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ABSTRACT
Doubled haploid (DH) technology is used to obtain
homozygous lines in a single generation, a technique that signiﬁcantly accelerates the crop
breeding trajectory. Traditionally, in vitro culture is
used to generate DHs, but this technique is limited
by species and genotype recalcitrance. In vivo
haploid induction (HI) through seed is widely and
efﬁciently used in maize and was recently extended to several other crops. Here we show that

INTRODUCTION

T

he rapid development of high yield and quality crop varieties is essential to ensure world‐wide food and commodity security. One of the most important aspects of crop
breeding is the development of homozygous lines. Homozygous lines can be developed by repeated rounds of selﬁng
or backcrossing, usually four to six generations depending on
the desired level of homozygosity, which for most crops is a

in vivo HI can be triggered by mutation of DMP
maternal haploid inducer genes in allopolyploid
(allotetraploid) Brassica napus and Nicotiana tabacum. We developed a pipeline for selection of
DMP orthologs for clustered regularly interspaced
palindromic repeats mutagenesis and demonstrated average amphihaploid induction rates of
2.4% and 1.2% in multiple B. napus and N. tabacum genotypes, respectively. These results
further conﬁrmed the HI ability of DMP gene in
polyploid dicot crops. The DMP‐HI system offers a
novel DH technology to facilitate breeding in these
crops. The success of this approach and the
conservation of DMP genes in dicots suggest the
broad applicability of this technique in other dicot
crops.
Keywords: amphihaploid, Brassica napus, dicot crops, doubled
haploid technology, maternal haploid induction, Nicotiana tabacum,
polyploid
Zhong, Y., Wang, Y., Chen, B., Liu, J., Wang, D., Li, M., Qi, X.,
Liu, C., Boutilier, K., and Chen, S. (2022). Establishment of a
dmp based maternal haploid induction system for polyploid
Brassica napus and Nicotiana tabacum. J. Integr. Plant Biol. 64:
1281–1294.

costly and time‐consuming process (Heusden and Lindhout,
2018). Alternatively, homozygous lines can also be obtained in
a single generation using doubled haploid (DH) technology
(Jacquier et al., 2020). Haploid embryos can be induced in
vitro from cells of the male or female gametophyte or in vivo in
seeds by interspeciﬁc crosses or by intraspeciﬁc crosses with
haploid inducer lines (Kalinowska et al., 2019; Lv et al., 2020;
Wang et al., 2021a; Hale et al., 2022). Efﬁcient in vitro haploid
induction (HI) systems have been developed for a number of
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Haploid seed induction in B. napus and N. tabacum
dicot crops, among which are the allotetraploid crops Brassica
napus and Nicotiana tabacum. Brassica napus is derived from
the diploid progenitor species B. rapa and B. oleracea (Lu
et al., 2019), while N. tabacum is derived from the diploid
progenitor species N. tomentosiformis and N. sylvestris
(Clarkson et al., 2017). In vitro haploid embryo induction from
B. napus and N. tabacum anthers was reported in the 1960s
and 1970s, followed by more efﬁcient HI methods using isolated male gametophytes (Ferrie and Keller, 2004; Belogradova et al., 2009). In vitro HI is currently a widely used biotechnology tool for crop improvement in Brassica and
Nicotiana species (Ferrie and Möllers, 2011; Seguí‐Simarro,
2016). Despite the success achieved in these crops, a large
number of other important dicot crops remain recalcitrant for
in vitro HI, including members of the Solanaceae, Fabaceae
and Cucurbitaceae, while all crops have HI‐recalcitrant genotypes (Jacquier et al., 2020; Hooghvorst and Nogués, 2020a,
2020b). Moreover, no single generic in vitro HI protocol can be
applied to all plants, necessitating the need to develop custom
protocols for different crops and genotypes thereof.
Currently the most efﬁcient method for HI is in vivo HI
triggered by maternal haploid inducer lines (Jacquier et al.,
2020 and references therein). This approach has mainly been
applied commercially in monocot crops. In vivo haploid inducer
systems have been reported for dicots, including the Solanum
phureja maternal HI system (Hougas and Peloquin, 1957;
Hougas et al., 1958), and the interspeciﬁc and intraspeciﬁc
crosses used in N. tabacum (Burk et al., 1979) and B. napus (Fu
et al., 2018), respectively. However, most in vivo dicot HI systems are either inefﬁcient or have not been extended to other
dicots (Jacquier et al., 2020; Hooghvorst and Nogués, 2020a).
Dicots account for the majority of the angiosperm species,
including many economically important vegetable, fruit, seed
and industrial crops like tomato (Solanum lycopersicum), chili
pepper (Capsicum annuum), cucumber (Cucumis sativus), rapeseed (B. napus), soybean (Glycine max), cotton (Gossypium
hirsutum) and tobacco (Nicotiana tabacum). The lack of suitable HI systems for many dicot crops means that the slower
and more costly classical breeding approach is still required in
the development of homozygous lines.
Signiﬁcant breakthroughs in DH production have been
made in the last few years through the identiﬁcation of maize
genes that induce maternal haploid embryos in vivo. Maternal
HI systems rely on pollination by speciﬁc male inducer lines that
stimulate the haploid egg cell to develop into an embryo that
lacks the paternal chromosomes (Hougas and Peloquin, 1957;
Hougas et al., 1958; Hussain and Franks, 2019; Jacquier et al.,
2020). Naturally occurring HI lines have been used extensively
in maize breeding programs since the 1950s (Coe, 1959), and
this trait was rapidly engineered in a number of monocot crops
after identiﬁcation of the Zea may PHOSPHOLIPASE‐A1/MATRILINEAL/NOT LIKE DAD (ZmPLA1/MATL/NLD) HI gene
(Gilles et al., 2017; Kelliher et al., 2017; Yao et al., 2018; Zhong
et al., 2019; Liu et al., 2017, 2019, 2020).
ZmPLA1/MATL/NLD genes have only been identiﬁed in
monocots (Kelliher et al., 2017; Yao et al., 2018; Liu et al.,
1282

