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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% HI 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).  

 

 

 
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 (Stajič 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 T1 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 PgCENH3. 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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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 Iorizzo 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 T1 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 28oC in the dark on a rotary shaker (180 

rpm). Cultures with an optical density (OD600) 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 µl 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/l cefotaxime and 100 mg/l 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/l phosphinotricin (1-STEP and 2-STEP-DT) and 

cultured in the dark at 22oC. For 2-STEP co-transformation, roots were placed on selection medium 

with 50 mg/l hygromycin (for PgCENH3 transgene selection) and 10 mg/l phosphinotricin (for CRISPR 

target selection). Hairy root cultures developing from a single excised root were considered to have an 
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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/l of the plant hormone 2,4-D (2,4-dichlorophenoxyacetic acid) for 

callus induction. Culture conditions were 16 h light (25oC) and 8 h darkness (22oC). 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/l). 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 DcCENH3, 

the primer pair SS42/43 (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 µl containing 40 ng template DNA , 1 U of ‘DreamTaq’ DNA 

polymerase (Thermo Fisher Scientific), 1x Taq polymerase buffer with 20 mM MgCl2 (Thermo Fisher 

Scientific), 0.2 µM 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 
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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 µl (2 x 50 µl). 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 µl extraction 

buffer and quantified by a Qubit fluorometer (Thermo Fisher Scientific). Illumina-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 

quantitatively checked RNA was then used to synthesize cDNA with the RevertAid H minus First Strand 

cDNA Synthesis Kit (ThermoFisher Scientific). This cDNA (1 µl, ~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 Iorizzo 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 TOPOTM 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 SeqLab, Göttingen, 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 Kl (10 mM Tris HCl, 10 mM Na2-EDTA, 100 mM NaCl, pH7.5) for 10 min, the material 

was chopped up with a razor blade in 1 ml ice-cold LB01 buffer (15 mM Tris-HCl, 2 mM Na2-EDTA, 0.5 

mM Spermin x 4 HCl, 80 mM KCl, 20 mM NaCl, 0.1% Triton X-100, 15 mM mercaptothanol, pH 7.5) and 

filtrated through a 35 µm 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 

µl nuclei suspension was mixed with the same volume sucrose buffer (10 mM Tris, 50 mM KCl, 2 mM 

MgCl2, 5% (m/v) sucrose, 50 µl 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 CFTM488A-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. 

 

 

 

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 T0 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, T0 plants were 

crossed with several carrot cultivars and breeding lines. Although the T0 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 T1 plants derived from crosses with T0 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 T0 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 T0 plants regenerated from five hairy root lines. Including the 

plants derived from the initial experiment, totally 65 T0 plants were obtained for target C4. Almost all T0 

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 

T0 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 To 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 T0 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 T0 
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 HI effects, 21 mutated T0 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 T1 progenies. Additionally, 11 T0 plants were 

used for self-fertilizations to produce 11 TI1 (I-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 T1 and 55 TI1 plants). Flow cytometric analysis of the 

plants from the T1 generation did not indicate any haploidization effects. Amplicon sequencing was 

performed for the TI1 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 TI1 
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progeny (19.032, 10 plants derived from self-fertilization of the To plant C4/YS-21-4) a genetic 

segregation was found for two lethal frameshift (FS) mutations present in the T0 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

 

 

Identification of a second CENH3 gene in the carrot genome 

Based on bioinformatic searches in the carrot genome vers.2 (Iorizzo 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-OP 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. 

 
 

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 

Iorizzo 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-OP 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 
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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. 

 
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 (Iorizzo 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 

question 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 TI0 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 T0 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 T0 mutants carrying 

the ginseng CENH3 gene were used to generate the TI1 generation by self-pollination (to get 

homozygous mutants) and T1 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 T0 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 To nor in the T1 and TI1 generations. Within the T1 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    

 
 

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 T1 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 T0 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 

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 5,4 - 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/BL 5-5 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
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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 T1 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. 

 

 
 

 

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 µm. 
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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 T0 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 T0 

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 αN-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 αN-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.  

 

 

 
Figure 8  Three different frameshift mutations and one in-frame mutation in C2 target sequences of 
T0 plants derived from the double-transformation experiment 

 

 

 

PAM C2 
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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 
nutrients 

Antibiotics / 
Selective agens 

Usage 

CPY-S1 
 
 

bacto-yeast extract 0,1% 
(Difco), 
peptone 0,5% (Roth), 
saccharose 0,5% (Merck), 
bacto-agar 20g/l (BD) 
 

MgSO4x7H2O 
200 mM 

spectinomycin 100 
mg/l 
(Sigma-Aldrich) 

culture of R. rhizogenes- 
strains 

CPY-S2 
 
 
 

bacto-yeast extract 0,1% 
(Difco), 
peptone 0,5% (Roth), 
saccharose 0,5% (Merck) 
 

MgSO4x7H2O 
200 mM 

spectinomycin 10 mg/l 
(Sigma-Aldrich) 

culture of R. rhizogenes- 
strains 

WA-CC 
 
 
 

agar 2 g/l (Duchefa)  cefotaxime  200mg/l 
(Duchefa), 
carbenicillin 100 mg/l 
(Roth) 

transformation / 
regeneration 

MS-CCP 
 
 
 
 
 
 

plant agar 6 g/l 
(Duchefa), 
saccharose 20 g/l (Merck) 
 

Murashige & 
Skoog 
medium 
(micro and 
macro 
elements incl. 
vitamins 
(Duchefa 
M0222) 

cefotaxime  200mg/l 
(Duchefa), 
carbenicillin 100 mg/l 
(Roth), 
phosphinotricin 10 
mg/l  
(glufosinate-
ammonium pestanal) 
(Sigma-Aldrich) 

hairy root growth / 
selection 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted November 24, 2022. ; https://doi.org/10.1101/2022.09.19.508489doi: bioRxiv preprint 

https://pubmed.ncbi.nlm.nih.gov/?term=Schiml+S&cauthor_id=25327456
https://pubmed.ncbi.nlm.nih.gov/?term=Fauser+F&cauthor_id=25327456
https://pubmed.ncbi.nlm.nih.gov/?term=Puchta+H&cauthor_id=25327456
https://doi.org/10.1101/2022.09.19.508489
http://creativecommons.org/licenses/by-nc-nd/4.0/


21 
 

 

Suppl. Table 2 PCR primer information 

Primer 
name 

Sequence 
(5'   3') 

  Ta 
 

 Fragment  
 size 

           Use 

BAR-F 
 

GAT CTC GGT GAC GGG CAG GA    (20 nt) 
 

    
60oC 

 
     ~ 500 bp 

Presence of selectable 
marker 
(pDE-CAS9) BAR-R 

 
GGC GGT CTG CAC CAT CGT CAA   (21 nt) 
 

SS42 
 

TCC CAG GAT TAG AAT GAT TAG G  (22 nt)         
58oC 

 
  ~ 1.070 bp 
 

Presence of CRISPR 
expression cassette 
(pDE-Cas9) 
(Fauser et al. 2014) 

SS43 
 

CGA CTA AGG GTT TCT TAT ATG C   (22 nt) 
 

PCEN-F 
 

GGC GAG AAC CAA ACA AAT AGC T (22nt) 
 

 
55oC 

           
        302 bp 

Presence of ginseng 
CENH3 (PgCENH3) 

PCEN-R 
 

CCT GAA TTG CCA CTA GAG CTT C  (22 nt) 
 

DCEN-F 
 

ATG GCC CGA ACG AAG CAC   (18 nt)  
55oC 

          
       437 bp 

Amplicon sequencing 
of CENH3 transcripts 

DCEN-R 
 

CAG GGC TGC GCT TTC TTT C  (19 nt) 

C2-AEZ-F* 

 

ACT GCT ACC CCG AGT AAG TCT ATA (24 nt)  
58oC 

       
        400 bp 

Amplicon sequencing 
CRISPR target C2 

C2-AEZ-R 
 

TAC CAC AAT ATC CCG TGC CAT TC (23 nt) 
 

C4-AEZ-F* 

 

ATG TAC GGC ACC TTT GTA ACC T (22 nt)  
58oC 

 
        369 bp 

Amplicon sequencing 
CRISPR targets  
C3 and C4 C2-AEZ-R 

 
AGT GTG TTT CTT CCA GAG CCA A  (22 nt) 

CENA-DH1-F 
 

ATG GCC CGA ACG AAG CAC  (18 nt) 
 

 
 
55oC 

     
 

