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Abstract
Doubled haploid (DH) breeding is a powerful technique to ensure global food security via accelerated crop improvement. 
DH can be produced in planta by employing haploid inducer stock (HIS). Widely used HIS in maize is known to be governed 
by ZmPLA, ZmDMP, ZmPLD3, and ZmPOD65 genes. To develop such HIS in rice and wheat, we have identified putative 
orthologs of these genes using in silico approaches. The OsPLD1; TaPLD1, and OsPOD6; TaPOD8 were identified as puta-
tive orthologs of ZmPLD3 and ZmPOD65 in rice and wheat, respectively. Despite being closely related to ZmPLD3, OsPLD1 
and TaPLD1 have shown higher anther-specific expression. Similarly, OsPOD6 and TaPOD8 were found closely related to the 
ZmPOD65 based on both phylogenetic and expression analysis. However, unlike ZmPLD3 and ZmPOD65, two ZmDMP 
orthologs have been found for each crop. OsDMP1 and OsDMP2 in rice and TaDMP3 and TaDMP13 in wheat have shown 
similarity to ZmDMP in terms of both sequence and expression pattern. Furthermore, analogs to maize DMP proteins, these 
genes possess four transmembrane helices making them best suited to be regarded as ZmDMP orthologs. Modifying these 
predicted orthologous genes by CRISPR/Cas9-based genome editing can produce a highly efficient HIS in both rice and 
wheat. Besides revealing the genetic mechanism of haploid induction, the development of HIS would advance the genetic 
improvement of these crops.
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Introduction

Climate change is a growing concern for agriculture and 
has the potential to impact crop production significantly. 
Long-lasting droughts brought on by increased tempera-
tures imperil global food security. Numerous simulation 
studies have forecasted crop losses in the coming years. It 
is assumed that rising temperatures will impact the yield 
of potatoes, barley, corn, and sorghum in Atlantic Can-
ada (Kang et al. 2022), as well as the semi-arid northern 
High Plains of Texas (Chen et al. 2019). Moreover, erratic 

precipitation in Nigeria (Ani et al. 2022) and heat waves in 
South Asiatic regions have severely impacted crop yields. In 
North-West India in 2022, the sudden incidence of Southern 
Black Streak Rice Dwarf Virus outbreak in rice (Baranwal 
et al. 2022) caused chaos among the growers. Such events 
have prompted plant scientists to develop strategies to mini-
mize the detrimental effects of climate change on agricul-
ture. This demands plant scientists to come up every time 
with a new variety for a new unknown problem and that 
too in a short time. Plant Breeder’s toolbox is continuously 
being supplemented with several approaches such as dou-
bled haploid (DH) breeding, speed breeding, and gene edit-
ing. Among these, DH breeding is a useful technique that 
can help increase genetic gains in a short period of time, 
when used in combination with other selection approaches 
(Singh et al. 2019). Conventional plant breeding strategies 
often take five to six generations of continuous selfing for 
the fixation of desirable recombinants after hybridization 
(Kyum et al. 2021). Additionally, higher heterozygosity 
in earlier generations impedes the phenotypic selection of 
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quantitative traits. DH breeding can assist in resolving both 
of the issues by directly producing homozygous lines in 
 F2 generation. Complete homozygosity of these DHs lines 
facilitates the selection of both qualitative and quantitative 
traits. However, to reach its full potential, crop plants require 
an efficient haploid induction (HI) system.

Conventionally, haploids were produced by in vitro and 
in vivo methods. The in vitro methods of haploid production 
include androgenesis and gynogenesis that rely on culturing 
the gametophytic cells (n) in various modified tissue culture 
media. Although being known as a valuable tool, these tissue 
culture-based methods suffer from various limitations such 
as genotype dependency, technical complexities, and opti-
mization which makes it a time-consuming, laborious, and 
costly approach (Kyum et al. 2021). The in vivo-based meth-
ods, on the other hand, include the use of haploid inducer 
stock (HIS), wide hybridization, and centromere-specific 
variant of histone H3 (CENH3)-mediated HI. HIS system is 
an in planta method to produce haploids that bypasses the 
need for complex tissue culture protocols. Haploid plants 
are generated by hybridization between HIS and any tar-
get line. The haploid seeds thus generated are formed as a 
result of preferential elimination of the uniparental chro-
mosome set during the early zygotic development (Comai 
and Tan 2019). DH from these haploids can either be raised 
by spontaneous chromosome doubling or by using chemi-
cal agents such as colchicine. Wide hybridization has only 
been used in a few genera, such as Hordeum and Triticum, 
to produce haploids. However, its commercial application 
is limited due to labor-intensive, tedious pipelines, and 
fluctuating HI frequency. The CENH3-mediated HI is not 
well-characterized in crop plants except Arabidopsis, and a 
better understanding is still needed toward the consequences 
after the manipulation of CENH3-linked genes (Kalinowska 
et al. 2019). It has been seen that manipulation of CENH3 
may result in reduced plant height (Yuan et al. 2015), early 
embryonic lethality (Ravi and Chan 2010), and error-prone 
meiotic chromosome segregation (Lermontova et al. 2011). 
In addition, haploids’ sterility is another barrier that makes 
it a less preferred choice in crop improvement programs. 
However, such issues can be overcome by adopting a haploid 
male fertility restorer system. It has been found that induc-
ing mutations in the parallel spindle 1 (AtPS1) gene can 
help restore the fertility of haploids. This makes the haploid 
production technology more efficient by avoiding the time-
consuming procedure needed for artificial genome doubling 
(Aboobucker et al. 2023).

