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Haploid plants produced by centromere-mediated
genome elimination
Maruthachalam Ravi1 & Simon W. L. Chan1

Production of haploid plants that inherit chromosomes from only
one parent can greatly accelerate plant breeding1–3. Haploids
generated from a heterozygous individual and converted to diploid
create instant homozygous lines, bypassing generations of inbreed-
ing. Two methods are generally used to produce haploids. First,
cultured gametophyte cells may be regenerated into haploid plants4,
but many species and genotypes are recalcitrant to this process2,5.
Second, haploids can be induced from rare interspecific crosses, in
which one parental genome is eliminated after fertilization6–11. The
molecular basis for genome elimination is not understood, but one
theory posits that centromeres from the two parent species interact
unequally with the mitotic spindle, causing selective chromosome
loss12–14. Here we show that haploid Arabidopsis thaliana plants can
be easily generated through seeds by manipulating a single centro-
mere protein, the centromere-specific histone CENH3 (called
CENP-A in human). When cenh3 null mutants expressing altered
CENH3 proteins are crossed to wild type, chromosomes from the
mutant are eliminated, producing haploid progeny. Haploids are
spontaneously converted into fertile diploids through meiotic non-
reduction, allowing their genotype to be perpetuated. Maternal and
paternal haploids can be generated through reciprocal crosses. We
have also exploited centromere-mediated genome elimination to
convert a natural tetraploid Arabidopsis into a diploid, reducing
its ploidy to simplify breeding. As CENH3 is universal in eukaryotes,
our method may be extended to produce haploids in any plant
species.

Centromeres are the chromosomal loci that attach to spindle
microtubules to mediate faithful inheritance of the genome during
cell division. They are epigenetically specified by incorporation of
CENH3 (CENP-A in humans; also called HTR12 in A. thaliana15), a
histone H3 variant that replaces conventional H3 in centromeric
nucleosomes16. We have isolated cenh3-1, an embryo-lethal null
mutant in A. thaliana that allows us to completely replace native
CENH3 with modified variants. cenh3-1 plants complemented by
transgenic green fluorescent protein-tagged CENH3 (GFP–CENH3,
Fig. 1a) have a wild-type phenotype. The embryo-lethal phenotype of
cenh3-1 can also be rescued by GFP–tailswap (Fig. 1a), a transgene in
which we replaced the hypervariable amino-terminal tail domain of
CENH3 with the tail of conventional H3, using the H3.3 variant
(encoded by At1g13370). GFP–tailswap plants (cenh3-1 mutant plants
rescued by a GFP–tailswap transgene) showed accurate mitosis, as we
did not detect aneuploidy in somatic cells (data not shown). However,
GFP–tailswap plants were sterile upon flowering, indicating that they
may have a specific defect in meiosis. GFP–tailswap was mostly male
sterile (data not shown), although it could be used as a pollen donor if
many anthers were pooled. When crossed as the female to a wild-type
male, GFP–tailswap plants were 60–70% as fertile as wild-type plants.

When GFP–tailswap plants were pollinated by wild-type plants, we
observed several unusual phenotypes in the F1 progeny. First, 80–95%

of fertilized ovules aborted early in development, yielding inviable
seeds (Table 1). Second, although viable offspring were expected to
be diploids heterozygous for cenh3-1 and hemizygous for the GFP–
tailswap transgene, we found that 10 out of 16 plants had only wild-
type CENH3 and lacked GFP–tailswap. Each of these plants was sterile
despite having a wild-type genotype. Furthermore, crossing GFP–
tailswap to a quartet mutant male also yielded sterile F1 offspring (3
out of 5 plants) that showed the quartet mutant phenotype of fused
pollen, despite the fact that quartet is recessive and the GFP–tailswap
parent was expected to transmit a wild-type QUARTET allele. These
striking observations indicated that sterile progeny had lost chromo-
somes from their GFP–tailswap female parent, and thus had fewer
chromosomes than diploid A. thaliana (2n 5 10). We examined the
karyotype of these plants and found them to be haploids containing
only five chromosomes (Fig. 1b–e).