  ~ 4.500 bp 

Full-length 
cloning of  
DcCENH3A-DH1 
and 
DcCENH3B-RO 
 

CENB-RO-F 
 

GTC ATC ATT TCC GGC AAG TG (20 nt) 
 

CEN-UNI-R 
 

TCC AAA AGG TCA GGA TCA GTT TTC (24 nt) 
 

DEL-C2C4-F 
 

GTC TCT CTC CCT CAC ACA CTT A (22 nt)  
55oC 

 
      1209 bp 

Test  for large 
deletions between  
CRISPR targets C2 and 
C4 

DEL-C2C4-R 
 

ACC TCT TGA ATT GCT CTT AGT GC (23 nt) 

*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 
 

 

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) 
                     

10 20 30 40 50 60 70 80 90 100

AT GGCCCGAACGAAGCACCCT GCCAAACGT ACCT CCGGT CACCGCT CCCGAGGT CT CT CT CCCT CACACACT T AT T T T AT T AAT T T AAT T T GT ACT GT T T  100DCAR_025246-OP.seq

AT GGCCCGAACGAAGCACCCT GCCAAACGT ACCT CCGGT CACCGCT CCCGAGGT CT CT CT CCCT CACACACT T AT T T T AT T AAT T T AAT T T GT ACT GT T T  100DcCENH3A-DH1.seq

AT GGCCCGAACGAAGCACCCT GCCAAACGT ACCT CCGGT CACCGCT CGCGAGGT CT CT CT CCCT CACACACT T AT T T T AT T AAT T T AAT T T GT ACCGT T T  100DcCENH3A-DP.seq

AT GGCCCGAACGAAGCACCCT GCCAAACGT ACCT CCGGT CACCGCT CGCGAGGT CT CT CT CCCT CACACACT T AT T T T AT T AAT T T AAT T T GT ACCGT T T  100DcCENH3B-RO.seq

110 120 130 140 150 160 170 180 190 200

T T CAAT T GCT CT T T ACAAGCCCT AAAT T AT CT T CCT CCT T T T T T GT T ACAGGT CCCCCT CT CT CGGT AT CT CT CT CT CT CT CT CT CT CT C- - - - - - - - - -  190DCAR_025246-OP.seq

T T CAAT T GCT CT T T ACAAGCCCT AAAT T AT CT T CCT CCT T T T T T GT T ACAGGT CCCCCT CT CT CGGT AT CT CT CT CT CT CT CT CT CT CT C- - - - - - - - - -  190DcCENH3A-DH1.seq

T T CAAT T GCT CT T T CCAAGCCCT AAAT T AT CT T CCT CCT T T T AT GT T ACAGGT CCCCCT CT CT CGGT AT CT CT CT CT CT CT CT CT CT CT CT CT CT CT C- -  198DcCENH3A-DP.seq

T T CAAT T GCT CT T T CCAAGCCCT AAAT T AT CT T CCT CCT T T T T T GT T ACAGGT CCCCCT CT CT CGGT AT CT CT CT CT CT CT CT CT CT CT CT CT CT CT CT C 200DcCENH3B-RO.seq

210 220 230 240 250 260 270 280 290 300

CCCT CT CT T T CT CT CT CT CT CT GAAAT T GGAGT T AT AT AAAAT T T T GAAT GCT GAT GAGT AT T T AT ACAGGGAACT CCGAGACGAAGAAGT ACT GCT ACC 290DCAR_025246-OP.seq

CCCT CT CT T T CT CT CT CT CT CT GAAAT T GGAGT T AT AT AAAAT T T T GAAT GCT GAT GAGT AT T T AT ACAGGGAACT CCGAGACGAAGAAGT ACT GCT ACC 290DcCENH3A-DH1.seq

CCCT CT CT T T CT CT CT CT CT CT GAAAT T GGAGT T AT AT AAAAT T T T GAAT GCT GAT GAGT AT T T AT ACAGGGAACT CCGAGACGAAGAAGT ACT GCT ACC 298DcCENH3A-DP.seq

CCCT CT CT T T CT CT CT CT CT CT GAAAT T GGAGT T AT AT AAAAT T T T GAAT GCT GAT GAGT AT T T AT ACAGGGAACT CCGAGACGAAGAAGT ACT GCT ACC 300DcCENH3B-RO.seq

310 320 330 340 350 360 370 380 390 400

CCGAGT AAGT CT AT AAT CT T CGT AT T GT T CGAGT T AGGGAT T CAGT T T T T GT T AGT CAAAT GAAACT GAT T T CGT T GAT AT AGGAGAGGCAGAT GCACAG 390DCAR_025246-OP.seq

CCGAGT AAGT CT AT AAT CT T CGT AT T GT T CGAGT T AGGGAT T CAGT T T T T GT T AGT CAAAT GAAACT GAT T T CGT T GAT AT AGGAGAGGCAGAT GCACAG 390DcCENH3A-DH1.seq

CCGAGT AAGT CT AT AAT CT T CGT AT T GT T CGAGT T AGGGAT T CAGT T T T T GT T AGT CAAAT GAAACT GAT T T CGT T GAT AT AGGAGAGGCAGAT GCACAG 398DcCENH3A-DP.seq

CCGAGT AAGT CT AT AAT CT T CGT AT T GT T CGAGT T AGGGAT T CAGT T T T T GT T AGT CAAAT GAAACT GAT T T CGT T GAT AT AGGAGAGGCAGAT GCACAG 400DcCENH3B-RO.seq

410 420 430 440 450 460 470 480 490 500

GGACAACAACAGCGAAAGCCCCACAGAT T T AGGCCT GGT ACCGT GGCT CT T CGT GAGAT T CGT AAGT T T CAGAAGACT T GGAACCT T CT AAT T CCT GCT G 490DCAR_025246-OP.seq

GGACAACAACAGCGAAAGCCCCACAGAT T T AGGCCT GGT ACCGT GGCT CT T CGT GAGAT T CGT AAGT T T CAGAAGACT T GGAACCT T CT AAT T CCT GCT G 490DcCENH3A-DH1.seq

GGACAACAACAGCGAAAGCCCCACAGAT T T AGGCCT GGT ACCGT GGCT CT T CGT GAGAT T CGT AAGT T T CAGAAGACT T GGAACCT T CT AAT T CCT GCT G 498DcCENH3A-DP.seq

GGACAACAACAGCGAAAGCCCCACAGAT T T AGGCCT GGT ACCGT GGCT CT T CGT GAGAT T CGT AAGT T T CAGAAGACT T GGAACCT T CT AAT T CCT GCT G 500DcCENH3B-RO.seq

510 520 530 540 550 560 570 580 590 600

CT CCGT T T AT CCGCACT GT AAGT T AT CGCT ACT T GT T T AA- T T T CT GT T T AT T T T T GT AT T T GGT T T GGT AT T CGGAT AT AAT T GCCCT T AGT AAT GGAT  589DCAR_025246-OP.seq

CT CCGT T T AT CCGCACT GT AAGT T AT CGCT ACT T GT T T AA- T T T CT GT T T AT T T T T GT AT T T GGT T T GGT AT T CGGAT AT AAT T GCCCT T AGT AAT GGAT  589DcCENH3A-DH1.seq

CT CCGT T T AT CCGCACT GT AAGT T AT CGCT ACT T GT T T AA- T T T CT GT T T AT T T T T GT AT T T GGT T T GGT AT T CGGAT AT AAT T GCCCT T AGT AAT GGAT  597DcCENH3A-DP.seq

CT CCGT T T AT CCGCACT GT AAGT T AT CT CT ACT T GT T T AAAT T T CT GT T T AT T T T T GT AT T T GGT T T GGT AT T CGGAT AT AAT T T CCCT T AGT AAT GGAT  600DcCENH3B-RO.seq

610 620 630 640 650 660 670 680 690 700

GGAAAT T T GAAT T AT AT CGACT GT GGAAGT GT GAACGGAT AGT AAT T AAAGT T T AAAT GCT T T GAACCAGAAT GGCACGGGAT AT T GT GGT AT GAT T T AA 689DCAR_025246-OP.seq

GGAAAT T T GAAT T AT AT CGACT GT GGAAGT GT GAACGGAT AGT AAT T AAAGT T T AAAT GCT T T GAACCAGAAT GGCACGGGAT AT T GT GGT AT GAT T T AA 689DcCENH3A-DH1.seq

