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Abstract

Key message The review outlines past failures, present status and future prospects of hybrid wheat, and includes
information on CMS/CHA/transgenic approaches for male sterility, heterotic groups and cost-effective hybrid seed
production.

Abstract Hybrid varieties give increased yield and improved grain quality in both cross- and self-pollinated crops. However,
hybrid varieties in self-pollinated crops (particularly cereals) have not been very successful, except for hybrid rice in China.
In case of hybrid wheat, despite the earlier failures, renewed efforts in recent years have been made and hybrid varieties
with desirable attributes have been produced and marketed in some European countries. This review builds upon previous
reviews, with a new outlook and improved knowledge base, not covered in earlier reviews. New technologies have been
described, which include the Hordeum chilense-based CMS—fertility restorer system, chromosomal XYZ-4E-ms system and
the following transgenic technologies: (1) conditional male sterility involving use of tapetum-specific expression of a gene
that converts a pro-toxin into a phytotoxin causing male sterility; (2) barnase-barstar SeedLink system of Bayer CropScience;
(3) split-barnase system that obviates the need of a barstar-based male restorer line; and (4) seed production technology of
DuPont-Pioneer that makes use of transgenes in production of male-sterile lines, but gives hybrid seed with no transgenes.
This review also includes a brief account of studies for discovery of heterotic QTL, genomic prediction of hybrid vigour and
the development of heterotic groups/patterns and their importance in hybrid wheat production. The problem of high cost of
hybrid seed due to required high seed rate in wheat relative to hybrid rice has also been addressed. The review concludes
with a brief account of the current efforts and future possibilities in making hybrid wheat a commercial success.

Introduction

A hybrid variety is derived from a specific cross between
two good combiners. The superiority of hybrid varieties is
attributed to the phenomenon of hybrid vigour or heterosis,
Electronic supplementary material The online version of this which is often expressed in the form of higher yield and
article (https://doi.org/10.1007/s00122-019-03397-y) contains other desirable attributes (Koemel et al. 2004). The feasibil-
supplementary material, which is available to authorized users. ity of the development of hybrid varieties in crops, where
these have not been commercially exploited earlier, has
been an attractive area of research for plant breeders. Wheat
hybrids produced so far exhibited the following desirable
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2010; Miihleisen et al. 2014). In winter wheats, heterosis
has also been reported for tolerance against abiotic and
biotic stresses such as frost and diseases like leaf rust, stripe
rust, Septoria tritici blotch and powdery mildew (Longin
et al. 2013). Some other advantages include lodging toler-
ance and uniform plant establishment. Therefore, for hybrid
wheat, it may be desirable to pyramid multiple partially
dominant alleles of most favourable genes/QTL including
those involved in epistatic interactions (Gowda et al. 2013;
Zhao et al. 2013; Jiang et al. 2017). Studies conducted in
India also demonstrated that higher returns from hybrid
wheat can be achieved by small-holding farmers relative to
farmers with large-holdings (Matuschke and Qaim 2006).
Despite these widely known merits of hybrids, the hybrid
wheat kept on eluding plant breeders for almost half a cen-
tury, after its apparent initial promise in the early 1960s.
These initial unsuccessful programmes of hybrid wheat were
largely based on cytoplasmic male sterility (CMS), which
could not be exploited for production of commercial hybrid
wheat for a variety of reasons. However, fresh efforts for
utilization of T. timopheevi-based CMS and restorer systems
are being made at CIMMYT, and those involving Hordeum
chilense-based CMS system (msH]I) are being evaluated in
Europe; however, details of the recent progress using msH1
are not available.

Chemical hybridization agents (CHAs) have been suc-
cessfully utilized in recent years for inducing male steril-
ity in the female parents to be used for commercial hybrid
wheat production (see later for details). In recent years, some
wheat hybrids derived using CHA have been reported to give
10-20% yield advantage over the best available pure lines
(Gowda et al. 2012; Longin 2016). A number of promising
transgenic technologies have also been developed (see later),
which may be utilized for hybrid wheat production, as and
when the embargo on GMO is lifted.

