTGGTCCTTCAGATGGTAAATTGTCATGATTTCCAATAATTATAATTGTAAATACTGTACTTCTCTAAATAAAGA 2364

T T T T T T T T T T

2510 2520 2530 2540 2550 2560 2570 2580 259 2600

" 7 ! f | \ | | | \
DCAR_025246-OP.seq GTCGACAAAGATAACATGAAA- - -~ - - & CAARAGAAAGGTTCTTTCAAAGCGTTGATATAATCTCTGTTCT TTCAAAGT GCCATCATCATGTTTTTTAGA 2553
DCCENH3A-DHLseq GTCGACAAAGATAACATGAAA- CAAAAGAAAGGTTCTTTCAAAGCGTTGATATAATCTCTGTTCTTTCAAAGT GCCATCATCATGTTTTTTAGA 2553
DcCENH3A-DP.seq GTTGACAAAGATAACATGAAA- - - - - - - CAAAA- AAAGGTTCTTTCAAAGCATTGATATAATCTCTGTTCTTTCAAAGTGCCATCATCATGTTTTTTAGA 2560
DcCENH3B-RO.seq GTCGACAAAGATAACATGAAAGTTAAAACAAAAAAAAGGTTCGTTCAAAGTATTGATATAATCTCTGTTTGGTCAAAGTGCCATCATCATGTTTTT- AGA 2463

T T T T T T T T T T

2610 2620 2630 2640 2650 2660 2670 2690 269 2700

’ ’ ! f ! \ | | h h
DCAR _025246-OP.seq TATGATCTCTTTTACTTATTAAGGCCCAATGTCAAATAGTTACACAGTGGCTCTGAAGCAATCTGAATTCCAGGACTCAATTTACCAATATACAAAATCT 2653
DcCENH3A-DH1.seq TATGATCTCTTTTACTTATTAAGGCCCAATGTCAAATAGTTACACAGTGGCTCTGAAGCAATCTGAATTCCAGGACTCAATTTACCAATATACAAAATCT 2653
DcCENH3A-DP.seq TATGATCTCTTTTACTTATGAAGGCCCAATGTCAAATAGTTACACAGTGGCTCTGAAGCAATCTGAATTCCAGGACTCAATTTACCAATATACAAAATCT 2660
DcCENH3B-RO.seq TATGATCTCTTTTACTTATTAAGGCCCAATGTCAAATAGTTACACAGTGGCTCTGAAGCAATCTGAATTCCAGGACTCAATTTAATAATATACAGAATCT 2563

T T T T T T T T T T

2710 27120 27130 2740 2750 2760 2770 2790 279 2800

h h h . h h . A h )
DCAR _025246-OP.seq GTGCTCTACAAATCTGTTTTTGTGCTTGCAGAGT TGCAGTAATGTTCTGAGT GGAGTATCTTAGTCCTGCAAACCTTTCCACTAAACTCACGCCAACACA 2753
DcCENH3A-DH1.seq GTGCTCTACAAATCTGTTTTTGTGCTTGCAGAGTTGCAGTAATGTTCTGAGT GGAGTATCTTAGTCCTGCAAACCTTTCCACTAAACTCACGCCAACACA 2753
DcCENH3A-DP.seq GTGCTCTACAAATCTGTTTTTGTGCTTGCAGAGTTGCAGTAATGTTCTGAGT GGAGTATCTTAGTCCTGCAAACCTTTCCACTAAACTCACGCCAACACA 2760
DcCENH3B-RO.seq GTGCTCTACAAATCTGCTATTGTGCTTGCAGTAATGT- - - - - - - TTCTGAGTGGAGTATCTTAGTCCTACAAACTTTTCCACTAAACTCACGCCAACACA 265

T T T T T T T T T T

2810 2820 2830 2840 2850 2860 2870 28%0 289 2900

’ ’ ! f h ) | A ! )
DCAR _025246-OP.seq AGTCACTACTTACATCGTTGCATATTTAAATGTCTTATTAAGTT- TTTTAGTTACTTTTTAGGTCTTTTACAAGTTAAATTCCAAAAAACACCTCCC- AG 2851
DcCENH3A-DH1.seq AGTCACTACTTACATCGTTGCATATTTAAATGTCTTATTAAGTT- TTTTAGTTACTTTTTAGGTCTTTTACAAGTTAAATTCCAAAAAACACCTCCC- AG 2851
DcCENH3A-DP.seq AGTCACTACTTACATCGTTGCATATTTAAATGTCTTATTAAGTTCTTTTAGTTACTTCTTAGGTCTTTTACAAGTTAAATTCCAAAAAACACCTCCC- AG 2859
DCCENH3B-RO seq AGTCACTACTTACATTGTTGCATATTTAAATGTCCTATTAAGTTTTITTTAGTTACTTTTTAGGTCTTTTACAATTTCGATTCCAAAAAACACCTCAAGAA 2756

T T T T T T T T T T

2910 2920 2930 2940 2950 2960 2970 2980 2990 3000

’ : 7 f ! ) f A ! "
DCAR _025246-OP.seq ACACGATAAAAGTGGTATTTCTCTTTATATCTTTAAGATTTATTACAAAAAGTGGTGTTTCTCTTGAATCCACGATTGTT- CTTCCTTATTTTCTGCTGA 2950
DcCENH3A-DH1.seq ACACGATAAAAGTGGTATTTCTCTTTATATCTTTAAGATTTATTACAAAAAGTGGTGTTTCTCTTGAATCCACGATTGTT- CTTCCTTATTTTCTGCTGA 2950
DeCENH3A-DPseq ACATGATAAAAGTGGTATTTCTCTTTATATCTTTAAGATTTATTACAAAAAGT GGTGTTTCTCTTGAATCCACGATTGTT- CTTCCTTATTTTCTGCTGA 2958
DcCENH3B-RO.seq ACACGATAAAAGTGGTAGTTCTCTTTATACCTTTAGGATTTATTACAAAAAGTGGTGTTTCTCTTGAATCCACGATTGTTTCTTCCTTATTTTCTGCTGA 285%