GGAAAT T T GAAT T AT AT CGACT GT GGAAGT GT GAAT GGAT AGT AAT T AAAGT T T AAAT GCT T T GAACCAGAAT GGCACGGGAT AT T GT GGT AT GACT T AA 697DcCENH3A-DP.seq

G- AAAT T T GAAT T AT AT CGACT GT GGAAGT GT GAACT GAT AGT AAT T AAAGT T T AAAT GCT GT GAACCAGAAT GGCAT GGGAT AT T GT GGGAT GAT T T AA 699DcCENH3B-RO.seq

710 720 730 740 750 760 770 780 790 800

T T GAAGT T GT ACCT AAT AGGT T CT T AT T T GT T GCGT ACACT CAAGAT CT GCT AGCT T CT T T AT AT AGT T AGAT GCACT GAT T T AT T T T CAT GACT AACAA 789DCAR_025246-OP.seq

T T GAAGT T GT ACCT AAT AGGT T CT T AT T T GT T GCGT ACACT CAAGAT CT GCT AGCT T CT T T AT AT AGT T AGAT GCACT GAT T T AT T T T CAT GACT AACAA 789DcCENH3A-DH1.seq

T T GAAGT T GT ACCT AAT AGGT T CT T T T T T GT T GCAT ACACT CAAGAT CT GCT AGCT T CT T T AT AT AGT T AGAT GCACT GAT T T AT T T T CAT GACT AACAA 797DcCENH3A-DP.seq

T T GAAGT T GT ACCT T AT CGGT T CT T AT T T GT T GCGT ACACT CAAGAT CT - CT AGCT ACT T T AT AT AGT CAGAT GCACT GAT T T AT T T T CAT T ACT AACAA 798DcCENH3B-RO.seq

810 820 830 840 850 860 870 880 890 900

T GT T AAT GT AGGT AT T T T AAAT GT T CT CAAGAAAACT T T T T AT T T GGT GGAT AAT AT GGAAAAGT T CT T T T CT T AT T GAACT AT T AT T T GT T GAAAAT T T  889DCAR_025246-OP.seq

T GT T AAT GT AGGT AT T T T AAAT GT T CT CAAGAAAACT T T T T AT T T GGT GGAT AAT AT GGAAAAGT T CT T T T CT T AT T GAACT AT T AT T T GT T GAAAAT T T  889DcCENH3A-DH1.seq

T GT T AAT GT AGGT AT T T T AAAT GT T CT CAAGAAAACT T T T T AT T T GGT GGCT AAT AT GGAAAAGT T CT T T T CT T AT T GAACT AT T AT T T GT T GAAAAT T T  897DcCENH3A-DP.seq

T GT T AAT GT AGGT AT T - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - A- - - - - - - - - - - - - - - - - - - - - - - - - T T T T T T AAAAAT T T  829DcCENH3B-RO.seq

910 920 930 940 950 960 970 980 990 1000

ACCCCCCAAAT CT GGT T T T CT T T T CGT GT AT GAT A- - - - - GAAGT T AT T T GGCAGAAT GT GT T AT T AT GT GAAT AT CAAACAACCT GAGCAACAGAAT AC 984DCAR_025246-OP.seq

ACCCCCCAAAT CT GGT T T T CT T T T CGT GT AT GAT A- - - - - GAAGT T AT T T GGCAGAAT GT GT T AT T AT GT GAAT AT CAAACAACCT GAGCAACAGAAT AC 984DcCENH3A-DH1.seq

ACCCCCCAAAT CT GGT T T T CT T T T CGT GT AT GAT A- - - - - GAAGT T AT T T GGCAGAAT GT GT T AT T AT GT GAAT AT CAAACAACCT GAGCAACAGAAT AC 992DcCENH3A-DP.seq

ACCCCCCAAAT CT GGT T CT CT T T T CT T GT AT GAT ACAGT AGAAGT T AT T T GGCAGAGT GT GT T AT T AT GT GAAT AT CAAACAACCT GAGCAACAGAAT AC 929DcCENH3B-RO.seq

1010 1020 1030 1040 1050 1060 1070 1080 1090 1100

T GAT T T AAT AT GGACT AT A- AT T GT AAAT CT AGT T GAAAT T GT CT GT AGT AT CAT GAGT GACT AGAAT AT AT T GT GCAT AT AT GT ACCGCACCT T T GT AA 1083DCAR_025246-OP.seq

T GAT T T AAT AT GGACT AT A- AT T GT AAAT CT AGT T GAAAT T GT CT GT AGT AT CAT GAGT GACT AGAAT AT AT T GT GCAT AT AT GT ACCGCACCT T T GT AA 1083DcCENH3A-DH1.seq

T GAT T T AAT AT GGACT AT A- AT T GT AAAT CT AT T T GAAAT T GT CT GT AGT AT CAT GAGT GACT AGAAT AT T T T GT GCAT AT AT GT ACGGCACCT T T GT AA 1091DcCENH3A-DP.seq

T GAT T T AAAAT GAACT ACGGAT T AT AAAT CT AT T T GAAT T T GT CT GT AGT AT CAT GAGT GACT AGAAT AT AT T GT GCAT AT AT ACACGGCACCT T T GT AA 1029DcCENH3B-RO.seq

1110 1120 1130 1140 1150 1160 1170 1180 1190 1200

CCT ACAACT CT CAT T T T GAAAT GGT AAT AGT AAT AT CAAAT AT GT CT ACT T GT GAAT T CAGT T GGT AT T T GAT GT CAT AAT AAT T GT T AACAGGT T AGGG 1183DCAR_025246-OP.seq

CCT ACAACT CT CAT T T T GAAAT GGT AAT AGT AAT AT CAAAT AT GT CT ACT T GT GAAT T CAGT T GGT AT T T GAT GT CAT AAT AAT T GT T AACAGGT T AGGG 1183DcCENH3A-DH1.seq

CCT ACAACT CT CAT T T T GAAAT GGT AAT AGT AAT AT CAAAT AT GT CT ACT T GT GAAT T CAGT T GGT AT T T GAT GT CAT AAT AAT T GT T AACAGGT T AGGG 1191DcCENH3A-DP.seq

CCT ACAACT CT CT T T T T GAAAT GGT AAT AGT AAT AT CAAAT AT GT CT ACT T GT AAAT T CAGT T GGT AT T T GAT GT CAT AAT AAT T GT T AACAGGT T AGGG 1129DcCENH3B-RO.seq

1210 1220 1230 1240 1250 1260 1270 1280 1290 1300

AGAT T AGCT T CT ACCT GGCT CCCT CAAT CACACGT T GGCAAGCT GAAGCACT AAGAGCAAT T CAAGAGGT AT T T AAAAAT T CT GT CCAACT AAAT T CT GT  1283DCAR_025246-OP.seq

AGAT T AGCT T CT ACCT GGCT CCCT CAAT CACACGT T GGCAAGCT GAAGCACT AAGAGCAAT T CAAGAGGT AT T T AAAAAT T CT GT CCAACT AAAT T CT GT  1283DcCENH3A-DH1.seq

AGAT T AGCT T CT ACCT GGCT CCCT CAAT CACACGT T GGCAAGCT GAAGCACT AAGAGCAAT T CAAGAGGT AT T T AAAAAT T CT GT CCAACT AAAT T CT GT  1291DcCENH3A-DP.seq

AGAT T AGCT T CT ACCT GGCT CCCT CAAT CACACGT T GGCAAGCCGAAGCACT AAGAGCAAT T CAAGAGGT AT T T AAAAAT T T T GT CCAACT AAAT T CT GT  1229DcCENH3B-RO.seq

1310 1320 1330 1340 1350 1360 1370 1380 1390 1400

T GT T CAGT ACT ACT T T GT CAT T T T T T T T AAAGCAT T AT AGCT GAAT T AGAAACACT AT CAAAT GACCAAGACT T T AACAGT ACT ACT CT GGGT ACCCCT T  1383DCAR_025246-OP.seq

T GT T CAGT ACT ACT T T GT CAT T T T T T T T AAAGCAT T AT AGCT GAAT T AGAAACACT AT CAAAT GACCAAGACT T T AACAGT ACT ACT CT GGGT ACCCCT T  1383DcCENH3A-DH1.seq

T GT CCAGT ACT ACT T T GT CAT T T T T T T T AAAGCAT T AT AACT GAAT T AGAAACACT AT CGAAT GACCAAGACT T T AACAGT ACT ACT T T GGGT ACCCCT T  1391DcCENH3A-DP.seq