Rice and wheat are two major cereal crops feeding 
almost half of humanity. Many countries in Asia, including 
China, India, Bangladesh, Indonesia, Thailand, Burma, and 
Philippines primarily depend on these crops to meet their 
food demand. The regular and rapid development of varie-
ties in these crops is a continuous demand, and devising 

tools for their rapid development is highly desirable. Till 
now, there is a lack of highly efficient HIS in both rice and 
wheat stalling their way to accelerated breeding. Developing 
HIS in rice and wheat can benefit our agri-food systems in 
unprecedented ways. It can supplement the speed breeding 
of both rice and wheat in direct and indirect ways. It can 
be employed for the rapid production of homozygous lines, 
easy genome editing in recalcitrant varieties, and releas-
ing transgene-free genome-edited varieties that can skip 
regulatory approval easily. Harnessing the benefits from 
genome editing studies in rice and wheat is impeded by 
its recalcitrance to tissue culture and regulatory concerns. 
Low regeneration and transformation efficiency are the two 
major bottlenecks in genome editing studies (Meyers et al. 
2010). Interestingly, HIS can be employed to solve both 
the issues by utilizing HI-IMGE (Wang et al. 2019a) and 
HI-Edit (Kelliher et al. 2019) approaches. These innovative 
techniques focus on combining CRISPR/Cas9 with HIS. In 
this case, HIS-containing CRISPR/Cas9 cassette of desired 
gene is crossed with the recalcitrant variety in which edit-
ing is supposed to be done. During the zygote formation, 
transient expression of CRISPR/Cas9 cassette followed by 
uniparental genome elimination will lead to formation of 
haploid embryos with desired edits. Due to the elimination 
of HIS chromosomes from the zygotes, these haploids are 
considered transgene-free edited haploids. Once developed, 
HIS can supplement genome editing studies in such types 
of recalcitrant genotypes to deliver edits in a transgene-free 
manner. Moreover, HIS has also been used to produce clonal 
seeds in rice via synthetic apomixis. It has been reported 
that manipulation of OsSPO11-1, OsREC8, OsOSD1, 
and PAIR1 (Khanday et al. 2019; Xie et al. 2019) genes 
can replace meiosis to produce recombination-free diploid 
gametes. Such gametes ultimately possess genetic makeup 
comparable to their somatic cells. To avoid post-fertilization 
ploidy-related problems due to diploid gametes, a suitable 
HIS can be employed. Uniparental genome elimination from 
the zygote will give rise to an embryo that would be exactly 
similar to one of the parents in its genetic composition. Since 
such embryos are genetically same to one of the parents they 
are also referred to as clonal seeds (Wang et al. 2019b).

Apart from its use in DH breeding and gene editing, the 
generation of haploid plants always remained an interesting 
tool for plant breeders. They have been previously employed 
in the classical era for cytogenetic studies of complex poly-
ploid crops such as wheat (Sears 1939) and potatoes (Hou-
gas and Peloquin 1958). Moreover, many potential DHs have 
been directly released as varieties, such as Marglobe tomato 
(Cook 1936), Maris Haplona in Brassica napus (Thompson 
1972), Mingo Barley (Ho and Jones 1980), Satyakrishna 
and Phalguni in rice (Anonymous 2008, 2010), and Florin in 
wheat (Buyser et al. 1987). Interestingly, DH has been also 
used as mapping population to study yield-related traits in 



3 Biotech           (2024) 14:14  

1 3

Page 3 of 13    14 

wheat (Pretini et al. 2021) and maize (Shi et al. 2017). DH 
population can also facilitate mapping in perennial crops. 
For example, fruit quality traits were studied in apples by 
using a DH population (Kunihisa et  al. 2019). Further-
more, they have been also used for the recovery of recessive 
mutants during mutation breeding (Watts et al. 2018) and for 
precise estimation of additive effects (Snape and Simpson 
1986).

Genome editing deals with the altering of DNA sequences 
to achieve the desired phenotype. It can insert, remove, or 
replace single or many nucleotides at a specific target site. 
Previously used genome editing tools such as zinc finger 
nucleases (ZFNs) and transcription activator-like effector 
nucleases (TALENs) are less suitable due to their obvious 
complexities (Basu et al. 2023). CRISPR/Cas9 is being 
utilized on a large scale to perform precise genome edit-
ing. Briefly, CRISPR/Cas9 can be used to induce knockout 
mutations by creating double-stranded breaks (DSBs) at 
targeted sites. These DSBs can undergo two pathways dur-
ing their repair process. It can undergo either error-prone 
nonhomologous-end joining (NHEJ) or homology-directed 
repair (HDR) pathway (Mushtaq et al. 2021). The use of 
HDR is limited by its low frequency. NHEJ has been used at 
a large scale to induce random indels at target sites. Because 
of its precision and ease of design, CRISPR/Cas is the most 
favorable tool for genome editing. The use of CRISPR/Cas9 
tool for crop improvement has increased unprecedentedly 
in the last decade as it possesses the immense potential to 
hasten crop improvement to ensure global food security.