Suppl. Figure 1 cont.
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2910 2920 2930 2940 2950 2960 2970 2980 299 3000
L N N L N N L N N N
DCAR _025246-OP.seq ACACGATAAAAGTGGTATTTCTCTTTATATCTTTAAGATTTATTACAAAAAGTGGTGTTTCTCTTGAATCCACGATTGTT- CTTCCTTATTTTCTGCTGA 2950
DcCENH3A-DHL seq ACACGATAAAAGTGGTATTTCTCTTTATATCTTTAAGATTTATTACAAAAAGTGGTGTTTCTCTTGAATCCACGATTGTT- CTTCCTTATTTTCTGCTGA 2950
DcCENH3A-DPseq ACATGATAAAAGTGGTATTTCTCTTTATATCTTTAAGATTTATTACAAAAAGTGGTGTTTCTCTTGAATCCACGATTGTT- CTTCCTTATTTTCTGCTGA 2958
DcCENH3B-RO.seq ACACGATAAAAGTGGTAGTTCTCTTTATACCTTTAGGATTTATTACAAAAAGTGGTGTTTCTCTTGAATCCACGATTGTTTCTTCCTTATTTTCTGCTGA 285
T T T T T T T T T T
3010 3020 3030 3040 3050 3060 3070 3080 3090 3100
L L N L N N L N N N
DCAR_025246-OP.seq AATTCTCACGGCTACTTGTTTGTGTTTAAATTCAATGATATAAATTGGAATCGCATATCTGAATTGCCCTAATTGTTTAGGTTCATATT- - - - GAATGAT 3046
DcCENH3A-DH1 seq AATTCTCACGGCTACTTGTTTGTGTTTAAATTCAATCGATATAAATTGCAATCGCCATATCTGAATTGCCCTAATTGTTTAGGTTCATATT- - - - GAATGAT 3046
DcCENH3A-DP.seq AATTCTCACGGCTACTTGTTTGTGTTTAAATTCAATGATATAAATTGCAATTGCATATCTGAATTGCCCTAATTGTTTAGGTTCATATT- - - - GAATGAT 3054
DcCENH3B-RO.seq AAATCTCACGGCTACTTGTTTG- GGTTAAATTCAATGATATTAATTGGACTCGCG- ATCTGAATTGCCTTAATTGTTTGGGTTCATATTACTTGAATGAT 2954
T T T T T T T T T T
3110 3120 3130 3140 3150 3160 3170 3180 3190 3200
1 N N s N N 1 N N N
DCAR_025246-OP.seq AAATTGATAACAAGTGGTGTTTTTCTTTATACCTATATGAAAATTTCTTTCAAATCCATGATTTATACTTCCTTATTCTCTGCTGAGATTCTTGCGGCTA 3146
DcCENH3A-DH1 seq AAATTGATAACAAGTGGTGTTTTTCTTTATACCTATATGAAAATTTCTTTCAAATCCATGATTTATACTTCCTTATTCTCTGCTGAGATTCTTGCGGCTA 3146
DcCENH3A-DP.seq AAATTGATAACAAGTGGTGTTTTTCTTTATACCTATATAAAAATTTCTTTCAAATCTATGATTTATACTTCCTTATTCTCTGCTGAGATTCTTGCGGCTA 3154
DcCENH3B-RO.seq AAATTGATAACAAGTGGTGTTTTTCTTTATACCTATACTAAGATTACTCTTAAATCCATTATTTTTTCTTCCGTATTCTCTGCTGAGATTCTTGCGGCTA 3054
T T T T T T T T T T
3210 3220 3230 3240 3250 3260 3270 3280 3290 3300
| | | s | N | N | N
DCAR _025246-OP.seq CTTGTTTGGGTTTAGATTTTATGATATTATTTGGGCTTGTATTTCTGAATTTCCTTTGTTGTTTGGCTTCATTTTACTTGAATTCTATGTGTTTAATTGA 3246
DcCENH3A-DHL. seq CTTGTTTGCGGTTTAGATTTTATGATATTATTTGGGCTTGTATTTCTGAATTTCCTTTGTTCGTTTGGCTTCATTTTACTTGAATTCTATGTGTTTAATTGA 3246
DcCENH3A-DPseq CTTGTTTGCGGTTTAGATTTTATGATATTATTTGGGCGTGTATTTCTGAATTTCCTTTGTTCGTTTGGGTTCATTTTACTTGAATTCTATGTGTTTAATTGA 3254
DcCENH3B-RO.seq CTTGTTTGGGTTTAGATTT- ATGATATTATTTGGGCTTGTATTTCTAAATTTCCTTTGTTGTTTAGGTTCATTTTACTTGAATTCAATGTGTTTAGTTGA 3153
T T T T T T T T T T
3310 3320 3330 3340 3350 3360 3370 3380 330 3400
i f N s N N L N N s
DCAR_025246-OP.seq GCAGTTTATGTTGAGTGTGGTATTTTCAAGAACTGGCTCAAGAAAAC- - - - CGGAATCAGAACGGATCAACTAACTTCAATTAAAGACACAGGAAA 3338
DcCENH3A-DH1 seq GCAGTTTATGTTGAGTGTGGTATTTTCAAGAACTGGCTCAAGAAAAC:- - - - CGGAATCAGAACGGATCAACTAACTTCAATTAAAGACACAGGAAA 3338
DcCENH3A-DP.seq GCAGTTTATGTTGAGTGTGGTATTTTCAAGAACTGGCTCAAGAAAACAAGAAAACCGGAATCAGAACGGATCAACCAACTTCAATTAAAGACGCAGGAAA 3354
DcCENH3B-RO.seq GCAGTTTATATTGAGTGCGGTATTTTTAAGAACTGGCTCAAGAAAAC: - - - - - - - CAGAATCAGAACAGATCAACTAACTTCAATTAAAGACACAGGAAA 3245
T T T T T T T T T T
3410 3420 3430 3440 3450 3460 3470 3480 3490 3500
i f ! s L N f N N N
DCAR_025246-OP.seq AATACATAATTCAAACGATTAGGACAAGTAAAAGATAATTCAAATAATTTCATTCGATCATATATGCATTTTAGCTGGCCAGCAGCAATTCTATACTGTG 3438
DcCENH3A-DH1 seq AATACATAATTCAAACGATTAGGACAAGTAAAAGATAATTCAAATAATTTCATTCGATCATATATGCATTTTAGCTGGCCAGCAGCAATTCTATACTGTG 3438
DcCENH3A-DP.seq AATACATAATTCAAACGATTAGGACAAGTAAAAGATAATTCAAATAATTTCATTCGATCATATATGCATTTTAGCTGGCCAGCAGCAATTCTATACTGTG 3454
DcCENH3B-RO.seq AATACATAATTCAAACAATTAGGACAAGTAAAAGATAATTTAAACAATTTCATTTGTTCATATATGCAATT- AGCTGGCCAGCAGCAATTCTATACTGTG 3344
T T T T T T T T T T
3510 3520 3530 3540 3550 3560 3570 3580 3590 3600
i L N L N N L N N N
DCAR_025246-OP.seq AGAATTCAGATTCTAAATTGTATGTTTTTT- AGTAAAGGTACTGTTCATTTTGAAGTAGTATTATATTAA- - - TGATATTCTTTGAGTTCTCTTGAAATA 3534
DcCENH3A-DHLseq AGAATTCAGATTCTAAATTGTATGTTTTTT- AGTAAAGGTACTGTTCATTTTGAAGTAGTATTATATTAA- - - TGATATTCTTTGAGTTCTCTTGAAATA 3534
DcCENH3A-DP.seq AGAATTCAGATTCTAAATTGTATGTTTTTTTAGTAAAGGTACTGTTCATTTTGAAGTAGTATTATATTTA- - - TAATATTCTTTGAGTTCTCTTGAAATA 3551
DcCENH3B-RO.seq AGAATTTAGATTCTAAATTGTATGTTTTCTTAATAGAGGTACTGTTCATTTTCGAAGTAGTATTATATTTAAAATGATATTCTGTGGGTTCTCCTGAAATA 3444
T T T T T T T T T T
3610 3620 3630 3640 3650 3660 3670 3680 3690 3700
f L N L N N f N N '
DCAR_025246-OP.seq TTCTGGGAATCTAATATACTTGCAAAAGATATACTTTTACTTAGATGTAGCCATCTTTGCAGGCAGCAGAGGATTTTATCATTCATCTATTTGAGGATGC 3634
DcCENH3A-DH1 seq TTCTGGGAATCTAATATACTTGCAAAAGATATACTTTTACTTAGATGTAGCCATCTTTGCAGGCAGCAGAGGATTTTATCATTCATCTATTTGAGGATGC 3634
DcCENH3A-DP.seq TTCTGGGAATCTAATATACTTGCAAAAGATATACTTTTACTTAGATGTAGCCATCTTTGCAGGCAGCAGAGGATTTTATCATTCATCTATTTGAGGATGC 3651
DcCENH3B-RO.seq ATCTGGGAATCTAATATATTTGCCAAAGATATACTATTACTTAGATGTAGCCATCTTTGCAGGCAGCAGAGGATTTTATCATTCATCTATTTGAGGATGC 354