T GT T CAGT ACT ACT T T GCCAT T GT T T T - AAAGAAT T AT AAT T GAAT T AGAAAT ACT AT CAAAT GT CCAAGAAT AT AACAT T ACT ACT T T GAGT ACCC- - -  1325DcCENH3B-RO.seq

1410 1420 1430 1440 1450 1460 1470 1480 1490 1500

T CCGGCT T T CCT AT AT AT AAT ACAAAGT T T GGCT CT GGAAGAAACACACT GCAT AT AGGCAAAGGCT T AAT CAGCT AT T T AAT GT T AT ACT T GT CACAT T  1483DCAR_025246-OP.seq

T CCGGCT T T CCT AT AT AT AAT ACAAAGT T T GGCT CT GGAAGAAACACACT GCAT AT AGGCAAAGGCT T AAT CAGCT AT T T AAT GT T AT ACT T GT CACAT T  1483DcCENH3A-DH1.seq

T CCGGCT T T CCT AT AT AT AAT AT AAAGT T T GGCT CT GGAAGAAACACACT GCAT AT AGGCAAAGGCT T AAT CAGCT AT T T AAT GT T AT ACT T GT CACAT T  1491DcCENH3A-DP.seq

- - - - - CT T T CCT AT AT T T AAT AT AAAAT T T GGCT CT GGAAGAAACACACT GCAT AT AGT T AAAGGCT T AAT CAGCT AT T T AAT GT T AT ACT T GT CACAT T  1420DcCENH3B-RO.seq
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Suppl. Figure 1 cont. 
 

 

 

1510 1520 1530 1540 1550 1560 1570 1580 1590 1600

T AAT GCCAT AAGCAT ACAT AT CAAAT T T AAAAGACT T GACCAGCT T AT T T T GT T T CCAAAAT CAT ACAGAAGAAAT ACCAT T AT T T T ACT CACT AGAT AT  1583DCAR_025246-OP.seq

T AAT GCCAT AAGCAT ACAT AT CAAAT T T AAAAGACT T GACCAGCT T AT T T T GT T T CCAAAAT CAT ACAGAAGAAAT ACCAT T AT T T T ACT CACT AGAT AT  1583DcCENH3A-DH1.seq

T AAT GCCAT AAGCAT ACAT AT CAAAT T T AAAAGACT T GACCAGCT T AT T T T GT T T CCAAAAT CAT ACAGAAGAAAT ACCAT T AT T T T ACT CACT AGAT AT  1591DcCENH3A-DP.seq

T A- T GCCAT AAGCAT ACGT AT AAAAT T T AAAAGACT T GACCAGCT T AT T T T GT T T CCAAAAT CAT ACAGAAGAAAT AA- AT T AT T GT ACT CACT AGAT AT  1518DcCENH3B-RO.seq

1610 1620 1630 1640 1650 1660 1670 1680 1690 1700

T GT AAAT T T T CT T AT GAAGCT T CCT T T GACT T AT T GAAAAGAT AT ACGAT AAT CCACT T AAGAT AAAT CGT ACT CCT T AGAAT T GT AAAAACAAAT GAT T  1683DCAR_025246-OP.seq

T GT AAAT T T T CT T AT GAAGCT T CCT T T GACT T AT T GAAAAGAT AT ACGAT AAT CCACT T AAGAT AAAT CGT ACT CCT T AGAAT T GT AAAAACAAAT GAT T  1683DcCENH3A-DH1.seq

T GT AAAT T T T CT T AT GAAGCT T CCT T T GACT T AT T GAAAAGAT AT ACGAT AAT CCACT T AAGAT AAAT CAT AAT CCT T AGAAT T GT AAAAACAAAT GAT T  1691DcCENH3A-DP.seq

T GT AAAT T T T CT T AT GAAGCT T CCT T T GACT T AT T GAAAT GAT - - ACAAT AAT CCACT T AAGAT AAAT CAT ACT CCT T AGAAT T GT AAAAACAAACGG- -  1614DcCENH3B-RO.seq

1710 1720 1730 1740 1750 1760 1770 1780 1790 1800

GT GCAT T T GT GCCCCT T CCT GCAAT AGACGACAT AT T AGCT T CAT GT AGAAGCCCCT T ACAAAT AT CAAGT AT T AGT ACAGAAT T AT GCAT AAT GACT AA 1783DCAR_025246-OP.seq

GT GCAT T T GT GCCCCT T CCT GCAAT AGACGACAT AT T AGCT T CAT GT AGAAGCCCCT T ACAAAT AT CAAGT AT T AGT ACAGAAT T AT GCAT AAT GACT AA 1783DcCENH3A-DH1.seq

GT GCAT T T GT GCCCCT T CCT GCAAT AGACGACAT AT T AGCT T CAT GT AGAAGCCCCT T ACAAAT AT CAAGT AT T AGT ACAGAAT T AT GCAT AAT GACT AA 1791DcCENH3A-DP.seq

- - - - - - T T GT GCCCCT T T CT GCAAT AGACGGCAT AT T AG- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - T ACAGAAT T AT GCACAAT GACT AA 1671DcCENH3B-RO.seq

1810 1820 1830 1840 1850 1860 1870 1880 1890 1900

ACCT T GACAAT T GGAAGT T T GCAAT T AT T T CAT T GT GGAAT GAGT T T T T T GT T T CAAAAAT T T AT CT CT T GT GGAACAAAGT AAGT AAAAT T T T AT T T AA 1883DCAR_025246-OP.seq

ACCT T GACAAT T GGAAGT T T GCAAT T AT T T CAT T GT GGAAT GAGT T T T T T GT T T CAAAAAT T T AT CT CT T GT GGAACAAAGT AAGT AAAAT T T T AT T T AA 1883DcCENH3A-DH1.seq

CCCT T GACAAT T GGAAGT T T GCAAT T AT T T CAT T GT GGAAT GAGT T T T T T GT T T CAAAAAT T T AT CT CT T GT GGAACAAAGT AAGT AAAAT T T T AT T T T A 1891DcCENH3A-DP.seq

CCCT T GACAAT T GGAAGT T T GCAAT T AT T T CAT T GT GGAAT GAGT T T T T T GT T GCAAAAAT T T AT CT T T T GT GGAT CAAT GAAAGT AAAAT T T T AT T T AA 1771DcCENH3B-RO.seq

1910 1920 1930 1940 1950 1960 1970 1980 1990 2000

T AAT GAAACCAAAT AACT AT GT T - AGT T AT T T T AT T T T AGAGGT T GT ACAAT T GACAT A- - GAT GAGCA- - - - - - - - - - - T GAGAT AACAGAGCAAAT AA 1969DCAR_025246-OP.seq

T AAT GAAACCAAAT AACT AT GT T - AGT T AT T T T AT T T T AGAGGT T GT ACAAT T GACAT A- - GAT GAGCA- - - - - - - - - - - T GAGAT AACAGAGCAAAT AA 1969DcCENH3A-DH1.seq

T T AT GAAACCAAAT AACT AT GT T - AGT T AT T T T AT T T T AGAGGT T GT ACAT T T GACAT A- - GAT GAGCA- - - - - - - - - - - T GAGAT AACAGAGCAAAT AA 1977DcCENH3A-DP.seq

T AAT GAAT CCAAAT AACT AT GT T T AGGT AT T T T GT T T T AGAGGT T GT ACAAT T GACAT AAAGAT GAGCAAGAGGAT T GCAT GAGAT AACAGAGCAAAT AA 1871DcCENH3B-RO.seq

2010 2020 2030 2040 2050 2060 2070 2080 2090 2100

T AAT T T CAAAT GAT AT ACCGCT CT T T T T T T T AAACAT AACT T CT T CCAT T AT CGCAT T CT AGGAACT GCAT CT CT AACCG- - - - - - - - CAT AT T T T T T T G 2061DCAR_025246-OP.seq

T AAT T T CAAAT GAT AT ACCGCT CT T T T T T T T AAACAT AACT T CT T CCAT T AT CGCAT T CT AGGAACT GCAT CT CT AACCG- - - - - - - - CAT AT T T T T T T G 2061DcCENH3A-DH1.seq

T AAT T T CAAAT GAT AT ACCGCT CT T T T T T T T AT ACAT AACT T CT T CCAT T AT CGCAT T CT AGGAACT GCAT CT CT AACCG- - - - - - - - CAT AT T T T T T T G 2069DcCENH3A-DP.seq

T AAT T T CAAAT - AT AT AC- - CCCT T T T T T T T AAACAT AACT T CT T CCAT T AT CGCAT T CT AGGAACT GCAT CT CT AACCAACAAACCACAT AT CT T T T T G 1968DcCENH3B-RO.seq