As centromeres control chromosome inheritance, we reasoned that
chromosomes that entered the zygote containing the GFP–tailswap
variant of CENH3 would be mis-segregated and lost, creating haploid
plants with chromosomes only from their wild-type parent (Sup-
plementary Fig. 1). To confirm this, we crossed GFP–tailswap plants
(in the Col-0 accession) to several polymorphic accessions and geno-
typed F1 haploids for markers on all five A. thaliana chromosomes
(Table 1 and Supplementary Fig. 2). Regardless of the wild-type parent
used, haploid plants invariably contained only wild-type chromo-
somes (paternal haploids), indicating that the GFP–tailswap genome
was eliminated (a total of 42 haploids were genotyped). Furthermore,
our results show that the process of inducing haploids by centromere-
mediated genome elimination is independent of the genotype of the
wild-type parent.

Genome elimination induced by CENH3 alterations is not specific
to the GFP–tailswap transgene. Crossing cenh3-1 mutants comple-
mented by GFP–CENH3 to wild-type plants also yielded haploid
plants, but at a lower frequency than GFP–tailswap (Table 1). We
did not observe haploid progeny from self-fertilized GFP–tailswap or
GFP–CENH3 plants (Table 1). Our results indicate that general per-
turbations in centromere structure can impede chromosome
segregation during zygotic mitosis, creating a haploid embryo when
chromosomes containing mutant CENH3 compete with wild-type
chromosomes on the same spindle.

Haploids are efficiently generated from a GFP–tailswap 3 wild-type
cross, comprising 25–45% of viable offspring (Table 1). Remaining
progeny were either diploid hybrids or aneuploid hybrids showing
the developmental phenotypes typical of A. thaliana plants with
more than 10 chromosomes17 (Table 1 and Supplementary Fig. 3).
Aneuploidy might also account for the high level of seed abortion in
a GFP–tailswap 3 wild-type cross, as some embryos with unbalanced
karyotypes may be inviable.

Uniparental haploids may contain the genome of either their
female or male parent. We also obtained haploids by crossing a
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wild-type female to GFP–tailswap as the pollen donor (Table 1). In
this case, haploid progeny are purely maternal in origin. Genotyping
of the plastid genome showed that both maternal and paternal hap-
loids contained the cytoplasm of their maternal parent
(Supplementary Fig. 4). This confirmed that we made either mater-
nal or paternal haploids by using GFP–tailswap plants as the male or
female parent, respectively, in a cross to wild type. The proportion of
haploids and aneuploids was much lower if a wild-type female was
crossed to a GFP–tailswap male (Table 1). We hypothesize that if
CENH3 is expressed earlier in development from the maternal (wild
type) genome, wild-type CENH3 could be incorporated into paternal

chromosomes derived from GFP–tailswap, preventing genome elim-
ination in a wild-type 3 GFP–tailswap cross.

Haploid A. thaliana plants are morphologically similar to diploids,
but are comparatively smaller in size (Fig. 1f, g and Supplementary
Fig. 5). Early in vegetative development, haploids have narrower
rosette leaves (Fig. 1f). After bolting, haploids produce more leaves
from secondary meristems. Haploid flowers are smaller than diploid
flowers (Fig. 1g), which follows the general trend that flower size
increases with ploidy in A. thaliana. Haploids are generally sterile.
They contain a single copy of each chromosome and cannot undergo
homologue pairing in meiosis, resulting in gametes that do not
contain a full complement of chromosomes (Fig. 2 and Supplemen-
tary Fig. 6). Maternal and paternal haploid plants had similar adult
morphology (data not shown). This is consistent with the fact that all
documented imprinting in A. thaliana occurs in the short-lived
endosperm, a structure confined to the seed.