T T T T T T T T T T
3710 3720 3730 3740 3750 3760 3770 3780 379 3800
L s L s L L s s L N
DCAR_025246-OP.seq GATGCTATGTGCAATTCATGCAAGACGTGTCACAGTTAGTAAGTGTAAATTCGATGTTTTGACATTTTTGTTTTTATCAGCCATTGCATCCCCTTTGTCTC 3734
DcCENH3A-DHL seq GATGCTATGTGCAATTCATGCAAGACGT GTCACAGTTAGTAAGTGTAAATTGATGTTTTGACATTTTTGTTTTTATCAGCCATTGCATCCCCTTTGTCTC 3734
DcCENH3A-DPseq GATGCTATGTGCAATTCATGCAAGACGT GTCACAGTTAGTAAGTGTAAATTGATGTTTTGACATTTTTGTTCTTATCAGCCATTGCATCCCCTTTGTCTC 3751
DcCENH3B-RO.seq GATGCTATGTGCAATTCATGCAAGACGTGTCACAGTTAGTAAGT GGAAATTGATATTTTGACATTTTTGTTTTTATCAGCCATTGCATTCCATTTGTCTC 3644
T T T T T T T T T T
3810 3820 3830 3840 3850 3860 3870 3880 38%0 3900
i L N L N N I N N N
DCAR_025246-OP.seq TTTATGTTGCATCCTGAATTCATATTTAGAATATGGACTAGAGTTCGTGTTCTCTTAAATTTGCA- - - - TATATATATTGAAGCTCACAGATGACAGAAC 3830
DcCENH3A-DH1 seq TTTATGTTGCATCCTGAATTCATATTTAGAATATGGACTAGAGTTCCGTGTTCTCTTAAATTTGCA- - - - TATATATATTGAAGCTCACAGATGACAGAAC 3830
DcCENH3A-DP.seq TTTATGTTGCATCCTGAAGTCATATTTAGAATATGGACTAGAGTTCGTGTTCTCTTAAATTTGCACATATATATATATTGAAGATCACAGATGACAGAAC 3851
DcCENH3B-RO.seq TCTATGTTGCATCCTGAAGTGATATTTAGAACAGGGATTAGAGTTCGTGTTCTCTTTAATTTGCA- - - - - - CATATATTGAAAATCACAGATAATAGAAC 3738
T T T T T T T T T T
3910 3920 3930 3940 3950 3960 3970 3980 3990 4000
f f N f N N f N N N
DCAR_025246-OP.seq CACTAGAGCATTGTACATCCTATTTCTTCTCTGTGTAGCATTTCTAAGAATTAGATTGACTTCATTAAAATTGTAAGTAATCCCA: - - - - - - - GTTAGCC 392
DcCENH3A-DH1 seq CACTAGAGCATTGTACATCCTATTTCTTCTCTGTGTAGCATTTCTAAGAATTAGATTGACTTCATTAAAATTGTAAGTAATCCCA: - - - - - - - GTTAGCC 392
DcCENH3A-DP.seq CACTAGAGCATTGTACATCCTATTTCTTCTCTGTGTAGCATTTCTAAGAATTAGATTGACTTCATTAAAATTGTAAGTAATCCCA: = - - === = GTTAGCC 3943
DcCENH3B-RO.seq CACTAGAGCATTGTACATTCTATTTCTTCTCTGTGTACCATTTCTAAGAATTAGATTGACTTCATTAAAATTGTAAGTAATCCCACTATCCCAGTTAGCT 3838
T T T T T T T T T T
4010 4020 4030 4040 4050 4060 4070 4080 4090 4100
L N N N N N L N N N
DCAR _025246-OP.seq ATTATAGTCTCCCTGAATGGCTGCTGCACCTGTGAATTCTTGCATTACAGCT- - - ACTCAC- - - - - CTAGAGTTTAAATGACAAACACAATTTATAACCA 4014
DcCENH3A-DHL.seq ATTATAGTCTCCCTGAATGGCTGCTGCACCTGTGAATTCTTGCATTACAGCT - CTAGAGTTTAAATGACAAACACAATTTATAACCA 4014
DcCENH3A-DPseq ATTATAGTCTCCCTGAATGGCTGCTGCACCTGTGAATTCTTGCATTACAGCT- - - ACTCACTCAACCTAGAGTTTAAATGACAAACACAATTTATAACCA 4040
DcCENH3B-RO.seq ATTATAGTCTACCTGAATGGCTGCTGCACCTGTGAAATCTTGCATTACAATTTACAGCTACTCAG- CTATAGTTTAAATTACAAACACAATTTATAACCA 3937
T T T T T T T T T T
4110 4120 4130 4140 4150 4160 4170 4180 4190 4200
| N N s N N s N N N
DCAR_025246-OP.seq GATCATGGTGACTGGCACTGGCCCAAAGCTTTGTTTAGTTGAATGAGGTATCATATACATGTAGAGATTAGCCACTACACGGGGGTTTTCTTTACTGTTT 4114
DcCENH3A-DH1 seq GATCATGGTGACTGGCACTGGCCCAAAGCTTTGTTTAGTTGAATGAGGTATCATATACATGTAGAGATTAGCCACTACACGGGGGTTTTCTTTACTGTTT 4114
DcCENH3A-DP.seq GATCATGGTGACTGGCACTGGCCCAAAGCTTTGTTTAGTTGAATGAGGTATCATATACATGTAGAGATCAGCCACTACACGGGGGTTTTCTTTACCGTTT 4140
DcCENH3B-RO.seq GATCATGGTGACTGGCACTGGCCCAAAGCTTTGTTTAGTTGAATGAGGTATCATATACATGTAGAGATCAGCCACTACACGGGGGTTTTCTTTACTGTTT 4037
T T T T T T T T T T
4210 4220 4230 4240 4250 4260 4270 4280 4290 4300
i 1 N s N N 1 N N N
DCAR_025246-OP.seq ATTGTTTTTATCTGCTTTTTCATTGAGTTTGTAGAGTGTTGTAAAAAGCGGAAATCGGAATTAATCAGCGGAGCCACCGTCTAGCGATTAATAGATAAGC 4214
DcCENH3A-DH1seq ATTGTTTTTATCTGCTTTTTCATTGAGTTTGTAGAGTGTTGTAAAAAGCGGAAATCGGAATTAATCAGCGGAGCCACCGTCTAGCGATTAATAGATAAGC 4214
DcCENH3A-DP.seq ATTGTTTTTATCTGCTTTTTCATTGAGTTTGTAGAGTGTTGTAAAAAGCGGAAATCGG- ------TGGAGCCACCGTCTGGCGATTAATAGATAATC 4230
DcCENH3B-RO seq ATTGTTTTTATCTGCTTTTTCATTGAGTTTGTAGAGTGTTGTAAAAAACGGAAATCGGAATTAATCA- GAGAGCCACCGTCTAGCGATTAATAGATAATC 4136
T T T T T T T T T T
4310 4320 4330 4340 4350 4360 4370 4380 4390 4400
L I N L N N L N N L
DCAR_025246-OP.seq AGGGATATTATACTAGTTCTAAAGAAAAATGTAGTGATTAATCGGTAATAAAAAATCGAATCCGCAGAGTTCCTTGTAGAGATTAATCGGT CAAATCGGC 4314
DcCENH3A-DHL seq AGGGATATTATACTAGTTCTAAAGAAAAATGTAGTGATTAATCGGTAATAAAAAATCGAATCCGCAGAGTTCCTTGTAGAGATTAATCGGT CAAATCGGC 4314
DcCENH3A-DP.seq GGGGATATTACGCTAGTTTTAAAGAAAAATGTTGTGATTAATCGGTTTTTAAAAAATGAATCGGCAGAGTTCCTTGTAGCAATTAACCGGCCAAATCGGE 4330
DcCENH3B-RO.seq AGGGATTTTATACTAGTTCTAAAGAAAAATGTTGTGATTAATCGGTAATAAAAAATCGAATCCGCAGAGTTCCTTGTAGAGATTAATTGGT CAAATCGGC 4236
T T T T T T T T T T
4410 4420 4430 4440 4450 4460 4470 4480 4490 4500
f f L f L L f L L N
DCAR_025246-OP.seq AACTTTTAGAACTATGGTTTGTA- - - - CTAGATGCAAATTGACTCAATTAAGATTTTTTTTTAGTTTTTACTAGGGTCACTATTACTCTCTGAGC 4405
DcCENH3A-DH1 seq AACTTTTAGAACTATGGTTTGTA- - - - CTAGATGCAAATTGACTCAATTAAGATTTTTTTTTAGTTTTTACTAGGGTCACTATTACTCTCTGAGC 4405
DcCENH3A-DP.seq AACTTTTAGAACTGTGTTTTGTA- - - - - - - - - CTAGATGCAAATTGACTCAAGTAAGATTTTTTTA- AGTTTTTACTAGGGTCACTATTACTCTCTGAGC 4420
DcCENH3B-RO.seq AACTTTTAGAACTATGGTTTATATGGTTTATACTCAATGCAAATTGACTCAATTAAGATTTGTITTT- AGTTTTTACTAGGGTCGCAATTACTCTCTGAGC 433%