2110 2120 2130 2140 2150 2160 2170 2180 2190 2200

T T T AGAT CAGT AAAAT CGAT AACCCCCGAT T T T T T CGT AAACT AT T T CCT T T CT CT ACAT GCT AGT ACAT AGAGT T T T CCCT T T CT T AGCT AGGCT GT T T  2161DCAR_025246-OP.seq

T T T AGAT CAGT AAAAT CGAT AACCCCCGAT T T T T T CGT AAACT AT T T CCT T T CT CT ACAT GCT AGT ACAT AGAGT T T T CCCT T T CT T AGCT AGGCT GT T T  2161DcCENH3A-DH1.seq

T T T AGAT CAGT AAAAT CGAT AACCCCCGAT T T T T T CGT AAACT AT T T CCT T T CT CT ACAT GCT AGT AT AT AGAGT T T T CCCT T T CT T AGCT AGGCT GT T T  2169DcCENH3A-DP.seq

T T CAGAT CAGT T AAAT CGAT AACCCCCGAAT T T T T CACACACT AT T T CCT T T CT CT ACAT GCT AGT AT T - - - AGCT T T CCCT T T CT T AGCT T GGCT GT T A 2065DcCENH3B-RO.seq

2210 2220 2230 2240 2250 2260 2270 2280 2290 2300

GCAT CT T T GCACT T T T AAAT CT GCT CT CT AAAT GT T T T T T GGAGAT AT T CT CT GAT GT AT AGAGACCT AAT AT CCT GGCT CACAGT T AT AAAT T T AT T AG 2261DCAR_025246-OP.seq

GCAT CT T T GCACT T T T AAAT CT GCT CT CT AAAT GT T T T T T GGAGAT AT T CT CT GAT GT AT AGAGACCT AAT AT CCT GGCT CACAGT T AT AAAT T T AT T AG 2261DcCENH3A-DH1.seq

GCAT CT T T GT ACT T T T AAAT CT GCT CT CGAAAT GT T T T T T GGAGAT AT T CT CT GAT GT AT AGAGACT T AAT AT CCT GGCT CACAGT T AT AAAT T T AT T AG 2269DcCENH3A-DP.seq

GCAGT T T T GCACT T T AAAAT CT GCT CT CT AAAT GT T T T T T GGAGAT AT T CT CT GAT GT AT AGAGACT T AAT AT T CT GGCT CACAGT T ACAAAT CT AT T AG 2165DcCENH3B-RO.seq

2310 2320 2330 2340 2350 2360 2370 2380 2390 2400

T CAT T T T T T T GGT T AT AAT AT AT T T ACAGT ACCT GT GT T T GAAGT T GT T T AAAT AT AT T T CCAGCAAT GAAT ACCT T T T CT T T AT CT GT T T T T T T AT GGT  2361DCAR_025246-OP.seq

T CAT T T T T T T GGT T AT AAT AT AT T T ACAGT ACCT GT GT T T GAAGT T GT T T AAAT AT AT T T CCAGCAAT GAAT ACCT T T T CT T T AT CT GT T T T T T T AT GGT  2361DcCENH3A-DH1.seq

T CAT T T T T T T GGT T AT AAT AT AT T T ACAGT ACCT GT GT T T GAAGT T GT T T AAAT AT AT T T CCAGCAAT GAAT AT CT T T T CT T T AT CT GT T T GT T T AT GGT  2369DcCENH3A-DP.seq

T CAT T T AT T T GGT T AT AAT AT AT T T ACAGT ACT GT GT T T T GAAAT T GT T T AAAAAT AT T T CCAGCAAT GAAT ACCT T T T CT T T AT CT GT T T - T T T AT GGT  2264DcCENH3B-RO.seq

2410 2420 2430 2440 2450 2460 2470 2480 2490 2500

T T T AT CGT T GGT T AT GT T T T T AGT T T T GGT CCT T CAGAGGGT AAAT T GT CAT GAT T T T CAAT AAT T AT AAT T GT AT AT AT T GT ACT T CT CT AGAT AA- GA 2460DCAR_025246-OP.seq

T T T AT CGT T GGT T AT GT T T T T AGT T T T GGT CCT T CAGAGGGT AAAT T GT CAT GAT T T T CAAT AAT T AT AAT T GT AT AT AT T GT ACT T CT CT AGAT AA- GA 2460DcCENH3A-DH1.seq

T T T AT CGT T GGT CGT GT T T T T AGT T T T GGT CCT T CAGAGGGT AAAT T GT CAT GAT T T T CAAT AAT T AT AAT T GT AT AT AT T GT ACT T CT CT AGAT AA- GA 2468DcCENH3A-DP.seq

T T T AT T GT T T GT T AT GT T T T T AGGT T T GGT CCT T CAGAT GGT AAAT T GT CAT GAT T T CCAAT AAT T AT AAT T GT AAAT ACT GT ACT T CT CT AAAT AAAGA 2364DcCENH3B-RO.seq

2510 2520 2530 2540 2550 2560 2570 2580 2590 2600

GT CGACAAAGAT AACAT GAAA- - - - - - - CAAAAGAAAGGT T CT T T CAAAGCGT T GAT AT AAT CT CT GT T CT T T CAAAGT GCCAT CAT CAT GT T T T T T AGA 2553DCAR_025246-OP.seq

GT CGACAAAGAT AACAT GAAA- - - - - - - CAAAAGAAAGGT T CT T T CAAAGCGT T GAT AT AAT CT CT GT T CT T T CAAAGT GCCAT CAT CAT GT T T T T T AGA 2553DcCENH3A-DH1.seq

GT T GACAAAGAT AACAT GAAA- - - - - - - CAAAA- AAAGGT T CT T T CAAAGCAT T GAT AT AAT CT CT GT T CT T T CAAAGT GCCAT CAT CAT GT T T T T T AGA 2560DcCENH3A-DP.seq

GT CGACAAAGAT AACAT GAAAGT T AAAACAAAAAAAAGGT T CGT T CAAAGT AT T GAT AT AAT CT CT GT T T GGT CAAAGT GCCAT CAT CAT GT T T T T - AGA 2463DcCENH3B-RO.seq

2610 2620 2630 2640 2650 2660 2670 2680 2690 2700

T AT GAT CT CT T T T ACT T AT T AAGGCCCAAT GT CAAAT AGT T ACACAGT GGCT CT GAAGCAAT CT GAAT T CCAGGACT CAAT T T ACCAAT AT ACAAAAT CT  2653DCAR_025246-OP.seq

T AT GAT CT CT T T T ACT T AT T AAGGCCCAAT GT CAAAT AGT T ACACAGT GGCT CT GAAGCAAT CT GAAT T CCAGGACT CAAT T T ACCAAT AT ACAAAAT CT  2653DcCENH3A-DH1.seq

T AT GAT CT CT T T T ACT T AT GAAGGCCCAAT GT CAAAT AGT T ACACAGT GGCT CT GAAGCAAT CT GAAT T CCAGGACT CAAT T T ACCAAT AT ACAAAAT CT  2660DcCENH3A-DP.seq

T AT GAT CT CT T T T ACT T AT T AAGGCCCAAT GT CAAAT AGT T ACACAGT GGCT CT GAAGCAAT CT GAAT T CCAGGACT CAAT T T AAT AAT AT ACAGAAT CT  2563DcCENH3B-RO.seq

2710 2720 2730 2740 2750 2760 2770 2780 2790 2800

GT GCT CT ACAAAT CT GT T T T T GT GCT T GCAGAGT T GCAGT AAT GT T CT GAGT GGAGT AT CT T AGT CCT GCAAACCT T T CCACT AAACT CACGCCAACACA 2753DCAR_025246-OP.seq

GT GCT CT ACAAAT CT GT T T T T GT GCT T GCAGAGT T GCAGT AAT GT T CT GAGT GGAGT AT CT T AGT CCT GCAAACCT T T CCACT AAACT CACGCCAACACA 2753DcCENH3A-DH1.seq

GT GCT CT ACAAAT CT GT T T T T GT GCT T GCAGAGT T GCAGT AAT GT T CT GAGT GGAGT AT CT T AGT CCT GCAAACCT T T CCACT AAACT CACGCCAACACA 2760DcCENH3A-DP.seq