In the last decade, extensive research has been done to 
uncover the underlying mechanism of HI in maize. Based 
on different studies, HI is found to be governed by numer-
ous genes. So far, four genes, viz. MTL/ZmPLA1/NLD 
(Liu et al. 2017; Kelliher et al. 2017; Gilles et al. 2017), 
ZmDMP (Zhong et al. 2019), ZmPLD3 (Li et al. 2021), 
and ZmPOD65 (Jiang et al. 2022), have been reported in 
maize to govern HI ability. These genes have shown hap-
loid induction rate (HIR) ranging from 0.1% to 7.7% when 
knocked out individually or in different combinations. These 
haploid-inducing genes are directly and indirectly engaged 
in processes related to pollen formation and fertilization, 
for example, ZmMATL encodes a patatin-like phospholipase 
A protein that is localized to the endo-plasma membrane 
of pollens.ZmPLD3 is known to establish communication 
between male and female gametes via pollen tube expansion, 
and ZmDMP works by disrupting double fertilization events. 
ZmPOD65 is a pollen-specific peroxidase that can induce 
haploids by an upsurge in reactive oxygen species causing 
chromosome fragmentation and HI. It is interesting to note 
that orthologs of ZmMATL have already been knocked out in 
rice (Yao et al. 2018) and wheat (Liu et al. 2020) to generate 
haploids. In this manuscript, we have identified potential 
orthologs of the other three genes in rice and wheat using 

various in silico approaches. These genes can be knocked 
out using CRISPR/Cas9-based genome editing for develop-
ing HIS in both wheat and rice.

Materials and methods

Sequence search and identification of putative 
orthologs

For the identification of putative orthologs, a two-pronged 
strategy was used. In the first case, the amino acid sequences 
of ZmPLA, ZmDMP, ZmPLD3, and ZmPOD65 were 
retrieved from the maize genome database (maizegdb, 
https:// www. maize gdb. org/). These sequences were then 
used as a query for performing BLAST analysis in Phyto-
zome (https:// phyto zome- next. jgi. doe. gov/) for rice (Oryza 
sativa var. Kitaake) and ensemble plants (https:// plants. 
ensem bl. org/ index. html) for wheat, respectively. Sequence 
similarity can be an important strategy to predict gene func-
tions, and it has been shown that genes having sequence 
similarity of more than 40% may share the same function 
(Pearson 2013). So, loci showing similarity > 40% were 
selected for further analysis. In the second strategy, the genes 
selected on the basis of sequence similarity were subjected 
to domain architecture analysis. Domain prediction was done 
using the proteins family database (Pfam, http:// pfam. xfam. 
org/), and their respective Pfam IDs were retrieved. Pfam is 
based on Hidden Markov model (HMMER3.0), and it is a 
widely used database to categorize protein sequences into 
families and domains (Mistry et al. 2021). Rice and wheat 
genes having domain architecture and Pfam IDs similar to 
ZmPLA, ZmDMP, ZmPLD3, and ZmPOD65 were used for 
further analysis. Other sequences and genes having incom-
plete, redundant, or dissimilar sequences were filtered out.

Naming of PLA, PLD, DMP, and POD genes

Filtered genes were denoted in a standard manner. The first 
two letters depict the name of the species such as “Os” 
stands for Oryza sativa and “Ta” stands for Triticum aesti-
vum. It is then followed by the respective family names of 
genes as shown in Table 1. In the case of wheat, genes were 
named based on their genomic and chromosomal locations. 
Moreover, owing to its genomic complexity, wheat genes 
were categorized into different homoeologs and were clas-
sified as dyads, triads, and tetrads using Ensembl plants. For 
example, TaPLA8-4A is a gene present on the fourth chro-
mosome of the A genome, and it belongs to the Phospho-
lipase A family. TaPLA8-4A, TaPLA8-4B, and TaPLA8-4D 
are the homoeologs of the gene TaPLA8. 

https://www.maizegdb.org/
https://phytozome-next.jgi.doe.gov/
https://plants.ensembl.org/index.html
https://plants.ensembl.org/index.html
http://pfam.xfam.org/
http://pfam.xfam.org/
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Phylogenetic analysis

The ancestral relationships of rice and wheat genes with 
ZmPLA, ZmDMP, ZmPLD3, and ZmPOD65 were unveiled 
using phylogenetic analysis. For this analysis, amino acid 
sequences of filtered genes of both rice and wheat were 
downloaded from Phytozome and Ensembl plants, respec-
tively. Later on, these sequences were subjected to multi-
ple sequence alignments with the help of CLUSTALW in 
MEGA11: Molecular Evolutionary Genetics Analysis ver-
sion 11 (Tamura et al. 2021). CLUSTALW is a widely used 
method that is based on progressive alignment methods for 
multiple protein sequence alignments. Notably, the align-
ments for each of the four genes were carried out separately. 
Phylogenetic analysis was done using the maximum likeli-
hood method with 1000 bootstraps and using the Poisson 
substitution model. Lastly, this phylogenetic tree was graphi-
cally visualized using the Interactive Tree of Life (https:// 
itol. embl. de/).

In silico expression analysis and prediction 
of transmembrane (TM) domains

The filtered genes were subjected to in silico expression 
analysis. Expression data for different genes of rice and 
wheat were retrieved from the rice expression database 
(http:// expre ssion. ic4r. org/) and wheat expression browser 
(http:// www. wheat- expre ssion. com/), respectively. For rice, 
genes were analyzed for their expression at four different 
stages, viz. anther, panicle, leaf, and shoot using SRP047482 
and SRP039045 accession ID, and the expression data for all 
these tissues were downloaded in the form of FPKM (frag-
ments per kilobase of transcript per million mapped reads) 
values. Expression analysis of wheat genes was performed 
for the developmental time course of Chinese Spring and 
Azhurnaya. Akin to rice, the expression levels of wheat 
genes were analyzed for tissues derived from anther, leaf, 
shoot, and spike, and the data for these tissues were down-
loaded in the form of TPM (transcript per million) values. 
Later on, these data for both wheat and rice genes were com-
paratively analyzed by visualizing through a heat map which 
was made with the help of R-Studio using the pheatmap 

package (Kolde 2012). It was previously known that DMP 
is a transmembrane protein. Besides in silico expression 
analysis and protein sequence similarity, TM helixes can be 
a characteristic feature to identify HI genes based on already 
identified genes. A number of TM helices have been previ-
ously used to identify and validate DMP genes in Arabi-
dopsis (Zhong et al. 2020). For further analysis of rice and 
wheat DMPs, their TM helices were analyzed using the Prot-
ter (Omasits et al. 2014), an open-source online tool (https:// 
wlab. ethz. ch/ prott er/ start/). It visualizes the TM helices pre-
dicted from the Phobius (Madeira et al. 2022) Web server 
(https:// phobi us. sbc. su. se/).