June 2022

|

Volume 64

|

Issue 6

|

1281–1294

Journal of Integrative Plant Biology
2019), while genes related to a second maize maternal haploid
inducer gene, Zea may DOMAIN OF UNKNOWN FUNCTION
679 membrane protein (ZmDMP), have been identiﬁed in both
monocots and dicots (Zhong et al., 2020). The utility of dmp
pollen for HI was recently demonstrated in the model dicot
plant Arabidopsis thaliana (Zhong et al., 2020) and two dicots
crops Medicago truncatula (Wang et al., 2021b) and Solanum
lycopersicon (tomato) (Zhong et al., 2021), but it is not known
whether this approach can be translated to other dicot crops.
Here, we developed a method to identify candidate DMP
genes for HI in dicot crops and demonstrated DMP‐mediated
maternal HI in two easily transformed allotetraploid crops from
different plant families that are also easy to hybridize, B. napus
and N. tabacum. These data conﬁrm the broad applicability of
the DMP‐HI system in dicot crops.

RESULTS
Identiﬁcation of dmp candidate genes
The relatively low sequence identity between DMP genes and
the presence of multiple DMP gene copies makes it difﬁcult
to accurately identify ZmDMP orthologs for the development
of DMP‐HI systems in dicot crops (Zhong et al., 2020). We
therefore developed a pipeline for selection of DMP candidate genes for HI and evaluated their ability to complement
the reproductive phenotype(s) of the Arabidopsis dmp8dmp9
maternal haploid inducer mutant (Zhong et al., 2020).
First, the DMP proteins from seven dicot crops with the
highest amino acid sequence identity with ZmDMP (59%–
68%) that were identiﬁed by Basic Local Alignment Search
Tool (BLAST) analysis (Data set 1) were each used as a
query to search the corresponding genome database of
each crop. Two groups of DMP‐like proteins in each species
were identiﬁed: the ﬁrst group with >85% amino acid similarity to the query of each species and the second group
with <47% amino acid similarity (Data set 1). DMP genes of
each species from the ﬁrst group were then selected for
expression analysis using public transcriptome databases.
Next, we determined which of these DMP genes is expressed in reproductive tissues, as would be expected for
pollen‐expressed DMP genes that would be candidates for
maternal haploid inducers. This analysis greatly reduced the
number of candidate DMP genes (Table 1). The genomes
from the selected diploid plants (tomato, cotton and soybean) contained one to two DMP genes that are expressed
in reproductive tissues, while the amphidiploid genomes (B.
napus and N. tabacum) contained three to four DMP genes.
We identiﬁed a single DMP gene in tomato (Solanum lycopersicon) (SlDMP/Solyc05g007920) that is highly expressed
in pollen and ﬂower buds (Zhong et al., 2020); a single
DMP gene in chili pepper (Capsicum annuum) (CaDMP/
Capana04g002148) that is highly expressed in closed
ﬂower buds and open ﬂowers; two cotton (Gossypium hirsutum) DMP genes (GhDMP1/LOC107911807; GhDMP2/
LOC107924398) that are both expressed in the stamen; two
www.jipb.net
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Table 1. Candidate DMP genes for haploid induction in selected dicot crops
Scientiﬁc name
Brassica napus

Common name

Family

No. of
genes

Candidate gene ID

No.
of TM

Expression pattern

Canola
rapeseed

Brassicaceae

31

BnDMP1A (BnaA03g55920D)

4

Anther, stamena

BnDMP1C (BnaC03g03890D)

4

BnDMP2A (BnaA04g09480D)

4

BnDMP2C (BnaC04g31700D)

2

Solanum
lycopersicum

Tomato

Solanaceae

7

SlDMP (Solyc05g007920)

4

Pollen, ﬂower budb

Capsicum annuum

Chili pepper

Solanaceae

7

CaDMP (T459_27262)

4

Closed ﬂower bud,
open ﬂowerc

Nicotiana tabacum

Common
tobacco

Solanaceae

16

NtDMP1 (LOC107762412)

4

NA

NtDMP2 (LOC107783066)

4

NA

NtDMP3 (LOC107807404)

4

NA

4

Stamenb

Gossypium hirsutum

Cotton

Malvaceae

20

GhDMP1 (LOC107911807)
GhDMP2 (LOC107924398)

4

Glycine max

Soybean

Fabaceae

12

GmDMP1
(GLYMA_18G097400)

3

GmDMP2
(GLYMA_18G098300)

3

CsDMP (Csa_1G267250)

4

Cucumis sativus

Cucumber

Cucurbitaceae

5

NA, not available; No., number; TM, transmembrane.
Expression patterns were obtained from: aQin et al. (2014).
cucurbitgenomics.org/.

b

Zhong et al. (2020).