Suppl. Figure 1 cont.
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DCAR _025246-OP.seq AAGCAGCTACTTATTCGTTGTTATTATTGTTCTGGCTCATAGT GAAAAAAGACTGGGAGTTGGCACGCCGGCTGGGAAAGAAAGCGCAGCCCTGG
DcCENH3A-DH1.seq AAGCAGCTACTTATTCGTTGTTATTATTGTTCTGGCTCATAGT GAAAAAAGACTGGGAGTTGGCACGCCGGCTGGGAAAGAAAGCGCAGCCCTGG
DcCENH3A-DP.seq AAGCAGCTACTTATTCGTTGTTATTATTGTTATGGCTCACAGT GAAAAAAGACTGGGAGTTGGCACGCCGGTTGGGAAAGAAAGCGCAGCCCT GG
DcCENH3B-RO.seq AAGCAGCTACTTATTCGTTGTTATTATTGTTATGGCTCATAGT GAAAAAAGACTGGGAGTTGGCACGCCGGCTGGGAAAGAAAGCGCAGCCCT GG
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Suppl. Figure 2 Nucleotide sequence distances (% identity) of genomic sequences of

CENH3 genes cloned from DH1, DP and RO and the optimized prediction of DCAR_025246.

For alignment, see Suppl. Fig. 1

Promotor DcCENH3A

>PlantCARE_1838
+ TTTGATCCAA GCCTTACGGA TCACCCAAAA TATCATGTAA GTCCTTAGAA ACGTTAAACC CATAACAAAA
-~ AAACTAGGTT CGGAATGCCT AGTGGGTITIT ATAGTACATT CAGGAATCTIT TGCAATITGG GTATIGITIT

+ TACACAAAAA CATCAACAAA CACAAATATC TCAAAAAGAT GGGTAﬂ!!;C TTGATGACAA GATACTCAAC
~ ATGIGITTIT GIAGTIGITT GIGITTATAG T cC

+ AAGAATTCAT TCAGAAAAAG TTAGATCTTA ATTTTATTAA TAAAATTGAT AAATATGAGA GAAGATGAAA
~ TTCTTAAGTA AGTCTTTTTC AATCTAGAAT TAAAATAATT ATTTTAACTA TrTATACTCT [N

+ AAACAAAAAT GATTAATTAC TAAAAAAGAT GAAGGTAAGA GGATGAAAGT TGAAGAAGGG NEREMEGGCA
BT TTTTA CTAATTAATG ATE X7

+ CCTAGAGCCC GTAAGAGCAA CTCCAATGCA ATGCEMEBCT TGGTTCTATT GCERENRERTNEGCATTAAAA
- GGATCTCGGG CATICICGTT GAGGTTACGT TACGATATGA ACCAAGATAN CGATATEREMNECGTAATTTT

+ GTAAAAAAAC TCAACTCCAA AGHTGCEMEATTITGGATG CATCCATGCA TAGATGCATC CTTGGTTCHM
- CATTTTTITG AGTTGAGGTT TCCCCACGAT ATAMACCTAC GTAGGTACGT ATCTACGTAG GAACCAAGAT

TCCATCCATG TTGCCACATC ATCAATAAAT AGAAATTGGA AACTAGTTAA
- ATARAGTTTG GTTTCTACCT AGGTAGGTAC AACGGTGTAG TAGTTATTTA TCTTIAAGCT TTGATCAATT

+ TGAGTTAATA AGTTAGGTAA AAGTTAAAGA GTTGGTTCEEIEEEEGAAGIT AGGTAAAAGT TAATGAGTTG
- ACTCAATTAT TCAATCCATT TTCAATTTCT CAACCAAGAT ATATCTTCAA TCCATTTTCA ATTACTCAAC

FETTAAATTTG AAACAAGTEMEMAAACTTAG CATTGGAGTG CAAGTTTTAT TTTAGCACTA AAAAACACTT
- CAATTTANAC TTTGTTCRARMAETTTGAATC GTAACCTCAC GTTCAAAATA AAATCGTGAT TTTTTGTGAA

+ TTTGGTGCTA TRERREBGCA ATAGCAATAG ATATATAGCA TCTAGCATTG GACTTGCTCT AACAGCARAT
© AAACCACGAT ATAATATCGT TATCGTTATC TATATATCGT AGATCGTAAC CTGAACGAGA TTGTCGTTTA'

# CCCGACATGG AGCAAAAATT AATCCAAGTC ATGATTGAGT TTAAAATTAT TAAAAATAAA AATTTATTTT

+ GTCATCTATA TTTATTTTAA TCATTCGTGA TTTGTAAGAA CARATATITA ATTAAGATAC NEREREGATT
CATTCT

Motifs Found

L o e e o e e R e e S S R S S e

AE EN EFEE B

I

AE S E'EE B |

ji|

A-box

ABRE

ABRE3a

ABRE4
ACA-motif
ACE

ARE
AT~TATA-box
Box 4

Box II
CAAT-box
CAT-box
CCGTCC motif
CCGTCC-box
ERE

G-box
GT1-motif
MYB
MYB-like segquence
MYC
Myb-binding site
02-site

STRE

Spl

TATA
TATA-box
TC-rich repeats
TCA-element
TCT-motif
Unnamed__ 10
Unnamed__12
Unnamed__ 14
Unnamed__ 4

Anamad

Suppl. Figure 3 (A) Analysis of putative DcCENH3A promotor using PlantCare database
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Promotor DcCENH3B