Results

Phospholipase A (PLA) family genes

ZmPLA1/ZmMTL/ZmNLD of maize belongs to phospho-
lipase A family of phospholipases. This gene has been 
functionally validated for its role in HI in maize (Liu et al. 
2017; Kelliher et al. 2017; Gilles et al. 2017) and its HIR 
ranges from 2 to 6.7%. The HI ability of ZmPLA1 mutants 
is assumed to be caused by chromosome fragmentation and 
genomic instability, while the exact process is still unknown. 
For identifying ZmPLA1 orthologs in rice and wheat, we 
retrieved rice and wheat candidate genes based on their pro-
tein domain and sequence similarity to maize ZmPLA1. We 
were able to get 12 and 18 PLA genes in rice and wheat, 
respectively. Phylogenetic analysis of these genes with 
ZmPLA1 revealed that rice OsPLA4 and three homoeologs of 
wheat TaPLA8, viz. TaPLA8-4A, TaPLA8-4B, and TaPLA8-
4D share the same subclade, indicating their close ancestral 
relationship with ZmPLA1 (Supplementary Fig. S1). Fur-
ther, in silico expression analysis of the rice genes revealed 
that three genes, namely OsPLA4, OsPLA7, and OsPLA9, 
showed anther-specific expression with low or negligible 
expression in the shoot, leaf, and panicle (Supplementary 
Fig. S2). Similarly, TaPLA3, TaPLA8, and TaPLA13-7B of 
wheat also showed anther-specific expression with minimal 
or low expression in other comparative tissues (Supplemen-
tary Fig. S3). Interestingly, in both rice and wheat, the genes 

Table 1  List of the genes used 
in this study along with their 
associated domains, motifs, and 
Pfam ID in rice and wheat

a The family is found in association with PF00168 and PF00614

S. No Genes Family associated Associated domains and motifs Pfam ID

1 DMP Domain membrane protein Protein of unknown function (DUF679) PF05078
2 PLA Phospholipase A Patatin-like phospholipase PF01734
3 PLD Phospholipase D Phospholipase D C terminal PF12357a

Phospholipase D active site motif PF00614
C2 domain PF00168

4 POD Peroxidase Heme peroxidase PF00141

https://itol.embl.de/
https://itol.embl.de/
http://expression.ic4r.org/
http://www.wheat-expression.com/
https://wlab.ethz.ch/protter/start/
https://wlab.ethz.ch/protter/start/
https://phobius.sbc.su.se/
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that were closely related with ZmPLA1, i.e., OsPLA4 and 
TaPLA8, showed the highest anther-specific expression. So, 
considering the close ancestral relationship of TaPLA8 and 
OsPLA4 with ZmPLA along with anther-specific expression, 
it can be inferred that they are the two closest orthologs of 
ZmPLA in wheat and rice. Although the role of these genes 
in HI has already been demonstrated in rice (Yao et al. 2018) 
and wheat (Liu et al. 2020) by CRISPR/Cas9-based genome 
editing, this indicates that identifying genes on the basis of 
phylogenetic and in silico expression analysis can be a sound 
approach for choosing target genes for genome editing. A 
similar approach to identifying genes prior to their editing 
has also been used by Zhong et al. (2022).

Phospholipase D (PLD) family genes

ZmPLD3 has been recently identified for its HI role in maize 
(Li et al. 2021). It belongs to the phospholipase D family of 
phospholipases. ZmPLD3 protein is known to contain two 
HxKxxxD motifs and one C2 domain that are considered 
essential for PLD activity (Wang 2001). Its loss of func-
tion mutation has shown varied HIR (1–7%) in combination 
with ZmDMP and ZmPLA1. Interestingly, the knockout of 
ZmPLD3 along with ZmPLA1 increased its HIR by three 
times (Li et al. 2021). The orthologs in rice and wheat were 
identified based on sequence similarity to ZmPLD3 (sup-
plementary data 1) and functional domain analysis. Thirteen 
genes in rice and seventeen genes in wheat were filtered for 
further analysis. Phylogenetic analysis revealed that OsPLD1 
and TaPLD1-1A, TaPLD1-1B, and TaPLD1-1D were pre-
sent in the same subclade with ZmPLD3 (Fig. 1A) showing 
their close relationship with the ZmPLD3. Further, in silico 
expression analysis of these genes showed that OsPLD1 
and OsPLD8 have anther-specific expression, whereas 
OsPLD1 has the highest level of expression and OsPLD8 
follows closely behind (Fig. 1B) (Supplementary data 2). 
In the case of wheat, TaPLD1, TaPLD9-5A, TaPLD9-5D, 
TaPLD14-4A, and TaPLD15 showed anther-specific expres-
sion and the highest being shown by TaPLD1 (Fig. 1C). 
Notably, in case of TaPLD9, only a pair of the homoeologs, 
viz. TaPLD9-5A and TaPLD9-5D, showed anther-specific 
expression, whereas the third homoeolog TaPLD9-5B did 
not show any kind of specific expression. Furthermore, simi-
lar to phospholipase A (PLA) family genes, the genes that 
were closely associated with ZmPLD3 phylogenetically, i.e., 
OsPLD1 and TaPLD1, possess the highest anther-specific 
expression. Overall, these results indicate that OsPLD1 and 
TaPLD1-1A, TaPLD1-1B, and TaPLD1-1D are the potential 
HIS development targets in both rice and wheat. Notably, the 
phospholipase D gene family contains a number of genes. 
These genes may have similarities with each other. So, care 
should be taken while designing the experiment to avoid 

any off-targets via careful domain selection and sgRNAs 
designing.