soybean (Glycine max) DMP genes (GmDMP1/GLYMA_
18G097400; GmDMP2/GLYMA_18G098300) expressed in
ﬂower buds; and a single cucumber (Cucumis sativus) DMP
gene (CsDMP/Csa_1G267250) that is expressed in male ﬂower
buds and up to four DMP genes in B. napus (BnDMP1A/
BnaA03g55920D; BnDMP1C/BnaC03g03890D; BnDMP2A/
BnaA04g09480D; BnDMP2C/BnaC04g31700D) that are all
highly expressed in anthers and ﬂower buds (Table 1). Expression data were not available for polyploid N. tabacum,
which has three DMP genes (NtDMP1/LOC107762412;
NtDMP2/LOC107783066; NtDMP3/LOC107807404; Table 1).
Like DMP proteins in maize and Arabidopsis (Takahashi et al.,
2018; Cyprys et al., 2019; Zhong et al.,, 2020), all of the above
DMP proteins have a DUF679 domain and multiple transmembrane (TM) helices (Figure 1; Table 1). Alignment of these
dicot DMP proteins to ZmDMP showed that the entire DUF679
domain (>56% identity) and especially the ﬁrst predicted
transmembrane helix (>80% identity) are conserved among
these species (Figure 1; Table S1). Finally, we used a complementation strategy to determine whether these candidate
DMP genes can complement the double fertilization defect
(reduced seed set) in Arabidopsis dmp8dmp9 haploid inducer
mutants. To this end, eight of the above DMP genes were expressed with the AtDMP9 promoter in the dmp8dmp9 background, and the seed set evaluated in T1 plants. All of the eight
genes signiﬁcantly increased the seed set of the dmp8dmp9
mutant (Figure 2), indicating that these DMP genes can complement AtDMP8 and AtDMP9 functions during double fertilization (Takahashi et al., 2018; Cyprys et al., 2019; Zhong
et al., 2020).
www.jipb.net

Flower budb

Male ﬂower budd

c

https://biodb.swu.edu.cn/brassica/home.

d

http://

Our results suggest that the three‐step DMP selection
strategy described above, based on (1) high amino acid sequence similarity to ZmDMP, (2) expression in (male) reproductive tissues, and (3) complementation of Arabidopsis
dmp8dmp9, can be used to identify DMP genes with conserved reproductive functions that can be used as candidates to develop HI systems in dicot crops. We recently
demonstrated the success of this approach for selection of
candidate DMP‐HI genes in tomato (Zhong et al., 2021).
We evaluated mutations in the B. napus and N. tabacum
DMP genes selected above for their ability to induce haploid
embryos. Both species are amphidiploid, therefore a plant
containing a haploid set of chromosomes from each parent is
referred to as amphihaploid (also called dihaploid). However,
the terms haploid and HI are still used in a general context
throughout the manuscript.
Haploid induction in B. napus
Brassica napus is an allotetraploid which contains diploid
sets of chromosomes from two different species, B. rapa (A
genome) and B. oleracea (C genome). We found that one of
the four BnDMP genes selected above, BnDMP1C, was lost
from the Westar genome used in this study, which was
conﬁrmed by a BLAST search (Song et al., 2020).
A clustered regularly interspaced palindromic repeats
(CRISPR)/CRISPR‐associated protein 9 (Cas9) mutagenesis
construct was designed to generate triple bndmp1a bndmp2a
bndmp2c loss‐of‐function mutants (collectively referred to as
bndmp) in the Westar background (Figure 3A). To facilitate
amphiploid identiﬁcation, both the 35S:GFP and the FAST‐Red
June 2022
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Figure 1. Amino acid alignment of DOMAIN OF UNKNOWN FUNCTION 679 membrane protein (DMP) proteins
The alignment includes DMP proteins from maize (ZmDMP), Arabidopsis (AtDMP8 and AtDMP9), and Brassica napus (Bn), tomato (Sl), chili pepper (Ca),
tobacco (Nt), cotton (Gh), soybean (Gm) and cucumber (Cs). The DUF679 region is indicated by a blue line. Green lines indicate the four transmembrane
domains predicted by TMHMM (https://services.healthtech.dtu.dk/service.php?TMHMM‐2.0). The corresponding DMP gene identiﬁers and the amino acid
similarity of the DMP proteins with ZmDMP and AtDMP8 are shown in Table S1. The DMP protein sequences can be found in data set 2.

marker were included in the construct (Figure 3A, Zhong et al.,
2020). Mutants with insertions and/or deletions that resulted in
translational frame shifts and premature stop codons in all
three genes were identiﬁed in the T0 generation (Figure 3B;
Table S2). Homozygous or biallelic bndmp mutants still containing the T‐DNA (for initial amphihaploid selection; see
Methods), but with the same mutations, were chosen for
subsequent experiments. Arabidopsis, tomato and M. truncatula dmp mutants that induce maternal haploids show reduced
seed set (Zhong et al., 2020, 2021; Wang et al., 2021b),
therefore we evaluated seed set in B. napus after selﬁng and
1284
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after outcrossing with the cytoplasmic male sterile line Hau‐A.
Compared with wild‐type plants, seed number per silique and
seed setting rate signiﬁcantly reduced in bndmp triple mutants
but not in bndmp2a mutants (Figure 4C‐E; Table 2), suggesting
functional redundancies between BnDMP genes.
To determine whether bndmp mutants can induce amphihaploids, we sowed selfed seeds from T1 and T2 progenies of the bndmp triple mutants. Due to the lack of segregating molecular markers, selfed progenies of bndmp
mutants were ﬁrst screened for putative amphihaploids
based on their phenotypes, that is, smaller organs and
www.jipb.net
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Figure 2. DMP genes from multiple dicot crops complement dmp8dmp9 phenotypes in Arabidopsis
(A) The DMP gene complementation constructs comprising FAST‐Red and p35S:RUBY selection cassettes. XxDMP represents the DMP genes from the
different species. (B) Representative images of siliques from the dmp8dmp9 mutant and different complementation lines in the dmp8dmp9 background.
Brassica napus (Bn), tomato (Sl), chili pepper (Ca), tobacco (Nt), cotton (Gh), soybean (Gm) and cucumber (Cs). Scale bar, 2 mm. (C) Quantiﬁcation of seed
number per silique in the dmp8dmp9 mutant and the corresponding complementation lines. The bars with different colors indicate different plant families.
Data represent the mean ± SD; ***P < 0.001 (two‐tailed Student's t‐test); n, number of siliques. Information on each gene can be found in Table 1.