GT GCT CT ACAAAT CT GCT AT T GT GCT T GCAGT AAT GT - - - - - - - T T CT GAGT GGAGT AT CT T AGT CCT ACAAACT T T T CCACT AAACT CACGCCAACACA 2656DcCENH3B-RO.seq

2810 2820 2830 2840 2850 2860 2870 2880 2890 2900

AGT CACT ACT T ACAT CGT T GCAT AT T T AAAT GT CT T AT T AAGT T - T T T T AGT T ACT T T T T AGGT CT T T T ACAAGT T AAAT T CCAAAAAACACCT CCC- AG 2851DCAR_025246-OP.seq

AGT CACT ACT T ACAT CGT T GCAT AT T T AAAT GT CT T AT T AAGT T - T T T T AGT T ACT T T T T AGGT CT T T T ACAAGT T AAAT T CCAAAAAACACCT CCC- AG 2851DcCENH3A-DH1.seq

AGT CACT ACT T ACAT CGT T GCAT AT T T AAAT GT CT T AT T AAGT T CT T T T AGT T ACT T CT T AGGT CT T T T ACAAGT T AAAT T CCAAAAAACACCT CCC- AG 2859DcCENH3A-DP.seq

AGT CACT ACT T ACAT T GT T GCAT AT T T AAAT GT CCT AT T AAGT T T T T T T AGT T ACT T T T T AGGT CT T T T ACAAT T T CGAT T CCAAAAAACACCT CAAGAA 2756DcCENH3B-RO.seq

2910 2920 2930 2940 2950 2960 2970 2980 2990 3000

ACACGAT AAAAGT GGT AT T T CT CT T T AT AT CT T T AAGAT T T AT T ACAAAAAGT GGT GT T T CT CT T GAAT CCACGAT T GT T - CT T CCT T AT T T T CT GCT GA 2950DCAR_025246-OP.seq

ACACGAT AAAAGT GGT AT T T CT CT T T AT AT CT T T AAGAT T T AT T ACAAAAAGT GGT GT T T CT CT T GAAT CCACGAT T GT T - CT T CCT T AT T T T CT GCT GA 2950DcCENH3A-DH1.seq

ACAT GAT AAAAGT GGT AT T T CT CT T T AT AT CT T T AAGAT T T AT T ACAAAAAGT GGT GT T T CT CT T GAAT CCACGAT T GT T - CT T CCT T AT T T T CT GCT GA 2958DcCENH3A-DP.seq

ACACGAT AAAAGT GGT AGT T CT CT T T AT ACCT T T AGGAT T T AT T ACAAAAAGT GGT GT T T CT CT T GAAT CCACGAT T GT T T CT T CCT T AT T T T CT GCT GA 2856DcCENH3B-RO.seq
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Suppl. Figure 1 cont. 
 

2910 2920 2930 2940 2950 2960 2970 2980 2990 3000

ACACGAT AAAAGT GGT AT T T CT CT T T AT AT CT T T AAGAT T T AT T ACAAAAAGT GGT GT T T CT CT T GAAT CCACGAT T GT T - CT T CCT T AT T T T CT GCT GA 2950DCAR_025246-OP.seq

ACACGAT AAAAGT GGT AT T T CT CT T T AT AT CT T T AAGAT T T AT T ACAAAAAGT GGT GT T T CT CT T GAAT CCACGAT T GT T - CT T CCT T AT T T T CT GCT GA 2950DcCENH3A-DH1.seq

ACAT GAT AAAAGT GGT AT T T CT CT T T AT AT CT T T AAGAT T T AT T ACAAAAAGT GGT GT T T CT CT T GAAT CCACGAT T GT T - CT T CCT T AT T T T CT GCT GA 2958DcCENH3A-DP.seq

ACACGAT AAAAGT GGT AGT T CT CT T T AT ACCT T T AGGAT T T AT T ACAAAAAGT GGT GT T T CT CT T GAAT CCACGAT T GT T T CT T CCT T AT T T T CT GCT GA 2856DcCENH3B-RO.seq

3010 3020 3030 3040 3050 3060 3070 3080 3090 3100

AAT T CT CACGGCT ACT T GT T T GT GT T T AAAT T CAAT GAT AT AAAT T GGAAT CGCAT AT CT GAAT T GCCCT AAT T GT T T AGGT T CAT AT T - - - - GAAT GAT  3046DCAR_025246-OP.seq

AAT T CT CACGGCT ACT T GT T T GT GT T T AAAT T CAAT GAT AT AAAT T GGAAT CGCAT AT CT GAAT T GCCCT AAT T GT T T AGGT T CAT AT T - - - - GAAT GAT  3046DcCENH3A-DH1.seq

AAT T CT CACGGCT ACT T GT T T GT GT T T AAAT T CAAT GAT AT AAAT T GGAAT T GCAT AT CT GAAT T GCCCT AAT T GT T T AGGT T CAT AT T - - - - GAAT GAT  3054DcCENH3A-DP.seq

AAAT CT CACGGCT ACT T GT T T G- GGT T AAAT T CAAT GAT AT T AAT T GGACT CGCG- AT CT GAAT T GCCT T AAT T GT T T GGGT T CAT AT T ACT T GAAT GAT  2954DcCENH3B-RO.seq

3110 3120 3130 3140 3150 3160 3170 3180 3190 3200

AAAT T GAT AACAAGT GGT GT T T T T CT T T AT ACCT AT AT GAAAAT T T CT T T CAAAT CCAT GAT T T AT ACT T CCT T AT T CT CT GCT GAGAT T CT T GCGGCT A 3146DCAR_025246-OP.seq

AAAT T GAT AACAAGT GGT GT T T T T CT T T AT ACCT AT AT GAAAAT T T CT T T CAAAT CCAT GAT T T AT ACT T CCT T AT T CT CT GCT GAGAT T CT T GCGGCT A 3146DcCENH3A-DH1.seq

AAAT T GAT AACAAGT GGT GT T T T T CT T T AT ACCT AT AT AAAAAT T T CT T T CAAAT CT AT GAT T T AT ACT T CCT T AT T CT CT GCT GAGAT T CT T GCGGCT A 3154DcCENH3A-DP.seq

AAAT T GAT AACAAGT GGT GT T T T T CT T T AT ACCT AT ACT AAGAT T ACT CT T AAAT CCAT T AT T T T T T CT T CCGT AT T CT CT GCT GAGAT T CT T GCGGCT A 3054DcCENH3B-RO.seq

3210 3220 3230 3240 3250 3260 3270 3280 3290 3300

CT T GT T T GGGT T T AGAT T T T AT GAT AT T AT T T GGGCT T GT AT T T CT GAAT T T CCT T T GT T GT T T GGCT T CAT T T T ACT T GAAT T CT AT GT GT T T AAT T GA 3246DCAR_025246-OP.seq

CT T GT T T GGGT T T AGAT T T T AT GAT AT T AT T T GGGCT T GT AT T T CT GAAT T T CCT T T GT T GT T T GGCT T CAT T T T ACT T GAAT T CT AT GT GT T T AAT T GA 3246DcCENH3A-DH1.seq

CT T GT T T GGGT T T AGAT T T T AT GAT AT T AT T T GGGCGT GT AT T T CT GAAT T T CCT T T GT T GT T T GGGT T CAT T T T ACT T GAAT T CT AT GT GT T T AAT T GA 3254DcCENH3A-DP.seq

CT T GT T T GGGT T T AGAT T T - AT GAT AT T AT T T GGGCT T GT AT T T CT AAAT T T CCT T T GT T GT T T AGGT T CAT T T T ACT T GAAT T CAAT GT GT T T AGT T GA 3153DcCENH3B-RO.seq

3310 3320 3330 3340 3350 3360 3370 3380 3390 3400

GCAGT T T AT GT T GAGT GT GGT AT T T T CAAGAACT GGCT CAAGAAAAC- - - - - - - - CGGAAT CAGAACGGAT CAACT AACT T CAAT T AAAGACACAGGAAA 3338DCAR_025246-OP.seq

GCAGT T T AT GT T GAGT GT GGT AT T T T CAAGAACT GGCT CAAGAAAAC- - - - - - - - CGGAAT CAGAACGGAT CAACT AACT T CAAT T AAAGACACAGGAAA 3338DcCENH3A-DH1.seq

GCAGT T T AT GT T GAGT GT GGT AT T T T CAAGAACT GGCT CAAGAAAACAAGAAAACCGGAAT CAGAACGGAT CAACCAACT T CAAT T AAAGACGCAGGAAA 3354DcCENH3A-DP.seq