Domain membrane protein (DMP) family genes

The key characteristic of domain membrane proteins (DMP) 
is the presence of transmembrane (TM) helices. The ZmDMP 
gene belongs to this family and is involved in HI. Single 
ZmDMP mutant has extremely low HIR (0.1 to 0.3%), but 
when ZmDMP and ZmPLA1 were simultaneously altered, 
it increased by fivefold to sixfold (Zhong et al. 2019).  It is 
assumed that ZmDMP might induce haploids by impairing 
double fertilization and increasing single fertilization events. 
Studies have shown that one sperm cell of DMP mutant pol-
len preferably fertilizes the center cell, while the other sperm 
cell does not fuse and frequently remains attached to the egg 
cell giving rise to haploid embryos in Arabidopsis (Zhong 
et al. 2020). Later on, for identifying DMP family genes, 
we filtered five and thirty-three genes in rice and wheat, 
respectively (Supplementary data 1). Phylogenetic analysis 
showed that OsDMP1 and TaDMP13-7A, TaDMP13-7B, 
and TaDMP13-7D were very close to ZmDMP (Fig. 2A). 
But when the in silico expression levels were observed for 
these genes, we found a different pattern. In contrast to PLAs 
and PLDs, the closest DMP gene (OsDMP1) has not shown 
anther-specific expression. However, the other DMP gene 
(OsDMP2) which has shown anther-specific expression 
did not share any close subclade with ZmDMP (Fig. 2B). 
Moreover, it was observed that OsDMP2 has shown much 
higher anther-specific expression as compared to both PLA 
and PLD genes (Table 2). Furthermore, the in silico expres-
sion analysis of wheat DMPs also led to similar results. In 
silico expression analysis revealed that TaDMP3, TaDMP8-
6A, and TaDMP8-6B were showing anther-specific expres-
sion (Fig. 2C). As previously mentioned, phylogenetically 
TaDMP13 was the closest to ZmDMP, but it was not specifi-
cally expressing in anthers. It was observed that TaDMP13-
7A and TaDMP13-7D were also expressed in the stem (Sup-
plementary data 2). Similar to rice DMPs, wheat DMPs that 
were closest to ZmDMP did not have anther-specific expres-
sion and those having higher anther-specific expression did 
not share any clade with ZmDMP. This inherent similarity 
for DMP genes in both wheat and rice may be pointing out 
any important evolutionary process. 

To remove the ambiguity regarding the selection of 
DMPs in both crops, we further analyzed the TM heli-
ces for the DMP genes. It is previously known that DMP 
proteins generally have TM helices (Zhu et  al. 2021). 
The number of TM helices in rice ranged from 2 to 4, 
and we found that only OsDMP1 and OsDMP2 was hav-
ing four TM helices (Supplementary data 3). However, 
on observing the predicted structure of TM helices, we 
found that among OsDMP1 and OsDMP2, OsDMP1 had 
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a comparable structure to ZmDMP. It can be seen that the 
long intracellular loop present between the second and 
third TM helix in ZmDMP is similarly present in OsDMP1 
and is small in OsDMP2 (Fig. 3A). This indicates that in 
terms of TM helices, OsDMP1 protein has more struc-
tural similarity to ZmDMP as compared to OsDMP2, 
whereas in wheat, we observed that the number of TM 
helices ranged from 2 to 8. Akin to rice, the genes that 
had anther-specific expression or ancestral relationship 
with ZmDMP had four helices, but the orientation of TM 

helices was quite different among them. It was observed 
that similar to OsDMP1, TaDMP13 had that particu-
lar long intracellular loop present between the second 
and third TM helix (Fig. 3B), whereas, in TaDMP8 and 
TaDMP3 (Fig. 3C, D), a comparatively smaller loop was 
present between the helices, pointing out more structural 
conservation of TaDMP13 as compared to TaDMP3 and 
TaDMP8. Interestingly, the TM helices of OsDMP2 and 
TaDMP3 showed similarity, and it can also be noted that 
both of them also show anther-specific expression and 

Fig. 1  A Phylogenetic tree of phospholipase D (PLD) genes in both 
rice and wheat and its comparison with maize ZmPLD3. OsPLD1, 
TaPLD1-1A, TaPLD1-1B, and TaPLD1-1D genes are present in 
the same subclade with ZmPLD3 with the pink background show-
ing that these genes are ancestrally more related to ZmPLD3 gene. 
B Heat plot depicting in silico expression analysis of phospholipase 
D (PLD) genes in rice. OsPLD1 and OsPLD8 genes have shown 

anther-specific expression with little expression in panicle. C Heat 
plot depicting in silico expression analysis of phospholipase D (PLD) 
genes in wheat. TaPLD1, TaPLD9-5A, TaPLD9-5D, TaPLD14-4A, 
and TaPLD15 have shown the anther-specific expression. OsPLD1, 
TaPLD1-1A, TaPLD1-1B, and TaPLD1-1D have shown the highest 
anther-specific expressions along with close ancestral relationship 
with ZmPLD3 
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less ancestral relationship in their respective crops. So, it 
can be assumed that this specific expression can be attrib-
uted to the orientation of TM helices of these both genes. 