sterility (Ravi and Chan, 2010; Zhong et al., 2020, 2021; Wang
et al., 2021b). The putative amphihaploid plants had smaller
leaves and ﬂower organs that were sterile (Figure 4). One of
97 T1bndmp triple mutant plants (1.0%) and two of 45
T2bndmp triple mutant plants (4.4%) showed the typical
amphihaploid phenotype (Table 2). All these putative amphihaploid plants were subsequently conﬁrmed by ﬂow cytometry (ploidy analysis) to be true haploids. Our data suggests that mutation of the B. napus DMP genes facilitates in
vivo haploid embryo development upon selﬁng.
www.jipb.net

Next, we determined whether dmp mutation in one B.
napus genotype could be used to induce amphihaploids in
different B. napus genotypes. To this end, we made crosses
between the B. napus cytoplasmic male sterile lines Hau‐A
and pol cytoplasmic male sterility (CMS) and the Westar
bndmp double and triple mutants and screened the
progeny for differential FAST‐Red expression. This FAST‐
Red selection system takes advantage of expression of the
OLEO1:OLEO1‐RFP marker in the embryo and endosperm
to distinguish between diploid (both the embryo and the
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Figure 3. Mutation of BnDMP genes induces haploid seed formation
(A) The clustered regularly interspaced palindromic repeats (CRISPR)/CRISPR‐associated protein 9 (Cas‐9) mutagenesis vector with four single guide RNAs
(sgRNAs) (gRNA1‐4) targeting three BnDMP genes, and the pNos:NPTII and the p35S:GFP and FAST‐Red (pOLEO1:OLEO1‐RFP) selection cassettes.
(B) Schematic representation of the wild‐type (WT) BnDMP genes and the corresponding mutant alleles. Filled blocks, clear blocks and the gray line indicate
the coding region, the untranslated regions, and the intron, respectively. Green blocks correspond to the predicted transmembrane domains (TM). Pink lines
indicate the regions (T1–T4) targeted by the sgRNAs. The relevant nucleotide sequences from WT and mutant alleles are shown below the schematic
overview. The sgRNA target sequences are underlined, and the protospacer‐adjacent motif (PAM) is shown in red. Nucleotide insertions are shown in blue and
deletions by red dashes. (C) Representative images of siliques from selfed WT and independent CRISPR/Cas‐9 lines that were either selfed or crossed with the
male sterile Hau‐A line. (D and E) Quantiﬁcation of seed number per silique (D) and seed setting rate phenotypes (E) from WT and independent CRISPR/Cas‐9
lines. Data represent the mean ± SD; ***P < 0.001 (two‐tailed Student's t‐test); ns, not statistically signiﬁcant. n, number of siliques. (F and G) Red ﬂuorescent
protein (RFP) expression in WT and T0‐7 bndmp transgenic seeds carrying the CRISPR/selection T‐DNA in the imbibed (F) and germinated (G) state under
white light (left panel) and ﬂuorescent light (right panel). (H) Seedlings lacking RFP expression in germinated embryos were genotyped with a polymorphic
marker (A07‐1) between the inducer line and testers. The left lane shows the DNA size marker, and the Roman numbers I to VI represent the polymerase chain
reaction products from the inducer (I), Hau‐A (II), amphihaploid (III–V), and amphidiploid (VI) lines. (I) Representative images of Brassica napus amphihaploid
and amphidiploid seedlings. (J) Flow cytometry veriﬁcation of the ploidy of a putative amphihaploid and an amphidiploid control. The x‐axis represents the
signal peak for the nucleus and the y‐axis represents the number of nuclei. Scale bars: 2 cm (C), 5 mm (F and G) and 5 cm (I).
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Figure 4. Phenotypes of Brassica napus amphihaploid and amphidiploid plants
Representative images of amphihaploid and amphidiploid plants (A), leaves (B), inﬂorescences (C and D), ﬂower buds (E and F) and dissected ﬂower parts
(G) of amphihaploid and amphidiploid plants. Amphihaploid plants have smaller vegetative and reproductive organs than amphidiploid plants. Scale bars:
20 cm (A), 10 cm (B and C), 5 cm (D) and 1 cm (E–G).

Table 2. aHIR in bndmp mutant progeny
Female parent

Male parent

Genotype (1A, 2A, 2C)

Seed setting rate (%)

Total plants

Amphihaploids

aHIR (%)

Bn‐T0‐7

Bn‐T0‐7

−/−, −/−, −/△

53.52

97

1

1.03

Bn‐T1‐1

Bn‐T1‐1

−/−, −/−, −/−

ND

45

2

4.44

Hau‐A

Westar

Wild‐type

97.45

557

0

0

Bn‐T0‐7

−/−, −/−, −/△

65.98

570

22

3.86

Bn‐T0‐18

+/+, −/−, −/−

98.48

91

1

1.10

Bn‐T1‐3

−/−, −/−, −/△

67.34

447

7

1.57

Bn‐T0‐18

+/+, −/−, −/−

87.41

194

0

0

Bn‐T1‐1

−/−, −/−, −/−

42.57

83

2

2.41

Bn‐T1‐2

−/−, −/−, −/−

48.41

182

3

1.65

bndmp

−/−, −/−, −/△or −/−

56.08

1,282

34

2.37 ± 0.48

pol CMS

Total*

“1A,” “2A”and “2C” represent the BnDMP1A, BnDMP2A and BnDMP2C genes, respectively. “+,” wild‐type allele. “−”, frame shift with gain of
stop codon allele. “△”, in‐frame deletion allele. The sequence of the mutant alleles for each male parent is listed in Table S2. Amphihaploids
were ﬁrst screened for a lack of red ﬂuorescent protein expression in germinated embryos and then by molecular markers, phenotype and ploidy
analysis. The seed setting rate (SSR) was calculated with the formula SSR (%) = (number of normal seeds)/(number of normal seeds + number of
aborted seeds) × 100%. The amphihaploid induction rate (aHIR) was calculated with the formula aHIR (%) = (number of amphihaploids)/(total
plants) × 100%. *Seeds produced by dmp triple mutant lines were counted.