+ GTGTACTTGT TTAATAGTAG CAAAATTATG AAATTAATAT ARTFTAACCANATGTTICATT ATATTTAGTEN [?.
I AAGARA-motif
BECETTTGGAR CTTTTGTGGT TATCAGAATG TTGCTTATCT TGGTAAAAAA ATAGCTAAGT ATTTAATCCG —
~ AGAAAACCTT GAAAACACCA ATAGTCTTAC AACGAATAGA ACCATTTTIT TATCGATTCA TAAATTAGGC L+ | ABRE
+ GAATTAATTI TACTTGATAC TATCTTTTAC TGAAATTCAT AGAACATTTT CTAAAAAGIT AAATAAACAT '+ I AT~TATA-box
- CTTAATTAAA ATGAACTATG ATAGAAAATG ACTTTAAGTA THNNEEEENTTCAA TTTATTTGTA + [l Box 4
+ AFATTANATC TTGGTACAAG TATCTTGTAG GATTCAACAA AACATGAATA GTTAAAAAGT TAAATTAAAT + [l Box II
~ TATAATTTAG AACCATGTTC ATAGAACATC CTAAGTTGIT TTGTACTTAT CAATTTTTCA ATTTAATTTA E CAAT-box
+ AAAATATTTT TCGGAAAAAC TTTTTCGCAC TAACGAGCTT i—+J- ERE
- TTTTATAARAUAGECTTTTTG AAAAAGCGTG ATTGCTCGAA ACTGTAGATA TGATATTATA TTATTCAGIT L
| + [ G-Box
+ CATGAGEATAUATTTGTAGIT CAAGATTITA GTEATACTAA CCTTTAACCC GTGCGAAGCA CGGGTGGGEMN 'ﬂ o 3¢
~ GTACTCATAT TAAACATCAA GTTCTAAAAT CARTAXGATT GGAAATIGGG CACGCTTCGT GCCCACCCAT [: -mot
BITATAGTTCGT AATTTAACAT TATTTTATTG GTATTTTAGT ATTAATGGAT TGAATTTTAA TTAANFTATAN [L]. LIR
~ ATATCAAGCA TTAAATTGTA ATAAAATAAC CATAAAATCA TAATTACCTA ACTTAARATT AATTTAATARY + [l MBS
BUTTATTCATCT GACTAGATTA CCGAATCTTT CAAAGGTATT ACACGATCGG CTATGTTTGG AAAAGATTAG _L. MYB
BUAATAAGTAGA CTGATCTAAT GGCTTAGAAA GITTCCATAA TGTGCTAGCC GATACAAACC TTTTCTAATC I_"’_]. MYB-like sequenc
+ AATTTTCTGA TTTTTTTTAT TTTTAAATTT ATGTGTACTA AATTCGGAAT ATATATATAT ATATATATAT [EF ‘. Myb
~ TTAAAAGACT AAAAAAAATA AAAATTTAAA TACACATGAT TTAAGCCTEANFATATATATANFATATATATAN r_ﬁ el
|
+ ATATATATAT ATATATATAT ATATTAGGGG TTGTCCAATT TTAAGTAATC GGGAGAAAAT ATAGTCAGIT [—?]. sp1
+ GAATAREATA ATTTAATTAA AATTCAATCC ATTAATATTA AGATACTAAT AAAATGATGT TAAAATTCAA E. TATA-box
-mot
= CTTATTATAT TAAATTAATT TTAAGTTAGG TAATTATAAT TCTATGATTA TTTTACTACA ATTTTAAGIT + | Tccc if
+ EETATAAATA AGAAATTACG AACTATATAC CCGCCCGTGT TTCGCACGGG TTAAAAGGCT AGTCCAATCT [+] TGA-element
- TAATATITAT TCTTTAATGC TTGATATATG GGCGGGCACA AAGCGTGCCC AATTTTCCGA TCAGGTTAGA [+] Unnamed__1
+ TANCCATAGA AATGAGCCTA TCTCAAGTTT TCATTITAANIGTACTGITIC TGTTITITIT TTTTITCGGT i_":—]- Unnamed 2
- ATTGGTATCT TTACTCGGAT AGAGTTCAAA AGTAAAATIT CATGACAAAG ACAAAARAAR AARAAAGCCA T —
+ Unnamed 4

+ @ chs-0ala

Suppl. Figure 3 (B) Analysis of putative DcCENH3B promotor using PlantCare database
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Suppl. Figure 4 Location of the CRISPR targets C3 and C4 (top) and target C2 (bottom) in the genomic
sequences of newly cloned CENH3 genes compared with sequences obtained by amplicon sequencing
of some mutants. Arrows show SNPs present in the CENH3A and CENH3B genes.
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Suppl. Figure 5 Flow cytometry (A), immunostaining with an anti-DcCENH3 polyclonal antibody (B, C),
and root tip mitosis (D) of the partially haploid plant 18.021-1
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. Actinidia_chinensis

. Aethionema

. Allium_cepa
Arabidopsis_lyrata

. Arabidopsis_thaliana

. Arabidopsis aeronosa
. Arabidopsis halleri

. Boechera_holboelli

. Boechera_stricta

10. Brachypodium_distachyon
11. Brassica_juncea

12. Brassica_rapa

13. Cardamine_flexuosa
14. Carica_papaya

15. Carthamus_tinctorius
16. Cichorium_intybus
17. Citrus_sinensis

18. Crucifera_himalaica
19. Cucumis_melo

20. Eruca_sativa

21. Glycine_max

22. Gossypium_hirsutum
23. Helianthus_exilis

24. Lactuta_sativa

25. Lepidium_virginicum
26. Lotus_japonicus

27. Manihot_esculenta
28. Mimulus_guttatus
29. Musa_acuminata

30. Nicotiana_sylvestris
31. Nicotiana_tabacum_CENH3-
32. Nicotiana_tabacum_CENH3-
33. Nicotiana_tomentosiformis
34. Oryza_alta_CC

35. Oryza_alta_DD

36. Oryza_australiensis
37. Oryza_minuta_BB

38. Oryza_minuta_CC
39. Oryza_punctata

40. Oryza_rhizomatis
41. Oryza_sativa

42. Petunia_axillaris

43. Populus_trichocarpa
44. Raphanus_sativus
45. Saccharum_officinalis
46. Solanum_chacoense
47. Solanum_lycopersicum
48. Sorghum_bicolor

49. Triticum_aestivum
50. Turritis_glabra

51. Vigna_unguiculata
52. Vitis_vinifera

53. Zea_mays
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Suppl. Figure 6 Sequence alignment of the HFD (histone fold domain) of CENH3 from 53 different
angiosperm species showing the -2aa in-frame deletion resulting in haploid induction in Arabidopsis,
and the -1 aa in-frame deletion present in carrot mutant M23-3. Sequence alignment is reproduced
from Kuppu et al. (2020). The aN-helix begins at T124 (TVAL).
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Supplemental Information 1 and 2

Suppl. Information 1 Genomic DNA sequences and coding sequences (CDS) of newly cloned carrot
CENH3 genes

DcCENH3A-DH1 (genomic)