Though they are different from TM helices of ZmDMP, 
the inherent association between TM helix orientation and 

Fig. 2  A Phylogenetic tree of domain membrane protein (DMP) 
genes in both rice and wheat and its comparison with maize ZmDMP. 
OsDMP1, TaDMP13-7A, TaDMP13-7B, and TaDMP13-7D genes are 
present on same subclade with ZmDMP pointing out their close phy-
logenetic relationship with ZmDMP, whereas OsDMP2, TaDMP3-
2A, TaDMP3-2B, and TaDMP3-2D are not situated close to ZmDMP 
depicting their ancestral diversity with ZmDMP gene. B Heat plot 
depicting in silico expression analysis of domain membrane protein 

(DMP) genes in rice. OsDMP2 has shown the highest and specific 
expression in anther as compared to other genes. It has also shown 
higher expression in panicle as compared to other rice genes. C Heat 
plot depicting in silico expression analysis of domain membrane 
protein (DMP) genes in wheat. TaDMP13-7A, TaDMP13-7B, and 
TaDMP13-7D genes are expressing in all tissues except leaf, showing 
no anther-specific expression, whereas TaDMP3-2A, TaDMP3-2B, 
and TaDMP3-2D are specifically expressing in anthers
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anther-specific expression of OsDMP2 and TaDMP3 can-
not be avoided.

Peroxidase (POD) genes

Reactive oxygen species (ROS) are known to play a vital 
role during plant growth, metabolism, senescence, and 
biotic and abiotic stresses (Mhamdi and Breusegem 2018). 
It is reported that an increase in ROS in sperm cells could 
lead to sperm DNA fragmentation and HI. It has been 

recently demonstrated that genes encoding for peroxidases 
can also be manipulated to induce haploids in maize with 
an HIR of up to 7.7% (Jiang et al. 2022). Therefore, we 
identified putative orthologs of ZmPOD65 in rice and 
wheat. Based on BLAST and domain architecture analysis, 
thirty-eight and twenty-two POD genes were identified in 
rice and wheat, respectively (Supplementary data 1). Phy-
logeny analysis with ZmPOD65 revealed that OsPOD6, 
OsPOD19, TaPOD8-6A, TaPOD8-6B, and TaPOD8-
6D share the same subclade with ZmPOD65 (Fig. 4A). 

Table 2  List of the genes which have been studied in rice and wheat along with their reference ID, chromosome number, in silico expression 
data, and number of transmembrane (TM) helices

S. No Gene ID IWGSC ref. no/MSU IDs Chromosome Expression values (FPKM/TPM) No. of 
TM 
helices

Anther Shoot Leaf Panicle/spike

1 OsPLA4 LOC_Os03g27610 3 23.14 0.06 0.02 3.29 NA
2 OsPLA7 LOC_Os08g37250 8 1.74 0.20 0.10 0.21 NA
3 OsPLA9 LOC_Os08g37210 8 4.41 0.02 0.00 0.00 NA
4 TaPLA3-2A TraesCS2A02G159600 2A 1.69 0.00 0.00 0.00 NA
5 TaPLA3-2B TraesCS2B02G185200 2B 1.83 0.00 0.00 0. 27 NA
6 TaPLA3-2D TraesCS2D02G166800 2D 1.58 0.00 0.00 0.00 NA
7 TaPLA8-4A TraesCS4A02G018100 4A 2.46 0.00 0.00 0.00 NA
8 TaPLA8-4B TraesCS4B02G286000 4B 2.02 0.00 0.00 0.00 NA
9 TaPLA8-4D TraesCS4D02G284700 4D 1.77 0.00 0.00 0.00 NA
10 TaPLA13-7B TraesCS7B02G411300 7B 0.32 0.00 0.00 0.00 NA
11 OsDMP1 LOC_Os08g01530 8 0.31 0.87 0.08 0.95 4
12 OsDMP2 LOC_Os05g48840 5 134.15 14.48 0.36 40.43 4
13 TaDMP3-2A TraesCS2A02G153900 2A 2.02 0.00 0.00 0.00 4
14 TaDMP3-2B TraesCS2B02G179200 2B 3.19 0.00 0.00 0.22 4
15 TaDMP3-2D TraesCS2D02G159400 2D 2.01 0.00 0.00 0.00 4
16 TaDMP8-6A TraesCS6A02G123100 6A 2.44 0.00 0.00 0.00 4
17 TaDMP8-6B TraesCS6B02G151400 6B 1.67 0.00 0.00 0.00 4
18 OsPLD1 LOC_Os05g07880 5 108.06 1.05 0.05 5.60 NA
19 OsPLD8 LOC_Os09g25390 9 59.38 0.17 0.00 35.07 NA
20 TaPLD1-1A TraesCS1A02G115300 1A 4.08 0.00 0.00 0.00 NA
21 TaPLD1-1B TraesCS1B02G135200 1B 5.08 0.00 0.00 1.40 NA
22 TaPLD1-1D TraesCS1D02G116700 1D 4.95 0.00 0.00 1.30 NA
23 TaPLD9-5A TraesCS5A02G223500 5A 1.09 0.00 0.00 0.00 NA
24 TaPLD9-5D TraesCS5D02G231100 5D 1.92 0.00 0.00 0.37 NA
25 TaPLD14-4A TraesCS4A02G347800 4A 1.93 0.00 0.00 0.00 NA
26 TaPLD15-5A TraesCS5A02G520900 5A 3.30 0.00 0.00 0.00 NA
27 TaPLD15-4B TraesCS4B02G352300 4B 2.18 0.00 0.00 0.00 NA
28 TaPLD15-4D TraesCS4D02G346700 4D 3.73 0.00 0.00 0.00 NA
29 OsPOD6 LOC_Os02g50770 2 290.25 0.09 0.03 25.20 NA
30 OsPOD8 LOC_Os03g02920 3 40.57 6.38 0.63 50.21 NA
31 OsPOD19 LOC_Os06g13050 6 11.52 0.74 0.70 5.31 NA
32 TaPOD8-6A TraesCS6A02G309900 6A 3.86 0.00 0.00 2.09 NA
33 TaPOD8-6B TraesCS6B02G339700 6B 4.75 0.00 0.00 2.17 NA
34 TaPOD8-6D TraesCS6D02G289300 6D 3.83 0.00 0.00 1.34 NA
35 TaPOD19-U0 TraesCSU02G096600 Unknown 1.00 0.00 0.00 0.00 NA
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Further, in silico expression analysis in rice has shown 
that OsPOD6, OsPOD8, and OsPOD19 possess higher 
anther-specific expression (Fig. 4B), whereas in wheat, 
TaPOD8-6A, TaPOD8-6B, TaPOD8-6D, and TaPOD19-
U0 were expressing specifically in anther (Fig. 4C) (Sup-
plementary data 2). Among these genes, OsPOD6 and 
TaPOD8 showed the highest expression in anthers along 
with higher similarity to ZmPOD65. Based on the above 
analysis, these two genes (OsPOD6 and TaPOD8) can be 
considered as the putative targets for inducing haploids via 
manipulating peroxidase genes.