To exploit the potential of haploids in crop improvement, their
genome must be doubled to generate fertile diploids (doubled
haploids)2. A close inspection of A. thaliana haploids revealed that
random siliquae had one or two seeds. Each haploid plant yielded a
total of 50–2,500 seeds depending on the wild-type parental accession
(Supplementary Table 1). Most (95%) of these seeds appeared
normal and gave rise to fertile diploids. To address how haploids
gave rise to diploid seeds, we analysed chromosome segregation
during haploid male meiosis (Fig. 2a–l). During prophase I the five
chromosomes remained separate as univalents, which aligned
properly in metaphase I (Supplementary Fig. 6). In anaphase I, most
meiocytes showed unbalanced reductional segregation (4-1, 3-2, etc.;
Fig. 2e–h and Supplementary Fig. 6). Meiosis II in these cases gave rise
to aneuploid tetrads. In a small minority of anaphase I cells, the five
univalents migrated towards one pole (5-0 segregation) (Fig. 2i–k). In
subsequent meiosis II, sister chromatids segregated equally, giving
rise to haploid dyads (Fig. 2l) and viable gametes. Thus, we assume
that occasional non-reduction during both male and female haploid
meiosis yielded doubled haploids through self-fertilization, consis-
tent with previous observations18,19. In rare instances, we observed
spontaneous chromosome doubling in somatic tissues of haploid
A. thaliana plants; a side branch from the main inflorescence (2 out
of 78 plants) or a random siliqua (6 out of 78 plants) showed a
complete seed set (Fig. 2m and Supplementary Fig. 7). The micro-
tubule polymerization inhibitor colchicine also induces somatic chro-
mosome doubling in haploid A. thaliana, and diploid shoots that
regenerate after treatment show a complete seed set (Supplementary
Fig. 8). Although A. thaliana haploids have been produced through
anther culture20, spontaneous diploids recovered in these experiments
were reportedly sterile21, and the method has not been widely adopted.
The ease of generating haploids through seed by altering CENH3, and
of converting haploids into diploids, allows large-scale generation of
doubled haploids in A. thaliana.

Many commercial crops are polyploid22, but genetic analysis of
polyploids is tedious. Reducing the ploidy of these crops will facilitate
easy breeding, so we tested whether centromere-mediated genome
elimination could scale down a tetraploid to diploid. A. thaliana is
predominantly diploid, but tetraploid accessions exist17. We crossed
GFP–tailswap to the natural tetraploid Warschau-1 (Wa-1), and
although over 98% of seeds were aborted, viable F1 progeny included
synthetic diploid plants containing only Wa-1 chromosomes (Fig. 3
and Table 1). Therefore, it is possible to extend centromere-mediated
genome elimination to halve the ploidy of polyploids.

Centromere incompatibility was previously hypothesized to cause
selective genome elimination in interspecies crosses12–14,23,24, but it was
not known how centromeres could be manipulated to achieve this. We
have established a practical basis for engineering genome elimination
by altering CENH3, a protein essential for centromere function in all
eukaryotes. The fact that haploids were produced with both GFP–
tailswap and GFP–CENH3 transgenes indicates that multiple different
alterations to the protein may induce genome elimination in other