endosperm express red ﬂuorescent protein (RFP)) and
maternal haploid seeds (only the endosperm expresses
RFP) (Zhong et al., 2020). Unlike Arabidopsis and tomato
(Zhong et al., 2020, 2021), imbibed B. napus seeds only
showed weak FAST‐Red expression (Figure 3F), possibly
due to interference by speciﬁc pigments in the seed coat.
Therefore, we determined whether germinated embryos
lacking a seed coat could be used for FAST‐Red screening.
FAST‐Red marker expression could be observed in the
www.jipb.net

cotyledons of germinated embryos after removal of the
seed coat (Figure 3G). Therefore, putative haploids were
ﬁrst identiﬁed using the FAST‐Red marker, followed by
molecular marker analysis (Figure 3H) and plant phenotype
(Figure 3I) and then conﬁrmed by ploidy analysis (Figure
3J). Overall, we found that crossing with a bndmp double
mutant induced an amphihaploid induction rate (aHIR) of
1.1% and that crossing with bndmp triple mutants induced
an aHIR of 1.6%–3.9%, with an average aHIR of 2.4%
June 2022
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Figure 5. Nicotiana tabacum ntdmp mutation induces maternal haploids
(A) Schematic of the NtDMP clustered regularly interspaced palindromic repeats (CRISPR)/CRISPR‐associated protein 9 (Cas‐9) mutagenesis vector. (B)
Schematic representation of the wild‐type (WT) NtDMP genes. Filled blocks, clear blocks and the gray line indicate the coding region, the untranslated
regions, and the intron, respectively. Green blocks correspond to the four predicted transmembrane domains (TM). Pink lines indicate the regions (T1–T4)
targeted by the single guide RNAs (sgRNAs). The sequences from WT and mutant alleles from the three tobacco DMP genes are shown below the
overview. The sgRNA target sequences are underlined, and the protospacer‐adjacent motif (PAM) is shown in red. Nucleotide insertions are shown in blue
and deletions by red dashes. (C) Seedlings from cross progeny were genotyped with polymorphic markers between the inducer line and testers to identify
putative amphihaploids. The left lane shows the DNA size marker, and the Roman numbers I–IV represent the polymerase chain reaction products from the
K326 (I), inducer (II), amphihaploid (III) and amphidiploid (IV) lines. (D) Flow cytometry veriﬁcation of the ploidy of a putative amphihaploid and an
amphidiploid control. The x‐axis represents the signal peak for the nucleus and the y‐axis represents the number of nuclei. (E and F) Representative images
of tobacco amphihaploid and amphidiploid seedling (E) and plants (F). Scale bars: 10 cm (E) and 20 cm (F).

(Table 2). This data suggests that knock‐out of two BnDMP
genes is sufﬁcient to induce aHIR in B. napus, but with a
1288
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relatively lower aHIR than in triple mutants. The lower aHIR
in double mutants compared to triple mutants might be due
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Figure 6. Phenotypes of Nicotiana tabacum amphihaploid and amphidiploid plants
Representative images of amphihaploid and amphidiploid plants (A), inﬂorescences (B), ﬂower (C), dissected ﬂower parts (D) and mature anthers before (E
and F) and after (G and H) dehiscence. Amphihaploid plants have smaller vegetative and reproductive organs than amphidiploid plants. Scale bars: 20 cm
(A), 10 cm (B), 5 cm (C) and 2 mm (E–H).

Table 3. aHIR in ntdmp mutant progeny
Pollinations

Genotype (1, 2, 3)

Total plants

Amphihaploids

aHIR (%)

K326⊗

Wild‐type

171

0

0

Nt‐T0‐1⊗

−/−, −/−, −/−

1,111

9

0.81

Nt‐T0‐4⊗

+/−, −/−, −/△

322

0

0

Nt‐T0‐9⊗

+/−, −/−, −/−

192

0

0

K326 × Nt‐T1‐1

−/−, −/−, −/−

356

3

0.84

K326 × Nt‐T1‐2

−/−, −/−, −/−

675

11

1.63

Yan97 × Nt‐T1‐1

−/−, −/−, −/−

551

5

0.91

Yan97 × Nt‐T1‐2

−/−, −/−, −/−

851

10

1.18

Total*

−/−, −/−, −/−

2,433

29

1.14 ± 0.14

“1,” “2”and “3” in the “Genotype (1, 2, 3)” represent the NtDMP1, NtDMP2, and NtDMP3 genes, respectively. “+,” wild‐type allele. “−”, frame
shift with gain of stop codon allele. “△”, in‐frame deletion allele. The sequence of the mutant alleles for each male parent is listed in Table S2.
Amphihaploids were ﬁrst screened by molecular markers and phenotype and then veriﬁed by ploidy analysis. The amphihaploid induction rate
(aHIR) was calculated with the formula: aHIR (%) = (number of amphihaploids)/(total plants) × 100%. *, seeds derived from crosses were counted.