ATGGCCCGAACGAAGCACCCTGCCAAACGTACCTCCGGTCACCGCTCCCGAGGTCTCTCTCCCTCACACACTTATTTTAT
TAATTTAATTTGTACTGTTTTTCAATTGCTCTTTACAAGCCCTAAATTATCTTCCTCCTTTTTITGTTACAGGTCCCCCTC
TCTCGGTATCTCTCTCTCTCTCTCTCTCTCCCCTCTCTTTCTCTCTCTCTCTGAAATTGGAGTTATATAAAATTTTGAAT
GCTGATGAGTATTTATACAGGGAACTCCGAGACGAAGAAGTACTGCTACCCCGAGTAAGTCTATAATCTTCGTATTGTTC
GAGTTAGGGATTCAGTTTTTGTTAGTCAAATGAAACTGATTTCGTTGATATAGGAGAGGCAGATGCACAGGGACAACAAC
AGCGAAAGCCCCACAGATTTAGGCCTGGTACCGTGGCTCTTCGTGAGATTCGTAAGTTTCAGAAGACTTGGAACCTTCTA
ATTCCTGCTGCTCCGTTTATCCGCACTGTAAGTTATCGCTACTTGTTTAATTTCTGTTTATTTTTGTATTTGGTTTGGTA
TTCGGATATAATTGCCCTTAGTAATGGATGGAAATTTGAATTATATCGACTGTGGAAGTGTGAACGGATAGTAATTAAAG
TTTAAATGCTTTGAACCAGAATGGCACGGGATATTGTGGTATGATTTAATTGAAGTTGTACCTAATAGGTTCTTATTTGT
TGCGTACACTCAAGATCTGCTAGCTTCTTTATATAGTTAGATGCACTGATTTATTTTCATGACTAACAATGTTAATGTAG
GTATTTTAAATGTTCTCAAGAAAACTTTTTATTTGGTGGATAATATGGAAAAGTTCTTTTCTTATTGAACTATTATTTGT
TGAAAATTTACCCCCCAAATCTGGTTTTCTTTTCGTGTATGATAGAAGTTATTTGGCAGAATGTGTTATTATGTGAATAT
CAAACAACCTGAGCAACAGAATACTGATTTAATATGGACTATAATTGTAAATCTAGTTGAAATTGTCTGTAGTATCATGA
GTGACTAGAATATATTGTGCATATATGTACCGCACCTTTGTAACCTACAACTCTCATTTTGAAATGGTAATAGTAATATC
AAATATGTCTACTTGTGAATTCAGTTGGTATTTGATGTCATAATAATTGTTAACAGGTTAGGGAGATTAGCTTCTACCTG
GCTCCCTCAATCACACGTTGGCAAGCTGAAGCACTAAGAGCAATTCAAGAGGTATTTAAAAATTCTGTCCAACTAAATTC
TGTTGTTCAGTACTACTTTGTCATTTTTTTTAAAGCATTATAGCTGAATTAGAAACACTATCAAATGACCAAGACTTTAA
CAGTACTACTCTGGGTACCCCTTTCCGGCTTTCCTATATATAATACAAAGTTTGGCTCTGGAAGAAACACACTGCATATA
GGCAAAGGCTTAATCAGCTATTTAATGTTATACTTGTCACATTTAATGCCATAAGCATACATATCAAATTTAAAAGACTT
GACCAGCTTATTTTGTTTCCAAAATCATACAGAAGAAATACCATTATTTTACTCACTAGATATTGTAAATTTTCTTATGA
AGCTTCCTTTGACTTATTGAAAAGATATACGATAATCCACTTAAGATAAATCGTACTCCTTAGAATTGTAAAAACAAATG
ATTGTGCATTTGTGCCCCTTCCTGCAATAGACGACATATTAGCTTCATGTAGAAGCCCCTTACAAATATCAAGTATTAGT
ACAGAATTATGCATAATGACTAAACCTTGACAATTGGAAGTTTGCAATTATTTCATTGTGGAATGAGTTTTTTGTTTCAA
AAATTTATCTCTTGTGGAACAAAGTAAGTAAAATTTTATTTAATAATGAAACCAAATAACTATGTTAGTTATTTTATTTT
AGAGGTTGTACAATTGACATAGATGAGCATGAGATAACAGAGCAAATAATAATTTCAAATGATATACCGCTCTTTTTTTT
AAACATAACTTCTTCCATTATCGCATTCTAGGAACTGCATCTCTAACCGCATATTTTTTTGTTTAGATCAGTAAAATCGA
TAACCCCCGATTTTTTCGTAAACTATTTCCTTTCTCTACATGCTAGTACATAGAGTTTTCCCTTTCTTAGCTAGGCTGTT
TGCATCTTTGCACTTTTAAATCTGCTCTCTAAATGTTTTTTGGAGATATTCTCTGATGTATAGAGACCTAATATCCTGGC
TCACAGTTATAAATTTATTAGTCATTTTTTTGGTTATAATATATTTACAGTACCTGTGTTTGAAGTTGTTTAAATATATT
TCCAGCAATGAATACCTTTTCTTTATCTGTTTTTTTATGGTTTTATCGTTGGTTATGTTTTTAGTTTTGGTCCTTCAGAG
GGTAAATTGTCATGATTTTCAATAATTATAATTGTATATATTGTACTTCTCTAGATAAGAGTCGACAAAGATAACATGAA
ACAAAAGAAAGGTTCTTTCAAAGCGTTGATATAATCTCTGTTCTTTCAAAGTGCCATCATCATGTTTTTTAGATATGATC
TCTTTTACTTATTAAGGCCCAATGTCAAATAGTTACACAGTGGCTCTGAAGCAATCTGAATTCCAGGACTCAATTTACCA
ATATACAAAATCTGTGCTCTACAAATCTGTTTTTGTGCTTGCAGAGTTGCAGTAATGTTCTGAGTGGAGTATCTTAGTCC
TGCAAACCTTTCCACTAAACTCACGCCAACACAAGTCACTACTTACATCGTTGCATATTTAAATGTCTTATTAAGTTTTT
TAGTTACTTTTTAGGTCTTTTACAAGTTAAATTCCAAAAAACACCTCCCAGACACGATAAAAGTGGTATTTCTCTTTATA
TCTTTAAGATTTATTACAAAAAGTGGTGTTTCTCTTGAATCCACGATTGTTCTTCCTTATTTTCTGCTGAAATTCTCACG
GCTACTTGTTTGTGTTTAAATTCAATGATATAAATTGGAATCGCATATCTGAATTGCCCTAATTGTTTAGGTTCATATTG
AATGATAAATTGATAACAAGTGGTGTTTTTCTTTATACCTATATGAAAATTTCTTTCAAATCCATGATTTATACTTCCTT
ATTCTCTGCTGAGATTCTTGCGGCTACTTGTTTGGGTTTAGATTTTATGATATTATTTGGGCTTGTATTTCTGAATTTCC
TTTGTTGTTTGGCTTCATTTTACTTGAATTCTATGTGTTTAATTGAGCAGTTTATGTTGAGTGTGGTATTTTCAAGAACT
GGCTCAAGAAAACCGGAATCAGAACGGATCAACTAACTTCAATTAAAGACACAGGAAAAATACATAATTCAAACGATTAG
GACAAGTAAAAGATAATTCAAATAATTTCATTCGATCATATATGCATTTTAGCTGGCCAGCAGCAATTCTATACTGTGAG
AATTCAGATTCTAAATTGTATGTTTTTTAGTAAAGGTACTGTTCATTTTGAAGTAGTATTATATTAATGATATTCTTTGA
GTTCTCTTGAAATATTCTGGGAATCTAATATACTTGCAAAAGATATACTTTTACTTAGATGTAGCCATCTTTGCAGGCAG
CAGAGGATTTTATCATTCATCTATTTGAGGATGCGATGCTATGTGCAATTCATGCAAGACGTGTCACAGTTAGTAAGTGT
AAATTGATGTTTTGACATTTTTGTTTTTATCAGCCATTGCATCCCCTTTGTCTCTTTATGTTGCATCCTGAATTCATATT
TAGAATATGGACTAGAGTTCGTGTTCTCTTAAATTTGCATATATATATTGAAGCTCACAGATGACAGAACCACTAGAGCA
TTGTACATCCTATTTCTTCTCTGTGTAGCATTTCTAAGAATTAGATTGACTTCATTAAAATTGTAAGTAATCCCAGTTAG
CCATTATAGTCTCCCTGAATGGCTGCTGCACCTGTGAATTCTTGCATTACAGCTACTCACCTAGAGTTTAAATGACAAAC
ACAATTTATAACCAGATCATGGTGACTGGCACTGGCCCAAAGCTTTGTTTAGTTGAATGAGGTATCATATACATGTAGAG
ATTAGCCACTACACGGGGGTTTTCTTTACTGTTTATTGTTTTTATCTGCTTTTTCATTGAGTTTGTAGAGTGTTGTAAAA
AGCGGAAATCGGAATTAATCAGCGGAGCCACCGTCTAGCGATTAATAGATAAGCAGGGATATTATACTAGTTCTAAAGAA
AAATGTAGTGATTAATCGGTAATAAAAAATCGAATCCGCAGAGTTCCTTGTAGAGATTAATCGGTCAAATCGGCAACTTT
TAGAACTATGGTTTGTACTAGATGCAAATTGACTCAATTAAGATTTTTTTTTAGTTTTTACTAGGGTCACTATTACTCTC
TGAGCAAGCAGCTACTTATTCGTTGTTATTATTGTTCTGGCTCATAGTGAAAAAAGACTGGGAGTTGGCACGCCGGCTGG
GAAAGAAAGCGCAGCCCTGG
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DcCENH3A-DH1 (CDS)
ATGGCCCGAACGAAGCACCCTGCCAAACGTACCTCCGGTCACCGCTCCCGAGGTCCCCCTCTCTCGGGAACTCCGAGACG
AAGAAGTACTGCTACCCCGAGAGAGGCAGATGCACAGGGACAACAACAGCGAAAGCCCCACAGATTTAGGCCTGGTACCG
TGGCTCTTCGTGAGATTCGTAAGTTTCAGAAGACTTGGAACCTTCTAATTCCTGCTGCTCCGTTTATCCGCACTGTTAGG
GAGATTAGCTTCTACCTGGCTCCCTCAATCACACGTTGGCAAGCTGAAGCACTAAGAGCAATTCAAGAGGCAGCAGAGGA
TTTTATCATTCATCTATTTGAGGATGCGATGCTATGTGCAATTCATGCAAGACGTGTCACAGTTATGAAAAAAGACTGGG
AGTTGGCACGCCGGCTGGGAAAGAAAGCGCAGCCCTGG