GFP–CENH3

CENH3
Tail

H3.3

GFP

HFDa

b c

d e

f

CENH3

HaploidDiploid

M
ito

tic
 t

el
op

ha
se

La
te

 d
ip

lo
te

ne

GFP–tailswap

g

Figure 1 | Haploid Arabidopsis thaliana produced by crossing plants
expressing altered CENH3 to wild type. a, GFP–CENH3 and GFP–tailswap
transgenes used in this study. Tail, N-terminal tail domain; HFD, C-terminal
histone fold domain. b, c, Chromosome spreads from mitotic telophase in
diploid and haploid A. thaliana, respectively. d, e, Chromosome spreads
from late diplotene in diploid and haploid A. thaliana, respectively. In d and
e, chromosomes 2 and 4 are joined at their nucleolar organizer regions
independent of homologue pairing (arrows). f, Haploids (right) have
narrower rosette leaves than diploids. g, Haploids (right) have smaller
flowers than diploids. Scale bars: 0.5mm for b and c; 1mm for d and e.
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plants. A. thaliana plants that co-express wild-type and GFP–tailswap
or GFP–CENH3 proteins do not act as a haploid inducer (data not
shown). Therefore, our method currently relies on replacing native
CENH3 with an altered variant. A cenh3 mutation or a gene silencing
method such as RNA interference could be used to reduce or eliminate
endogenous CENH3 function in a novel species.

Haploid inducing lines have been described in the grasses25–27,
but their genetic basis is not known, except for maize indeterminate
gametophyte (ig)28. The effect of ig may be limited to maize, because
mutations in the A. thaliana ig orthologue AS2 do not phenocopy its
effect29. Our process has key advantages over current methods for
producing haploid plants. First, no tissue culture is needed, removing
a major source of genotype dependence. Second, the same inducer
produces maternal and paternal haploids. Third, crossing a cenh3
mutant as the female transfers the nuclear genome of the male parent
into a heterologous cytoplasm. This could accelerate production of
cytoplasmic male sterile lines for making hybrid seed. Fourth,
genome elimination occurs between parents that are isogenic except
for CENH3 alterations, avoiding fertility barriers inherent to wide
crosses.

Genome elimination induced by changes in CENH3 probably
occurs during the first few zygotic mitoses, when centromeres from
the two parents are loaded with different populations of CENH3
proteins. Expression of both wild-type and mutant CENH3 genes
in subsequent cell cycles should rapidly equalize the amount of the
two proteins in individual centromeres. Zygotic mitosis is normal in
GFP–tailswap and in GFP–CENH3 plants, because we did not see
haploids from self-fertilized plants. Furthermore, GFP–CENH3
plants have a completely wild-type phenotype. Subtle differences in
centromere DNA binding, kinetochore assembly, or coupling to
spindle microtubules may be sufficient to slow the segregation of
chromosomes containing altered CENH3, resulting in genome elimi-
nation. Cell cycle checkpoints in plants must be relaxed enough to
allow wild-type and mutant chromosomes to segregate differentially,
and presumably to permit cytokinesis without complete chro-
mosome segregation. The precise mechanism of genome elimination
in our experiments remains unknown.

Centromere DNA sequences and the CENH3 protein both evolve
rapidly, and centromere differences have been proposed to create
species barriers30. Although our experiments used tagged proteins,

Table 1 | Haploid plants contain only the nuclear genome of their wild-type parent

Cross Seeds per siliqua Normal seed (%) Total plants analysed Haploids (%) Diploids (%) Aneuploids (%)

WT Col-0 3 WT Col-0 52 6 6 (n 5 23) 99.5 224 0 (0) 224 (100) 0 (0)
GFP–tailswap 3 GFP–tailswap 0.6 (n 5 1,206) 80 213 0 (0) 197 (92) 16 (8)
GFP–tailswap 3 WT Col-0 32 6 9 (n 5 40) 12 67 23 (34) 23 (34) 21 (32)
WT Col-0 3 GFP–tailswap ND ND 116 5 (4) 99 (85) 12 (11)
GFP–tailswap 3 WT Ler 30 6 4 (n 5 22) 23 127 32* (25) 32 (25) 63 (50)
GFP–tailswap 3 WT Ws-0 23 6 5 (n 5 14) 8 22 10* (45) 7 (32) 5 (28)
GFP–tailswap 3 WT C24/Ler 28 6 5 (n 5 13) 30 117 34{ (29) 39 (33) 44 (38)
C24/Ler ms 3 GFP–tailswap 22 6 14 (n 5 18) 63 226 12{ (5) 206 (91) 8 (4)
GFP–CENH3 3 GFP–CENH3 53 6 4n 5 21) 99 209 0 (0) 209 (100) 0 (0)
GFP–CENH3 3 WT 54 6 7 (n 5 18) 67 164 8 (5) 109 (66) 47 (29)
WT 3 GFP–CENH3 48 6 6 (n 5 13) 96 112 0 (0) 108 (96) 4 (4)