to the remaining wild‐type DMP activity, in line with a previous report for dmp8 or dmp9 single mutants in Arabidopsis (Zhong et al., 2020). No amphihaploid progeny were
observed among the 557 B. napus seeds from control
selﬁngs/crosses (Table 2), suggesting the amphihaploids
derived from bndmp crosses did not spontaneously arise.
Our data therefore show that dmp mutation in one B. napus
genotype can be used to induce amphihaploids in different
maternal genotypes.

www.jipb.net

Haploid induction in N. tabacum
Next, we determined whether the DMP‐HI system could be
used in the amphidiploid dicot crop N. tabacum. Following
the same strategy as described above for B. napus, we designed a CRISPR/Cas‐9 mutagenesis construct to generate
dmp loss‐of‐function mutants in the K326 background that
also includes the FAST‐Red marker to facilitate amphihaploid
identiﬁcation (Figure 5A). As in B. napus, triple mutants with
insertions and/or deletions that resulted in translational frame
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shifts and premature stop codons in NtDMP1, NtDMP2 and
NtDMP3 were selected in the T0 generation (collectively referred to as ntdmp) (Table S2). Homozygous or biallelic triple
ntdmp mutants that still contained the T‐DNA insertion were
chosen for subsequent experiments (Figure 5B).
We sowed selfed seeds from T1 progenies of ntdmp mutants to determine whether ntdmp mutants can induce haploids
upon selﬁng. In the absence of segregating molecular markers,
selfed progenies of ntdmp mutants were screened for putative
amphihaploids based on their phenotypes. The putative amphihaploid plants were relatively shorter than the wild‐type
control (Figure 6A), had smaller ﬂower organs, and were sterile
(Figure 6B–H). In N. tabacum, nine plants of 1,111 T1ntdmp
triple mutant plants (0.8%) showed the typical haploid phenotype (Table 3). All putative amphihaploid plants were subsequently conﬁrmed to be true amphihaploids by ploidy analysis, suggesting that ntdmp loss‐of‐function mutant can induce
amphihaploids after selﬁng.
Next, we determined whether dmp mutation could be
used to induce amphihaploids upon outcrossing. To this
end, we crossed the Yan97 cultivar with ntdmp triple mutants in the K326 background. For comparison, we also
crossed K326 with ntdmp triple mutants in the same background. Screening of the progeny of these crosses for differential FAST‐Red expression revealed, unlike Arabidopsis
(Zhong et al., 2020), that N. tabacum only showed weak
FAST‐Red expression in imbibed seeds (data not shown),
again, possibly due to speciﬁc pigments in the seed coat.
The FAST‐Red marker was also not observed in germinating
embryos from the ntdmp mutant crosses (data not shown).
Therefore, N. tabacum putative amphihaploids were initially
identiﬁed using an Indel marker (the large deletion in the
NtDMP2 locus) (Figure 5C). Plants that only showed the
polymerase chain reaction (PCR) fragment from the female
parent were considered to be putative amphihaploids. Putative amphihaploid plants were subsequently conﬁrmed by
plant phenotype (smaller organs and sterile) and then by
ploidy analysis (Figure 5D–F). Overall, we found that
crossing with dmp mutants induced an aHIR of 1.2% in N.
tabacum (Table 3). No amphihaploid progeny were observed
among the 171 N. tabacum seeds from control selﬁngs/
crosses, suggesting the amphihaploids derived from dmp
crosses did not spontaneously develop. Our data indicate
that dmp mutation in one N. tabacum genotype could be
used as the pollen donor to induce amphihaploids in a different maternal genotype.