GCAGT T T AT AT T GAGT GCGGT AT T T T T AAGAACT GGCT CAAGAAAAC- - - - - - - - CAGAAT CAGAACAGAT CAACT AACT T CAAT T AAAGACACAGGAAA 3245DcCENH3B-RO.seq

3410 3420 3430 3440 3450 3460 3470 3480 3490 3500

AAT ACAT AAT T CAAACGAT T AGGACAAGT AAAAGAT AAT T CAAAT AAT T T CAT T CGAT CAT AT AT GCAT T T T AGCT GGCCAGCAGCAAT T CT AT ACT GT G 3438DCAR_025246-OP.seq

AAT ACAT AAT T CAAACGAT T AGGACAAGT AAAAGAT AAT T CAAAT AAT T T CAT T CGAT CAT AT AT GCAT T T T AGCT GGCCAGCAGCAAT T CT AT ACT GT G 3438DcCENH3A-DH1.seq

AAT ACAT AAT T CAAACGAT T AGGACAAGT AAAAGAT AAT T CAAAT AAT T T CAT T CGAT CAT AT AT GCAT T T T AGCT GGCCAGCAGCAAT T CT AT ACT GT G 3454DcCENH3A-DP.seq

AAT ACAT AAT T CAAACAAT T AGGACAAGT AAAAGAT AAT T T AAACAAT T T CAT T T GT T CAT AT AT GCAAT T - AGCT GGCCAGCAGCAAT T CT AT ACT GT G 3344DcCENH3B-RO.seq

3510 3520 3530 3540 3550 3560 3570 3580 3590 3600

AGAAT T CAGAT T CT AAAT T GT AT GT T T T T T - AGT AAAGGT ACT GT T CAT T T T GAAGT AGT AT T AT AT T AA- - - T GAT AT T CT T T GAGT T CT CT T GAAAT A 3534DCAR_025246-OP.seq

AGAAT T CAGAT T CT AAAT T GT AT GT T T T T T - AGT AAAGGT ACT GT T CAT T T T GAAGT AGT AT T AT AT T AA- - - T GAT AT T CT T T GAGT T CT CT T GAAAT A 3534DcCENH3A-DH1.seq

AGAAT T CAGAT T CT AAAT T GT AT GT T T T T T T AGT AAAGGT ACT GT T CAT T T T GAAGT AGT AT T AT AT T T A- - - T AAT AT T CT T T GAGT T CT CT T GAAAT A 3551DcCENH3A-DP.seq

AGAAT T T AGAT T CT AAAT T GT AT GT T T T CT T AAT AGAGGT ACT GT T CAT T T T GAAGT AGT AT T AT AT T T AAAAT GAT AT T CT GT GGGT T CT CCT GAAAT A 3444DcCENH3B-RO.seq

3610 3620 3630 3640 3650 3660 3670 3680 3690 3700

T T CT GGGAAT CT AAT AT ACT T GCAAAAGAT AT ACT T T T ACT T AGAT GT AGCCAT CT T T GCAGGCAGCAGAGGAT T T T AT CAT T CAT CT AT T T GAGGAT GC 3634DCAR_025246-OP.seq

T T CT GGGAAT CT AAT AT ACT T GCAAAAGAT AT ACT T T T ACT T AGAT GT AGCCAT CT T T GCAGGCAGCAGAGGAT T T T AT CAT T CAT CT AT T T GAGGAT GC 3634DcCENH3A-DH1.seq

T T CT GGGAAT CT AAT AT ACT T GCAAAAGAT AT ACT T T T ACT T AGAT GT AGCCAT CT T T GCAGGCAGCAGAGGAT T T T AT CAT T CAT CT AT T T GAGGAT GC 3651DcCENH3A-DP.seq

AT CT GGGAAT CT AAT AT AT T T GCCAAAGAT AT ACT AT T ACT T AGAT GT AGCCAT CT T T GCAGGCAGCAGAGGAT T T T AT CAT T CAT CT AT T T GAGGAT GC 3544DcCENH3B-RO.seq

3710 3720 3730 3740 3750 3760 3770 3780 3790 3800

GAT GCT AT GT GCAAT T CAT GCAAGACGT GT CACAGT T AGT AAGT GT AAAT T GAT GT T T T GACAT T T T T GT T T T T AT CAGCCAT T GCAT CCCCT T T GT CT C 3734DCAR_025246-OP.seq

GAT GCT AT GT GCAAT T CAT GCAAGACGT GT CACAGT T AGT AAGT GT AAAT T GAT GT T T T GACAT T T T T GT T T T T AT CAGCCAT T GCAT CCCCT T T GT CT C 3734DcCENH3A-DH1.seq

GAT GCT AT GT GCAAT T CAT GCAAGACGT GT CACAGT T AGT AAGT GT AAAT T GAT GT T T T GACAT T T T T GT T CT T AT CAGCCAT T GCAT CCCCT T T GT CT C 3751DcCENH3A-DP.seq

GAT GCT AT GT GCAAT T CAT GCAAGACGT GT CACAGT T AGT AAGT GGAAAT T GAT AT T T T GACAT T T T T GT T T T T AT CAGCCAT T GCAT T CCAT T T GT CT C 3644DcCENH3B-RO.seq

3810 3820 3830 3840 3850 3860 3870 3880 3890 3900

T T T AT GT T GCAT CCT GAAT T CAT AT T T AGAAT AT GGACT AGAGT T CGT GT T CT CT T AAAT T T GCA- - - - T AT AT AT AT T GAAGCT CACAGAT GACAGAAC 3830DCAR_025246-OP.seq

T T T AT GT T GCAT CCT GAAT T CAT AT T T AGAAT AT GGACT AGAGT T CGT GT T CT CT T AAAT T T GCA- - - - T AT AT AT AT T GAAGCT CACAGAT GACAGAAC 3830DcCENH3A-DH1.seq

T T T AT GT T GCAT CCT GAAGT CAT AT T T AGAAT AT GGACT AGAGT T CGT GT T CT CT T AAAT T T GCACAT AT AT AT AT AT T GAAGAT CACAGAT GACAGAAC 3851DcCENH3A-DP.seq

T CT AT GT T GCAT CCT GAAGT GAT AT T T AGAACAGGGAT T AGAGT T CGT GT T CT CT T T AAT T T GCA- - - - - - CAT AT AT T GAAAAT CACAGAT AAT AGAAC 3738DcCENH3B-RO.seq

3910 3920 3930 3940 3950 3960 3970 3980 3990 4000

CACT AGAGCAT T GT ACAT CCT AT T T CT T CT CT GT GT AGCAT T T CT AAGAAT T AGAT T GACT T CAT T AAAAT T GT AAGT AAT CCCA- - - - - - - - GT T AGCC 3922DCAR_025246-OP.seq

CACT AGAGCAT T GT ACAT CCT AT T T CT T CT CT GT GT AGCAT T T CT AAGAAT T AGAT T GACT T CAT T AAAAT T GT AAGT AAT CCCA- - - - - - - - GT T AGCC 3922DcCENH3A-DH1.seq

CACT AGAGCAT T GT ACAT CCT AT T T CT T CT CT GT GT AGCAT T T CT AAGAAT T AGAT T GACT T CAT T AAAAT T GT AAGT AAT CCCA- - - - - - - - GT T AGCC 3943DcCENH3A-DP.seq

CACT AGAGCAT T GT ACAT T CT AT T T CT T CT CT GT GT ACCAT T T CT AAGAAT T AGAT T GACT T CAT T AAAAT T GT AAGT AAT CCCACT AT CCCAGT T AGCT  3838DcCENH3B-RO.seq

4010 4020 4030 4040 4050 4060 4070 4080 4090 4100

AT T AT AGT CT CCCT GAAT GGCT GCT GCACCT GT GAAT T CT T GCAT T ACAGCT - - - ACT CAC- - - - - CT AGAGT T T AAAT GACAAACACAAT T T AT AACCA 4014DCAR_025246-OP.seq

AT T AT AGT CT CCCT GAAT GGCT GCT GCACCT GT GAAT T CT T GCAT T ACAGCT - - - ACT CAC- - - - - CT AGAGT T T AAAT GACAAACACAAT T T AT AACCA 4014DcCENH3A-DH1.seq

AT T AT AGT CT CCCT GAAT GGCT GCT GCACCT GT GAAT T CT T GCAT T ACAGCT - - - ACT CACT CAACCT AGAGT T T AAAT GACAAACACAAT T T AT AACCA 4040DcCENH3A-DP.seq