Cross Seeds per siliqua Normal seed (%) Total plants analysed Diploids (%) Triploids (%) Aneuploids (%)

GFP–tailswap 3 Wa-1 (tetraploid) 21 6 6 (n 5 96) 1.8 41 11 (27) 0 30 (73)

Frequency of haploid, diploid and aneuploid offspring in crosses featuring genome elimination. Sterile offspring with narrow leaves and small flowers were scored as haploid and further confirmed by
chromosome counts. Fertile wild-type offspring were scored as diploid. Offspring with developmental defects were scored as aneuploid17. ms, male sterile; ND, not determined.
*Haploids from crosses to the Ler and Ws-0 accessions were genotyped for genetic markers described in Supplementary Fig. 2. They contained only nuclear genetic markers from their wild-type
parent.
{The plastid genome in haploids from GFP–tailswap 3 C24/Ler and C24/Ler 3 GFP–tailswap crosses was genotyped, and found to be derived from the maternal parent (Supplementary Fig. 4).
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Figure 2 | Haploid Arabidopsis thaliana yield spontaneous diploid progeny.
a–l, Meiosis in diploid (a–d) and haploid (e–l) A. thaliana. Meiosis II cells
show a central organelle band (arrows), indicating that they have completed
meiosis I. Panels e–h show unbalanced reductional segregation (3-2) in

haploid meiosis. Panels i–l show non-reductional segregation (5-0) in haploid
meiosis, forming haploid dyads (l). m, Spontaneous chromosome doubling in
somatic cells of haploid A. thaliana plants produces fertile diploid branches
(arrows) on otherwise sterile haploid plants (arrowheads). Scale bars, 0.5mm.
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they indicate that changes in CENH3 can induce specific chro-
mosome loss in a hybrid zygote. Future experiments may indicate
whether naturally occurring differences in CENH3 can affect chro-
mosome segregation in zygotic mitosis of hybrids.

METHODS SUMMARY
Plant materials. cenh3-1 is a G-to-A transition at nucleotide 161 relative to

ATG 5 11, and mutates a conserved splice acceptor in the second intron.

GFP–CENH3 and GFP–tailswap transgenes contained an N-terminal GFP, and

used the endogenous CENH3 promoter and terminator. Isolation and characteri-

zation of cenh3-1, cloning of the GFP–CENH3 and GFP–tailswap transgenes, and
construction of the complemented cenh3-1 GFP–CENH3 and cenh3-1 GFP–

tailswap lines are described elsewhere (see Methods). The location of the GFP–

tailswap transgene was determined by thermal asymmetric interlaced PCR

(TAIL–PCR), allowing us to determine whether the transgene was homozygous

or hemizygous. The C24/Ler male sterile line was a gift from L. Comai. Male

sterility was conferred by the A9-barnase transgene (Methods). Plants were grown

under 16 h of light/8 h of dark at 20 uC.

Genomic DNA preparation and genotyping. Genomic DNA preparation and

PCR genotyping were performed using standard methods. Polymorphic markers

used to genotype the five nuclear chromosomes and the plastid genome are listed

in the Methods and Supplementary Figs 3 and 4.

Cytogenetic analysis. To analyse meiotic progression and to determine ploidy,

we prepared mitotic and meiotic chromosome spreads from anthers according

to published protocols (Methods).