Discussion

DH is an important tool with plant breeders for acceler-
ating crop improvement programs. An ideal DH produc-
tion system should be able to produce a multitude of DH 
without much effort. The development of HIS particularly 
in rice and wheat could be an important advance in this 
regard. Among the important cereal crops, maize is natu-
rally endowed with a HIS. It was initially found by Coe 
(1959) and then it was refined later with intense breed-
ing efforts including hybridization, mapping, and func-
tional validation studies. The HIS in maize is giving a HI 
frequency of > 10% making it an ideal system among all 
cereal crops. Recent scientific efforts have identified four 
major genes controlling the HI ability of maize including 
ZmPLA1, ZmDMP, ZmPLD3, and ZmPOD65. Orthologs 
of ZmPLA1 have already shown relatively higher HI fre-
quency in rice (Yao et al. 2018) and wheat (Liu et al. 
2020). Such investigations affirm the conservation of HI 
genes across the taxa. So, intending to expand its utility, 
we have identified several genes in both rice and wheat to 
develop HIS. These genes can be further functionally vali-
dated using genome editing to reveal the genetic mecha-
nism underlying the HI trait.

It has been seen that OsPLA4 and TaPLA8 are the 
closest orthologs of ZmPLA1 based on our analysis. As 
already discussed, they have been knocked out in both 
rice (Yao et al. 2018) and wheat (Liu et al. 2020) using 
CRISPR/Cas-based genome editing to produce haploids 
in both crops. Using a similar approach, we have identi-
fied potential orthologs of maize ZmDMP, ZmPLD3, and 
ZmPOD65 in rice and wheat. Being highly conserved and 
having anther-specific expression, OsPLD1 and TaPLD1 
(phospholipase D family) and OsPOD6 and TaPOD8 (per-
oxidase family) genes seem to be putative orthologs for 
HI. In some cases, only two homoeologs of wheat have 
shown specific expressions, while the third homoeologs 
exhibited no expression specificity. Such discrepancies are 
not new for wheat as it is also reported by lv et al. (2020) 
for the CENH3 gene, which is widely studied for HI traits 
including maize (Wang et al. 2021) and wheat (Lv et al. 
2020).

Interestingly, in the case of DMPs, the relationship 
between phylogeny and in silico expression was not in har-
mony. The conservation of ZmDMP across the monocots 
has been reported by several authors. Based on sequence 
similarity, ZmDMP is found to be highly conserved in sev-
eral monocots such as Musa acuminata (66.51%), Setaria 
italica  (73.53%), and  sorghum  (91.04%) (Zhong et al. 
2019). But to the best of our knowledge, its conservation 
in rice and wheat has been not explored so far. Addition-
ally, DMP has been confirmed for the HI trait in several 

Fig. 3  Prediction of transmembrane (TM) helices in rice and wheat 
DMP genes and their comparison with maize ZmDMP. The num-
bers in the blue color depicts the number of transmembrane helices. 
The blue-circled amino acids represent the conserved amino acids 
of protein. A TM helices of maize and rice DMP genes. OsDMP1 
and OsDMP2 genes have shown four TM helices analogs to maize. 
As compared to OsDMP2 gene, orientation of OsDMP1 TM heli-
ces is more similar to maize. B–D TM helices of wheat DMP 
genes. Among the showed genes, TaDMP13-7A, TaDMP13-7B, and 
TaDMP13-7D are more similar to ZmDMP gene in terms of TM heli-
ces. Homoeologs of TaDMP13 have a long intracellular loop present 
between the second and third TM helix which is similar to the loop 
present between second and third TM helix of maize DMP gene
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dicot crops; however, the number of genes examined var-
ies considerably. It has been seen that one gene in tomato 
(Zhong et al. 2022), two genes in Medicago (Wang et al. 
2022b) and Arabidopsis (Zhong et al. 2020), and three 
genes in Brassica and Tobacco (Li et al. 2022) have been 
already knocked out to generate haploids. Akin to this, it 
has been predicted that cotton can also have two copies 
of DMP genes (Zhu et al. 2021), which can be knocked 
out for inducing haploids. Conclusively, it can be inferred 
that there are higher chances that the rice and wheat may 
similarly possess more than one DMP gene for the induc-
tion of haploids. For example, OsDMP1 and OsDMP2 in 
rice and TaDMP13 and TaDMP3 in wheat can act as HIS-
responsible genes. However, their validation through 
genome editing will unveil their mechanism appropriately.