DISCUSSION
Recently, we showed that sldmp induces maternal HI in a
wide range of tomato backgrounds (Zhong et al., 2021).
In vivo haploids can also be induced by genome editing of
DMP genes in M. truncatula (Wang et al., 2021b). Our
study demonstrates that dmp mutants induce in vivo maternal haploids in an even broader range of dicot crops.
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More importantly, dmp mutations in a single B. napus or
N. tabacum genotype induced amphihaploids in different
female genotypes. Together, these data suggest that
dmp mutation can be used to develop DH technology in
dicot crops.
Identiﬁcation of the correct ZmDMP (co)ortholog for HI
can be challenging due to low sequence identity and/or the
presence of multigene families. In this study, we show that
candidate DMP genes can be selected in a three‐step approach based on their sequence identity, by their pollen/
ﬂower expression patterns, and by their ability to complement the reduced seed set phenotype in the Arabidopsis
dmp8dmp9 mutant. In this way, the number of candidate
DMP genes in B. napus was dramatically reduced from 31 to
four. Although we did not assess DMP‐HI in chili pepper,
cotton, soybean or cucumber, our ability to complement the
Arabidopsis dmp8dmp9 mutant phenotypes with these heterologous genes combined with our success in developing a
DMP‐HI system in B. napus and N. tabacum using this
strategy, suggest that this bioinformatics and complementation approach can be used to identify candidate
DMP genes for the development of HI systems in other
dicots.
The FAST‐Red marker facilitated efﬁcient identiﬁcation of
maternal haploids in Arabidopsis and tomato (Zhong et al.,
2020, 2021). However, FAST‐Red was not observed in B.
napus and seeds, possibly due to their thick and darker seed
coat, but could be observed in germinating embryos. FAST‐
Red was also not observed in N. tabacum seeds, thus for this
crop either a more highly expressed late seed promoter or
other markers, for example the RUBY system (He et al.,
2020), could be used as an alternative amphihaploid identiﬁcation system. For non‐transformable plants or commercial
applications, putative haploids can be selected initially based
on the absence of paternal morphological markers or using
molecular markers (including markers for the mutated dmp
locus).
Given the presence of conserved DMP genes in dicot
species (Zhong et al., 2020), it is likely that DMP mutation can
be applied easily to generate in vivo haploid inducers in dicot
crops from diverse families. Most commercial varieties of self‐
compatible vegetable crops are F1 hybrids. For many crops,
up to 100% of a company's seed portfolio can comprise F1
hybrids. F1 hybrid production requires the development of
near homozygous parent lines, which can be greatly accelerated using DH technology, but often no widely applicable in
vitro or in vivo DH protocols are available, as is the case for
tomato (Jacquier et al., 2020; Hooghvorst and Nogués,
2020a). In addition to self‐compatible crops, the DMP‐HI
system might be useful to induce maternal haploids via outcrossing for self‐incompatible species, for which it is difﬁcult to
produce inbred lines for breeding. DMP genes can also be
found in fruit and forest tree species, like apple (Malus domestica), sweet cherry (Prunus avium) and rubber tree (Hevea
brasiliensis), which take many years to reach the reproductive
stage and for which homozygous line production is a lengthy
www.jipb.net
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process. DMP‐HI systems in these crops would greatly accelerate the breeding process. DH technology is not only important for the development of homozygous lines for breeding
purposes, but is also used widely for the development of immortal mapping populations (Fulcher et al., 2015), reverse
breeding (Wijnker et al., 2012) and genome editing (Weyen,
2021). Thus, the implementation of a universal dmp‐HI system
in crops has far‐reaching beneﬁts for both academic and
commercial plant breeding. DMP9 RNA interference (RNAi)
knockdown lines showed similar fertilization defects as
atdmp8dmp9 double mutants generated by CRISPR mutagenesis (Takahashi et al., 2018; Cyprys et al., 2019; Zhong
et al., 2020), suggesting that RNAi could also be used to
create haploid inducers. This approach might be particularly
attractive when a large number of candidate DMP genes are
identiﬁed in one crop. Here we generated dmp mutants using
CRISPR/Cas‐9 mutagenesis, but dmp mutants can also be
developed using chemical/radiation mutagenesis or transient
knockdown of DMP expression in pollen in non‐transformable
crops or for commercial application.
The dmp maternal HI system has a number of advantages and disadvantages when compared to the much more
widely applied in vitro HI systems. One disadvantage of the
dmp system is that it currently relies on the availability of
transformation systems or TILLING populations for the
target crop. Depending on the pollination system (wind or
insect, hand) it might be more tedious to produce haploids
by crossing with a dmp line than through in vitro culture of
male gametophytes where hundreds of immature pollen
grains can be isolated from one anther. By contrast, somaclonal variation, genetic changes induced during tissue
culture that are not found in the donor line (Bairu et al.,
2011), is unlikely to occur in the in vivo dmp system. Perhaps the greatest beneﬁt to be obtained with the dmp
system is genotype independence. We showed previously
that dmp mutation in a single tomato genotype induced
haploids in 36 different female genotypes (Zhong et al.,
2021). Here we also show that dmp mutations in a single B.
napus or N. tabacum genotype induced amphihaploids in a
different female genotype. Development of a genotype‐
independent DMP‐HI system in other dicot crops therefore
represents a major advance over in vitro haploid production,
where individual protocols must be developed for every
species and genotype. This is especially true for members of
the Solanaceae, Fabaceae, and Cucurbitaceae where recalcitrance for DH production is a major bottleneck for efﬁcient breeding (Hooghvorst and Nogués, 2020b). This
genotype independence might also be extended to interspeciﬁc crosses, which could allow a single inducer line in
one species to be used in related species that are recalcitrant for in vitro HI. Maternal HI systems have now been
transferred to a wide range of monocot and dicot crops, but
haploid embryo production using paternal haploid inducer
systems like modiﬁed centromere histone H3 (CENH3) also
remain valuable. Paternal haploid embryos contain the cytoplasm of the female line and the genome of the male line,
www.jipb.net
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which make them useful for exchanging cytoplasmic and
nuclear genomes, for example in the development of CMS
systems for hybrid seed production (Bohra et al., 2016).
The majority of the genes expressed in early stage
zygotic embryos are expressed from both parental alleles
(Nodine and Bartel, 2012; Zhao et al., 2019); however, a
small number of gene transcripts are delivered via the
male or female gametes during fertilization or derived
from de novo expression of only the male or the female
allele after fertilization. A number of these parent‐of‐origin
genes have been shown to have essential roles in early
embryo development (Bayer et al., 2009; Anderson et al.,
2017; Ueda et al., 2017; Khanday et al., 2019; Zhao et al.,
2020). An intriguing question that remains is how genes
that are expressed from only one parental allele are
regulated in in vitro and in vivo haploid embryos derived
from one parental genome.