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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Figure 3 | A natural Arabidopsis tetraploid converted to diploid by
centromere-mediated genome elimination. a, Mitotic telophase
chromosome spread from tetraploid Wa-1 (4n 5 20). b, Mitotic telophase
from diploid Wa-1 (2n 5 10) produced by centromere-mediated genome
elimination. Diploid progeny from GFP–tailswap 3 Wa-1 crosses contained
only Wa-1 genetic markers (Table 1). c, Meiosis II from tetraploid Wa-1.
d, Meiosis II from diploid Wa-1. Scale bars, 1mm.
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METHODS
Plant materials. cenh3-1 was isolated by the TILLING procedure in collabora-

tion with V. Sundaresan and L. Comai at the University of California, Davis31.

The TILLING population was created by mutagenizing Arabidopsis thaliana in

the Col-0 accession with ethylmethane sulphonate, using standard protocols. We

isolated cenh3-1 by TILLING using the CEL1 heteroduplex cleavage assay, with

PCR primers specific for the CENH3/HTR12 gene.

cenh3-1 is predicted to disrupt normal splicing of CENH3, because it mutates a

conserved splice acceptor site at the beginning of the second coding exon.

Translation of an mRNA containing the first coding exon spliced to an incorrect

location within CENH3 is predicted to yield only 18 correct amino acids. As the

histone-fold domain of CENH3 begins at amino acid residue 82, we believe that

cenh3-1 is a null allele (this is supported by its embryo-lethal phenotype).

Cloning of the GFP–CENH3 and GFP–tailswap transgenes, and construction

of the complemented cenh3-1 GFP–CENH3 and cenh3-1 GFP–tailswap lines, are

described elsewhere (M.R. et al., manuscript in preparation). Primer sequences

and full details are available on request.

To cross wild type as the female to GFP–tailswap as the male, we used a

dissecting microscope to observe directly pollen deposition on the stigma

(GFP–tailswap is mostly male sterile). The amount of viable pollen in indi-

vidual flowers of GFP–tailswap varies. We selected flowers that clearly showed

higher amounts of pollen, and pollinated with more than 60 anthers (10 GFP–

tailswap flowers) per wild-type stigma to achieve the seed set reported in

Table 1. Using an optivisor (magnifying lens) and approximately 12 anthers

(2 GFP–tailswap flowers) per wild-type stigma, we obtained a much lower seed

set per siliqua.

The percentage of normal seeds was determined by visual inspection using a

dissecting microscope. Seeds from GFP–tailswap 3 wild-type crosses were sown

on 13 MS plates containing 1% sucrose to maximize germination efficiency,

particularly of seed that had an abnormal appearance. Late germinating seeds

were frequently haploid.

The quartet mutant that we used was qrt1-2 (ref. 32). Male sterility in the C24/
Ler line was conferred by the A9-barnase transgene33,34.

In the GFP–tailswap 3 Wa-1 experiment, progeny from the GFP–tailswap 3

Wa-1 cross that contained only Wa-1 chromosomes were confirmed as diploid

using chromosome spreads. We scored plants that were heterozygous for some

chromosomes (Col-0 and Wa-1 markers) and homozygous for other chromo-

somes (Wa-1 markers only) as aneuploid. We did not find triploid offspring

(heterozygous for markers on all chromosomes). A subset of plants was further

karyotyped by means of chromosome spreads to confirm aneuploidy.

Cytogenetic analysis. Mitotic and meiotic chromosome spreads from anthers

were prepared according to published protocols35.

Colchicine treatment. Colchicine treatment of developing haploid plants used a

previously published protocol with minor modifications36. A solution of 0.25%

colchicine, 0.2% Silwet was prepared, and a 20 ml drop was placed on the mer-

istem before bolting. Plants became transiently sick after colcichine treatment.

Upon recovery, fertile inflorescences appeared from secondary meristems indi-

cating successful chromosome doubling. Haploid plants can also be treated after

bolting, although the rate of success is considerably lower.
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