DcCENH3B-RO (genomic)
ATGGCCCGAACGAAGCACCCTGCCAAACGTACCTCCGGTCACCGCTCGCGAGGTCTCTCTCCCTCACACACTTATTTTAT
TAATTTAATTTGTACCGTTTTTCAATTGCTCTTTCCAAGCCCTAAATTATCTTCCTCCTTTTTTGTTACAGGTCCCCCTC
TCTCGGTATCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCCCCTCTCTTTCTCTCTCTCTCTGAAATTGGAGTTATATAA
AATTTTGAATGCTGATGAGTATTTATACAGGGAACTCCGAGACGAAGAAGTACTGCTACCCCGAGTAAGTCTATAATCTT
CGTATTGTTCGAGTTAGGGATTCAGTTTTTGTTAGTCAAATGAAACTGATTTCGTTGATATAGGAGAGGCAGATGCACAG
GGACAACAACAGCGAAAGCCCCACAGATTTAGGCCTGGTACCGTGGCTCTTCGTGAGATTCGTAAGTTTCAGAAGACTTG
GAACCTTCTAATTCCTGCTGCTCCGTTTATCCGCACTGTAAGTTATCTCTACTTGTTTAAATTTCTGTTTATTTTTGTAT
TTGGTTTGGTATTCGGATATAATTTCCCTTAGTAATGGATGAAATTTGAATTATATCGACTGTGGAAGTGTGAACTGATA
GTAATTAAAGTTTAAATGCTGTGAACCAGAATGGCATGGGATATTGTGGGATGATTTAATTGAAGTTGTACCTTATCGGT
TCTTATTTGTTGCGTACACTCAAGATCTCTAGCTACTTTATATAGTCAGATGCACTGATTTATTTTCATTACTAACAATG
TTAATGTAGGTATTATTTTTTAAAAATTTACCCCCCAAATCTGGTTCTCTTTTCTTGTATGATACAGTAGAAGTTATTTG
GCAGAGTGTGTTATTATGTGAATATCAAACAACCTGAGCAACAGAATACTGATTTAAAATGAACTACGGATTATAAATCT
ATTTGAATTTGTCTGTAGTATCATGAGTGACTAGAATATATTGTGCATATATACACGGCACCTTTGTAACCTACAACTCT
CTTTTTGAAATGGTAATAGTAATATCAAATATGTCTACTTGTAAATTCAGTTGGTATTTGATGTCATAATAATTGTTAAC
AGGTTAGGGAGATTAGCTTCTACCTGGCTCCCTCAATCACACGTTGGCAAGCCGAAGCACTAAGAGCAATTCAAGAGGTA
TTTAAAAATTTTGTCCAACTAAATTCTGTTGTTCAGTACTACTTTGCCATTGTTTTAAAGAATTATAATTGAATTAGAAA
TACTATCAAATGTCCAAGAATATAACATTACTACTTTGAGTACCCCTTTCCTATATTTAATATAAAATTTGGCTCTGGAA
GAAACACACTGCATATAGTTAAAGGCTTAATCAGCTATTTAATGTTATACTTGTCACATTTATGCCATAAGCATACGTAT
AAAATTTAAAAGACTTGACCAGCTTATTTTGTTTCCAAAATCATACAGAAGAAATAAATTATTGTACTCACTAGATATTG
TAAATTTTCTTATGAAGCTTCCTTTGACTTATTGAAATGATACAATAATCCACTTAAGATAAATCATACTCCTTAGAATT
GTAAAAACAAACGGTTGTGCCCCTTTCTGCAATAGACGGCATATTAGTACAGAATTATGCACAATGACTAACCCTTGACA
ATTGGAAGTTTGCAATTATTTCATTGTGGAATGAGTTTTTTGTTGCAAAAATTTATCTTTTGTGGATCAATGAAAGTAAA
ATTTTATTTAATAATGAATCCAAATAACTATGTTTAGGTATTTTGTTTTAGAGGTTGTACAATTGACATAAAGATGAGCA
AGAGGATTGCATGAGATAACAGAGCAAATAATAATTTCAAATATATACCCCTTTTTTTTAAACATAACTTCTTCCATTAT
CGCATTCTAGGAACTGCATCTCTAACCAACAAACCACATATCTTTTTGTTCAGATCAGTTAAATCGATAACCCCCGAATT
TTTCACACACTATTTCCTTTCTCTACATGCTAGTATTAGCTTTCCCTTTCTTAGCTTGGCTGTTAGCAGTTTTGCACTTT
AAAATCTGCTCTCTAAATGTTTTTTGGAGATATTCTCTGATGTATAGAGACTTAATATTCTGGCTCACAGTTACAAATCT
ATTAGTCATTTATTTGGTTATAATATATTTACAGTACTGTGTTTTGAAATTGTTTAAAAATATTTCCAGCAATGAATACC
TTTTCTTITATCTGTTTTITATGGTTTTATTGTTTGTTATGTTTTTAGGTTTGGTCCTTCAGATGGTAAATTGTCATGATT
TCCAATAATTATAATTGTAAATACTGTACTTCTCTAAATAAAGAGTCGACAAAGATAACATGAAAGTTAAAACAAAAAAA
AGGTTCGTTCAAAGTATTGATATAATCTCTGTTTGGTCAAAGTGCCATCATCATGTTTTTAGATATGATCTCTTTTACTT
ATTAAGGCCCAATGTCAAATAGTTACACAGTGGCTCTGAAGCAATCTGAATTCCAGGACTCAATTTAATAATATACAGAA
TCTGTGCTCTACAAATCTGCTATTGTGCTTGCAGTAATGTTTCTGAGTGGAGTATCTTAGTCCTACAAACTTTTCCACTA
AACTCACGCCAACACAAGTCACTACTTACATTGTTGCATATTTAAATGTCCTATTAAGTTTTTITAGTTACTTTTTAGGT
CTTTTACAATTTCGATTCCAAAAAACACCTCAAGAAACACGATAAAAGTGGTAGTTCTCTTTATACCTTTAGGATTTATT
ACAAAAAGTGGTGTTTCTCTTGAATCCACGATTGTTTCTTCCTTATTTTCTGCTGAAAATCTCACGGCTACTTGTTTGGG
TTAAATTCAATGATATTAATTGGACTCGCGATCTGAATTGCCTTAATTGTTTGGGTTCATATTACTTGAATGATAAATTG
ATAACAAGTGGTGTTTTTCTTTATACCTATACTAAGATTACTCTTAAATCCATTATTTTTTCTTCCGTATTCTCTGCTGA
GATTCTTGCGGCTACTTGTTTGGGTTTAGATTTATGATATTATTTGGGCTTGTATTTCTAAATTTCCTTTGTTGTTTAGG
TTCATTTTACTTGAATTCAATGTGTTTAGTTGAGCAGTTTATATTGAGTGCGGTATTTTTAAGAACTGGCTCAAGAAAAC
CAGAATCAGAACAGATCAACTAACTTCAATTAAAGACACAGGAAAAATACATAATTCAAACAATTAGGACAAGTAAAAGA
TAATTTAAACAATTTCATTTGTTCATATATGCAATTAGCTGGCCAGCAGCAATTCTATACTGTGAGAATTTAGATTCTAA
ATTGTATGTTTTCTTAATAGAGGTACTGTTCATTTTGAAGTAGTATTATATTTAAAATGATATTCTGTGGGTTCTCCTGA
AATAATCTGGGAATCTAATATATTTGCCAAAGATATACTATTACTTAGATGTAGCCATCTTTGCAGGCAGCAGAGGATTT
TATCATTCATCTATTTGAGGATGCGATGCTATGTGCAATTCATGCAAGACGTGTCACAGTTAGTAAGTGGAAATTGATAT
TTTGACATTTTTGTTTTTATCAGCCATTGCATTCCATTTGTCTCTCTATGTTGCATCCTGAAGTGATATTTAGAACAGGG
ATTAGAGTTCGTGTTCTCTTTAATTTGCACATATATTGAAAATCACAGATAATAGAACCACTAGAGCATTGTACATTCTA
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TTTCTTCTCTGTGTACCATTTCTAAGAATTAGATTGACTTCATTAAAATTGTAAGTAATCCCACTATCCCAGTTAGCTAT
TATAGTCTACCTGAATGGCTGCTGCACCTGTGAAATCTTGCATTACAATTTACAGCTACTCAGCTATAGTTTAAATTACA
AACACAATTTATAACCAGATCATGGTGACTGGCACTGGCCCAAAGCTTTGTTTAGTTGAATGAGGTATCATATACATGTA
GAGATCAGCCACTACACGGGGGTTTTCTTTACTGTTTATTGTTTTTATCTGCTTTTTCATTGAGTTTGTAGAGTGTTGTA
AAAAACGGAAATCGGAATTAATCAGAGAGCCACCGTCTAGCGATTAATAGATAATCAGGGATTTTATACTAGTTCTAAAG
AAAAATGTTGTGATTAATCGGTAATAAAAAATCGAATCCGCAGAGTTCCTTGTAGAGATTAATTGGTCAAATCGGCAACT
TTTAGAACTATGGTTTATATGGTTTATACTCAATGCAAATTGACTCAATTAAGATTTGTTTTAGTTTTTACTAGGGTCGC
AATTACTCTCTGAGCAAGCAGCTACTTATTCGTTGTTATTATTGTTATGGCTCATAGTGAAAAAAGACTGGGAGTTGGCA
CGCCGGCTGGGAAAGAAAGCGCAGCCCTGG