MATERIALS AND METHODS
Identiﬁcation of DMP genes in dicot crops
The full‐length amino acid sequence of ZmDMP was used for
a BLASTP (protein) search (https://blast.ncbi.nlm.nih.gov/
Blast.cgi) to identify the DMP gene with the highest identity to
ZmDMP for each crop. Then these DMP genes were used as
queries to search the corresponding genome database of
each crop and the DMP genes with >85% amino acid identity
were selected for further analysis. Domain and transmembrane helix predictions were performed using the Pfam
database (http://pfam.xfam.org) and TMHMM – 2.0
(https://services.healthtech.dtu.dk/service.php?TMHMM-2.0),
respectively. Expression patterns of DMP genes were obtained from published data (Qin et al., 2014; Zhong et al.,
2020) and public databases (https://biodb.swu.edu.cn/
brassica/home and http://cucurbitgenomics.org/). The full‐
length amino acid sequences of DMP genes were aligned with
MUSCLE embedded in SnapGene software (Insightful Science; available at snapgene.com). Detailed information on the
DMP genes from the different species is provided in Table 1.
Vector construction
Primers used to amplify and sequence the DMP alleles were
designed based on the DMP gene sequences downloaded from
Gramene or the National Center for Biotechnology Information.
For B. napus, the U6‐26 promoter was used to drive expression
of all genomic RNAs (gRNAs). Nopaline synthase (Nos)
promoter‐expressed NPTII was used for transgene selection
during transformation. 35S:GFP and Arabidopsis OLEO1:
OLEO1:RFP (FAST‐Red) (Shimada et al., 2010) were used for
identiﬁcation of amphihaploid seeds. These cassettes, together
with human codon‐optimized Cas‐9 driven by a 35S promoter,
were introduced simultaneously in one step into pISCL4723
through the Golden Gate cloning method (Wang et al., 2019).
To generate the CRISPR/Cas‐9 mutagenesis construct for
N. tabacum DMP genes, the FAST‐Red cassette was ﬁrst
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ampliﬁed with FAST‐Red F/R primers and ligated into KpnI‐
linearized pDIRECT_22C to yield pDIRECT_22C_FastR using
the Seamless Assembly Cloning Kit (C5891–25, Clone Smarter).
Four gRNAs separated by 20‐bp Csy4‐binding sites were introduced simultaneously in one step into pDIRECT_22C_FastR
with a previously reported protocol (Čermák et al., 2017). For
DMP gene complementation constructs, the protein coding
sequence of each DMP gene from different crops was cloned
and expressed using the AtDMP9 promoter comprising 1,836
bp upstream of the ATG translational start codon). FAST‐Red
and 35S:RUBY (He et al., 2020) were used for transgenic seed
selection. These cassettes were introduced simultaneously in
one step into pISCL4723 through the Golden Gate cloning. The
primers used for vector construction are listed in Table S3.
Plant materials
The spring‐type B. napus cultivar Westar and N. tabacum
cultivar K326 were used as receptor lines for DMP CRISPR/
Cas‐9 mutagenesis. Two male sterile lines of B. napus (Hau‐A
and pol CMS) and two cultivars of N. tabacum (K326 and
Yan97) were used as the female parents to evaluate the
outcrossing HIR of dmp mutants. Brassica napus and N. tabacum transgenic plants were obtained by Agrobacterium‐
mediated transformation as previously described (Horsch
et al., 1985; Dai et al., 2020). All plants were grown in the
greenhouse under natural light. For the DMP complementation experiments, the constructs with AtDMP9‐
expressed DMP complementary DNAs (cDNAs) were transformed to the Arabidopsis dmp8dmp9 mutant (Zhong et al.,
2020) using the Agrobacterium tumefaciens ﬂoral dip transformation method (Clough and Bent, 1998).
Screening for dmp mutants
dmp mutants were identiﬁed in T0 transgenic lines by PCR
ampliﬁcation and sequencing of the DMP locus. PCR
products containing multiple ampliﬁcation products from
the same locus were further ampliﬁed with KOD FX (Toyobo)
and cloned into the pEASY vector (pEASY‐Blunt Zero
Cloning Kit; TransGen Biotech) and then to Escherichia coli.
At least six independent E. coli colonies per corresponding
PCR reaction were selected and sequenced. All sequences
were aligned to the DMP wild‐type allele with SnapGene
software. The primers used for dmp mutants genotyping are
listed in Table S3.
Analysis of seed phenotypes
For the Arabidopsis complementation experiments, siliques were cleared as in Zhong et al. (2020) and photographed using a Leica S6D stereo microscope. At least
three independent transgenic lines were evaluated per
construct, and at least 100 seeds were evaluated per
transgenic line.
Amphihaploid identiﬁcation
Putative amphihaploids from selfed B. napus and N. tabacum
dmp mutant lines were initially identiﬁed by their phenotype
(small organs, sterile) and then conﬁrmed by ﬂow cytometry.
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In wild‐type × bndmp crosses, germinated seeds were ﬁrst
screened for FAST‐Red expression in the cotyledons using a
hand‐held ﬂuorescent protein excitation light source (LUYOR‐
3415RG; excitation wavelength 540 nm, emission wavelength
600). Putative amphihaploid seedlings (lacking FAST‐Red expression in the cotyledon) were further conﬁrmed using the A07‐
1 molecular marker (detects an Indel between the female and
male parents; Table S3) and ﬂow cytometry.
The FAST‐Red marker was weakly expressed in imbibed
seeds and root tips of germinated seeds in N. tabacum,
which made it difﬁcult to identify amphihaploids using this
marker. Instead, the large deletion in the NtDMP2 locus of the
triple ntdmp1 ntdmp2 ntdmp3 mutant was used as an Indel
marker for putative amphihaploid selection, followed by
conﬁrmation by ﬂow cytometry.
The primers used for identiﬁcation of the B. napus and N.
tabacum amphihaploids are shown in Table S3.
Flow cytometry
Fresh leaves (0.5 g) from each sample were chopped with a
razor blade in 2 mL lysis buffer as previously described
(Zhong et al., 2020), and ﬁltered through an 80 μm nylon ﬁlter.
Nuclei were collected by centrifugation at 106 × g for 5 min at
4°C and then stained with propidium iodide in the dark for 20
min. The ploidy level of each sample was analyzed with a BD
FACSCalibur Flow Cytometer and BD CellQuest Pro software. Wild‐type plants were used as a control and the position of its ﬁrst signal peak (2n) was set at ~100 (FL2‐A value).
The samples with the ﬁrst signal peak at ~50 (FL2‐A value)
were considered to be amphihaploids.
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The datasets generated and/or analyzed during the current
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