AT T AT AGT CT ACCT GAAT GGCT GCT GCACCT GT GAAAT CT T GCAT T ACAAT T T ACAGCT ACT CAG- CT AT AGT T T AAAT T ACAAACACAAT T T AT AACCA 3937DcCENH3B-RO.seq

4110 4120 4130 4140 4150 4160 4170 4180 4190 4200

GAT CAT GGT GACT GGCACT GGCCCAAAGCT T T GT T T AGT T GAAT GAGGT AT CAT AT ACAT GT AGAGAT T AGCCACT ACACGGGGGT T T T CT T T ACT GT T T  4114DCAR_025246-OP.seq

GAT CAT GGT GACT GGCACT GGCCCAAAGCT T T GT T T AGT T GAAT GAGGT AT CAT AT ACAT GT AGAGAT T AGCCACT ACACGGGGGT T T T CT T T ACT GT T T  4114DcCENH3A-DH1.seq

GAT CAT GGT GACT GGCACT GGCCCAAAGCT T T GT T T AGT T GAAT GAGGT AT CAT AT ACAT GT AGAGAT CAGCCACT ACACGGGGGT T T T CT T T ACCGT T T  4140DcCENH3A-DP.seq

GAT CAT GGT GACT GGCACT GGCCCAAAGCT T T GT T T AGT T GAAT GAGGT AT CAT AT ACAT GT AGAGAT CAGCCACT ACACGGGGGT T T T CT T T ACT GT T T  4037DcCENH3B-RO.seq

4210 4220 4230 4240 4250 4260 4270 4280 4290 4300

AT T GT T T T T AT CT GCT T T T T CAT T GAGT T T GT AGAGT GT T GT AAAAAGCGGAAAT CGGAAT T AAT CAGCGGAGCCACCGT CT AGCGAT T AAT AGAT AAGC 4214DCAR_025246-OP.seq

AT T GT T T T T AT CT GCT T T T T CAT T GAGT T T GT AGAGT GT T GT AAAAAGCGGAAAT CGGAAT T AAT CAGCGGAGCCACCGT CT AGCGAT T AAT AGAT AAGC 4214DcCENH3A-DH1.seq

AT T GT T T T T AT CT GCT T T T T CAT T GAGT T T GT AGAGT GT T GT AAAAAGCGGAAAT CGG- - - - - - - - - - T GGAGCCACCGT CT GGCGAT T AAT AGAT AAT C 4230DcCENH3A-DP.seq

AT T GT T T T T AT CT GCT T T T T CAT T GAGT T T GT AGAGT GT T GT AAAAAACGGAAAT CGGAAT T AAT CA- GAGAGCCACCGT CT AGCGAT T AAT AGAT AAT C 4136DcCENH3B-RO.seq

4310 4320 4330 4340 4350 4360 4370 4380 4390 4400

AGGGAT AT T AT ACT AGT T CT AAAGAAAAAT GT AGT GAT T AAT CGGT AAT AAAAAAT CGAAT CCGCAGAGT T CCT T GT AGAGAT T AAT CGGT CAAAT CGGC 4314DCAR_025246-OP.seq

AGGGAT AT T AT ACT AGT T CT AAAGAAAAAT GT AGT GAT T AAT CGGT AAT AAAAAAT CGAAT CCGCAGAGT T CCT T GT AGAGAT T AAT CGGT CAAAT CGGC 4314DcCENH3A-DH1.seq

GGGGAT AT T ACGCT AGT T T T AAAGAAAAAT GT T GT GAT T AAT CGGT T T T T AAAAAAT GAAT CGGCAGAGT T CCT T GT AGCAAT T AACCGGCCAAAT CGGC 4330DcCENH3A-DP.seq

AGGGAT T T T AT ACT AGT T CT AAAGAAAAAT GT T GT GAT T AAT CGGT AAT AAAAAAT CGAAT CCGCAGAGT T CCT T GT AGAGAT T AAT T GGT CAAAT CGGC 4236DcCENH3B-RO.seq

4410 4420 4430 4440 4450 4460 4470 4480 4490 4500

AACT T T T AGAACT AT GGT T T GT A- - - - - - - - - CT AGAT GCAAAT T GACT CAAT T AAGAT T T T T T T T T AGT T T T T ACT AGGGT CACT AT T ACT CT CT GAGC 4405DCAR_025246-OP.seq

AACT T T T AGAACT AT GGT T T GT A- - - - - - - - - CT AGAT GCAAAT T GACT CAAT T AAGAT T T T T T T T T AGT T T T T ACT AGGGT CACT AT T ACT CT CT GAGC 4405DcCENH3A-DH1.seq

AACT T T T AGAACT GT GT T T T GT A- - - - - - - - - CT AGAT GCAAAT T GACT CAAGT AAGAT T T T T T T A- AGT T T T T ACT AGGGT CACT AT T ACT CT CT GAGC 4420DcCENH3A-DP.seq

AACT T T T AGAACT AT GGT T T AT AT GGT T T AT ACT CAAT GCAAAT T GACT CAAT T AAGAT T T GT T T T - AGT T T T T ACT AGGGT CGCAAT T ACT CT CT GAGC 4335DcCENH3B-RO.seq
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Suppl. Figure 1 cont.  
 
                     

 

 

 

 
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 
 
                             

 

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

4510 4520 4530 4540 4550 4560 4570 4580 4590

AAGCAGCT ACT T AT T CGT T GT T AT T AT T GT T CT GGCT CAT AGT GAAAAAAGACT GGGAGT T GGCACGCCGGCT GGGAAAGAAAGCGCAGCCCT GG      4500DCAR_025246-OP.seq

AAGCAGCT ACT T AT T CGT T GT T AT T AT T GT T CT GGCT CAT AGT GAAAAAAGACT GGGAGT T GGCACGCCGGCT GGGAAAGAAAGCGCAGCCCT GG      4500DcCENH3A-DH1.seq

AAGCAGCT ACT T AT T CGT T GT T AT T AT T GT T AT GGCT CACAGT GAAAAAAGACT GGGAGT T GGCACGCCGGT T GGGAAAGAAAGCGCAGCCCT GG      4515DcCENH3A-DP.seq

AAGCAGCT ACT T AT T CGT T GT T AT T AT T GT T AT GGCT CAT AGT GAAAAAAGACT GGGAGT T GGCACGCCGGCT GGGAAAGAAAGCGCAGCCCT GG      4430DcCENH3B-RO.seq

1 2 3 4 

 100.0 98.3 94.8 1 DCAR_025246-OP 

  98.3 94.8 2 DcCENH3A-DH1 

   94.1 3 DcCENH3A-DP 

   4 DcCENH3B-RO 
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Suppl. Figure 3 (B) Analysis of putative DcCENH3B promotor using PlantCare database 
 

 

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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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 αN-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 
TAATTTAATTTGTACTGTTTTTCAATTGCTCTTTACAAGCCCTAAATTATCTTCCTCCTTTTTTGTTACAGGTCCCCCTC 
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 

TTTTCTTTATCTGTTTTTTATGGTTTTATTGTTTGTTATGTTTTTAGGTTTGGTCCTTCAGATGGTAAATTGTCATGATT 

TCCAATAATTATAATTGTAAATACTGTACTTCTCTAAATAAAGAGTCGACAAAGATAACATGAAAGTTAAAACAAAAAAA 

AGGTTCGTTCAAAGTATTGATATAATCTCTGTTTGGTCAAAGTGCCATCATCATGTTTTTAGATATGATCTCTTTTACTT 

ATTAAGGCCCAATGTCAAATAGTTACACAGTGGCTCTGAAGCAATCTGAATTCCAGGACTCAATTTAATAATATACAGAA 

TCTGTGCTCTACAAATCTGCTATTGTGCTTGCAGTAATGTTTCTGAGTGGAGTATCTTAGTCCTACAAACTTTTCCACTA 

AACTCACGCCAACACAAGTCACTACTTACATTGTTGCATATTTAAATGTCCTATTAAGTTTTTTTAGTTACTTTTTAGGT 

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 

CTGTTTTTTTTTTTTTTCGGTTTTTATTTTATTTTAATCTATCTACTATATCTATTATACGAGAACAGGTTAGTTTACTG 

AGCAAATTAATTCCCGCTTCGGTCGTTCCAACCCTCCTTCCAAACCTGCTCATTAAACCCCATGTATTACCCATCTACAT 

ACAAACAGACATCTCCCTTCAGTTGAAATCCACGGTCATCATTTCCGGCAAGTG 
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