DcCENH3B-RO (CDS)
ATGGCCCGAACGAAGCACCCTGCCAAACGTACCTCCGGTCACCGCTCGCGAGGTCCCCCTCTCTCGGGAACTCCGAGACG
AAGAAGTACTGCTACCCCGAGAGAGGCAGATGCACAGGGACAACAACAGCGAAAGCCCCACAGATTTAGGCCTGGTACCG
TGGCTCTTCGTGAGATTCGTAAGTTTCAGAAGACTTGGAACCTTCTAATTCCTGCTGCTCCGTTTATCCGCACTGTTAGG
GAGATTAGCTTCTACCTGGCTCCCTCAATCACACGTTGGCAAGCCGAAGCACTAAGAGCAATTCAAGAGGCAGCAGAGGA
TTTTATCATTCATCTATTTGAGGATGCGATGCTATGTGCAATTCATGCAAGACGTGTCACAGTTATGAAAAAAGACTGGG
AGTTGGCACGCCGGCTGGGAAAGAAAGCGCAGCCCTGG

Suppl. Information 2 Putative promotor sequences of DcCENH3A and DcCENH3B

DcCENH3A
ATTTGATCCAAGCCTTACGGATCACCCAAAATATCATGTAAGTCCTTAGAAACGTTAAACCCATAACAAAATACACAAAA
ACATCAACAAACACAAATATCTCAAAAAGATGGGTACAATCTTGATGACAAGATACTCAACAAGAATTCATTCAGAAAAA
GTTAGATCTTAATTTTATTAATAAAATTGATAAATATGAGAGAAGATGAAAAAACAAAAATGATTAATTACTAAAAAAGA
TGAAGGTAAGAGGATGAAAGTTGAAGAAGGGATATATGGCACCTAGAGCCCGTAAGAGCAACTCCAATGCAATGCTATAC
TTGGTTCTATTGCTATATTATAGCATTAAAAGTAAAAAAACTCAACTCCAAAGGGGTGCTATATTTGGATGCATCCATGC
ATAGATGCATCCTTGGTTCTATATTTGAAACCAAAGATGGATCCATCCATGTTGCCACATCATCAATAAATAGAAATTGG
AAACTAGTTAATGAGTTAATAAGTTAGGTAAAAGTTAAAGAGTTGGTTCTATATAGAAGTTAGGTAAAAGTTAATGAGTT
GGTTAAATTTGAAACAAGTTATAAAACTTAGCATTGGAGTGCAAGTTTTATTTTAGCACTAAAAAACACTTTTTGGTGCT
ATATTATAGCAATAGCAATAGATATATAGCATCTAGCATTGGACTTGCTCTAACAGCAAATCCCGACATGGAGCAAAAAT
TAATCCAAGTCATGATTGAGTTTAAAATTATTAAAAATAAAAATTTATTTTGTCATCTATATTTATTTTAATCATTCGTG
ATTTGTAAGAACAAATATTTAATTAAGATACATATAAGATTAAATAATTTAAAAAAAGAAGAAGAATATTATGAATCCGT
CCTAACAATTATATGTCGAGACATATTGTCGAAGAAAATAAACTGTTGGGTGAGTTAACTCTAAATGCAAGATAATCCAG
TAACAAAAATGACATTTTAGGATTTTAATTACGAACCACTGAATTTATAAACAGTACACGTAGACTGAAAATTAGGACAG
CGGGAACGAAAATTTGGTCAGTGGCAGTAACGGCTCTTTCGACGTTTAAATCACTCCCTCCGTCTTATTTCAAATTAATC
GACAACCATTTGGAATAAAAAAAAATCATAATTTTATAACCGCCCGTTAGAAATCACGGTCATCATTTCCGGCAAGTG

DcCENH3B
TATAGCACTTTTCCCCCAGTTATGCCAGTCCTATTGGAGTGTGCTATATATAATCCTTTACAACGTGTAATGTGTACTTG
TTTAATAGTAGCAAAATTATGAAATTAATATAATTTAACCAATGTTTCATTATATTTAGTTTCTTTTGGAACTTTTGTGG
TTATCAGAATGTTGCTTATCTTGGTAAAAAAATAGCTAAGTATTTAATCCGGAATTAATTTTACTTGATACTATCTTTTA
CTGAAATTCATAGAACATTTTCTAAAAAGTTAAATAAACATATATTAAATCTTGGTACAAGTATCTTGTAGGATTCAACA
AAACATGAATAGTTAAAAAGTTAAATTAAATAAAATATTTTTCGGAAAAACTTTTTCGCACTAACGAGCTTTGACATCTA
TACTATAATATAATAAGTCAACATGAGTATAATTTGTAGTTCAAGATTTTAGTTATACTAACCTTTAACCCGTGCGAAGC
ACGGGTGGGTATATAGTTCGTAATTTAACATTATTTTATTGGTATTTTAGTATTAATGGATTGAATTTTAATTAAATTAT
ATTATTCATCTGACTAGATTACCGAATCTTTCAAAGGTATTACACGATCGGCTATGTTTGGAAAAGATTAGAATTTTCTG
ATTTTTTTTATTTTTAAATTTATGTGTACTAAATTCGGAATATATATATATATATATATATATATATATATATATATATA
TATATTAGGGGTTGTCCAATTTTAAGTAATCGGGAGAAAATATAGTCAGTTGAATAATATAATTTAATTAAAATTCAATC
CATTAATATTAAGATACTAATAAAATGATGTTAAAATTCAAATTATAAATAAGAAATTACGAACTATATACCCGCCCGTG
TTTCGCACGGGTTAAAAGGCTAGTCCAATCTTAACCATAGAAATGAGCCTATCTCAAGTTTTCATTTTAAAGTACTGTTT
CTGTTTTTTTTTTITTITTCGGTTTTTATTTTATTTTAATCTATCTACTATATCTATTATACGAGAACAGGTTAGTTTACTG
AGCAAATTAATTCCCGCTTCGGTCGTTCCAACCCTCCTTCCAAACCTGCTCATTAAACCCCATGTATTACCCATCTACAT
ACAAACAGACATCTCCCTTCAGTTGAAATCCACGGTCATCATTTCCGGCAAGTG
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