A higher HIR is one of the desirable features of HIS. 
Several strategies can be employed for increasing the HIR 

via conventional and modern ways. One way of increasing 
HIR is by phenotypic selection for variable heading dates. 
It has been observed that a HIS panel with variable heading 
dates can provide an HIR of up to 12% in the case of rice 
(Wang et al. 2022a). However, HIR can also be increased 
via manipulation at the molecular level. For increasing 
HIR at molecular level, finding variations that behave syn-
ergistically is important. Synergistically acting HI genes 
can be effectively stacked to produce a line with signifi-
cantly high HIR. As in the case of maize, a triple mutant of 
zmpla1 + zmdmp + zmpld3 exhibited significantly higher 
HIR as compared to all other combinations (Li et al. 2021). 
Pyramiding these three mutations in a superior background 
of rice and wheat could provide a more efficient HIS. How-
ever, these three mutations have not been investigated in 
conjunction with ZmPOD65 yet. Hypothetically, editing 
of ZmPOD65 along with these three alleles may provide an 

Fig. 4  A Phylogenetic tree of peroxidase genes (POD) in both rice 
and wheat and its comparison with maize ZmPOD65. OsPOD6, 
OsPOD19, TaPOD8-6A, TaPOD8-6B, and TaPOD8-6D are sharing 
same subclade with ZmPOD65 depicting their close phylogenetic 
relationship with ZmPOD65. B Heat plot depicting in silico expres-
sion analysis of peroxidase genes (POD) genes in rice. OsPOD6, 

OsPOD8, and OsPOD19 have shown anther-specific expression 
while OsPOD6 showing the highest. (C) Heat plot depicting in sil-
ico expression analysis of peroxidase genes (POD) genes in wheat. 
TaPOD8-6A, TaPOD8-6B, TaPOD8-6D, and TaPOD19-U0 are spe-
cifically expressing in anther. Homoeologs of TaPOD8 gene have 
shown highest anther-specific expression
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even higher HIR. But increased HIR brings its limitations. 
High HIR comes at the expense of increased kernel abortion 
(10 to 47.6%) (Kelliher et al. 2017). This type of abortion is 
persistent in most of the studies of HI, except a few dicots. 
Moreover, it is even suggested that HI and kernel abortion 
phenomenon are linked and one can use kernel abortion as 
a marker for HI. Therefore, it is possible to pyramid all of 
these mutations, but doing so will increase the chance of 
embryo abortion.

After several functional validation studies, it has been 
firmly established that HIS is controlled by distinct genes. 
Moreover, different mutant alleles generated by genome 
editing possessed different HIR for ZmPLA1, ZmPLD3, 
OsMATL, and TaMATL. Though in some cases, the differ-
ence between the HIR of different alleles is non-significant. 
Interestingly, HIR can also be affected by the allelic state of 
HI genes. For example, when combined with ZmPLA1, the 
heterozygous ZmDMP was having low HIR as compared 
to homozygous ZmDMP. Similar reports for the different 
alleles of the same genes having different HIR were also 
reported for ZmPOD65 (Jiang et al. 2022). As a result, pro-
ducing an array of various mutations in predicted genes and 
screening them for their respective HIR could be a game 
changer in developing highly efficient HIS in both rice and 
wheat.

Prior to MTL, CENH3 was widely investigated for pro-
ducing haploid plants through genetic modifications. Fol-
lowing groundbreaking research in Arabidopsis (Ravi 
and Chan 2010), various changes have been made using 
transgenes, EMS-induced mutations (Kuppu et al. 2020), 
and genome editing (Wang and Ouyang 2022) to improve 
the HIR through CENH3-mediated approach. However, to 
the best of our knowledge, no study has reported an inter-
action between ZmPLA1 and CENH3 mutants. Studying 
the interaction between both of these genes can provide 
new insights into the mechanism of HI as the former is 
capable of inducing maternal haploids and the latter for 
paternal haploids. Moreover, stacking all three mutants 
(zmpla1 + zmdmp + zmpld3) along with the CENH3 gene 
might yield some exciting results. Genome editing appears 
to be the most ideal technique for exploring all these pos-
sibilities in rice and wheat.

Conclusion

The study has identified candidate orthologous genes 
for developing a HIS in rice and wheat. Using maize HI 
genes as a reference, several genes have been predicted 
by employing different in silico approaches. OsPLD1, 
OsDMP1, OsDMP2, and OsPOD6 in rice and TaPLD1, 
TaDMP3, TaDMP13, and TaPOD8 genes in wheat are pre-
dicted to possess similar function to the maize HI genes. 

The PLD and POD genes have shown direct association 
between there phylogenetic and expression analysis results, 
whereas the outcomes of DMP analysis suspect the presence 
of more than two DMP genes in both of the crops. Practical 
utilization of approaches like HI-mediated genome editing 
and synthetic apomixis can be expanded by high-frequency 
HIS. It can be enhanced by using an integrated approach 
of conventional and modern scientific techniques. Previous 
studies have established that genome editing can be used 
for the purpose of developing HIS in rice and wheat. So, 
CRISPR/Cas and its variants can be employed for targeting 
these genes. Additionally, different combinations of these 
genes can be targeted using multiplexed genome editing to 
understand the genetic mechanisms of HI in these crops.
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