During the last two decades, the global area under wheat
hybrids seems to be gradually increasing, although at a slow
pace, approaching the current level of ~0.2% (Longin et al.
2012, 2013). Competitive research programmes with ambi-
tious objectives are also in progress, suggesting a likelihood
of further expansion for hybrid wheat in Europe (particularly
in France and Germany), UK and USA over the next few
years. The plant breeders from private companies in four
European countries (France, Germany, Poland and Aus-
tria) have also established a new European alliance called
HYBALLIANCE to intensify research on hybrid wheat and
to develop efficient hybrid seed production systems (https://
www.ig-pflanzenzucht.de/en/news/hyballiance-first-europ
ean-hybrid-wheat-breeding-alliance).

Success and popularity of hybrid wheat that has recently
been witnessed in parts of Western Europe and elsewhere
is also evident from the following: (1) promising results
from the winter wheat variety ‘Hystar’ from Portugal and
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Germany (https://www.saaten-union.com/index.cfm/actio
n/varieties/cul/296/v/1501.html); (2) successful trials of
hybrid wheats in Turkey; (3) possible entry of hybrid wheat
in Ukraine, as evident from the recent interest of Saaten
Union Recherché (renamed as ASUR PLANT BREEDING);
(4) Syngenta’s ambitious program for developing hybrid
wheat for several countries including India (https://www.
thehindubusinessline.com/economy/agri-business/hybri
d-wheat-on-syngentas-pipeline-for-indian-market/article848
0449.ece); and (5) CROPCO’s program in UK for develop-
ing hybrid wheat (http://www.cropco.co.uk).

Several reviews on hybrid wheat have already been writ-
ten (Virmani and Edwards 1983; Pickett 1993; Mahajan and
Nagarjan 1998; Cisar and Cooper 2002; Zhou et al. 2006;
Singh et al. 2010; Kempe and Gils 2011; Longin et al. 2012;
Whitford et al. 2013; Singh et al. 2015; Mette et al. 2015).
These earlier reviews on hybrid wheat are mainly devoted to
mechanism of heterosis, pollination control, CMS-restorer
systems and reproductive biology. Except the brief review
by Mette et al. (2015), who discussed briefly the commer-
cial success of hybrid wheat, these earlier reviews do not
adequately address the recent success in commercialization
of hybrid wheat, since much of this information became
available rather recently and largely appeared in magazines,
bulletins, annual reports of seed companies and other media.

The present review builds upon previous reviews, with
a new outlook and improved knowledge base that was not
covered in earlier reviews. An effort has been made in this
review to collect information from research papers published
in journals and also from other reliable sources (bulletins,
magazines, new items, etc.) to provide an up-to-date infor-
mation on recent success and future prospects of hybrid
wheat production and its commercialization, albeit with a
word of caution. A brief account of the genetics of heterosis/
heterotic QTL, progress in genomic prediction of superior
hybrids, heterotic groups/patterns and their importance in
hybrid seed production has also been included. New tech-
nologies involving the use of transgenic approach (including
conditional male sterility, barnase-barstar SeedLink system
of Bayer CropScience, split-barnase system and DuPont’s
Seed Production Technology) are also covered with the hope
that one or more of these technologies may be utilized for
commercial hybrid wheat production in not too-distant a
future, when the regulatory system for GM technology no
longer remains a constraint. However, the mechanism of
heterosis, floral architecture, etc., will not be covered in this
review, since these have been adequately covered in earlier
reviews (Virmani and Edwards 1983; Pickett 1993; Singh
et al. 2010; Whitford et al. 2013).
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Hybrid wheat: a recent comeback

During the late 1990s and later, hybrid wheat made a come-
back. This became possible with the marketing authorization
of CHAs in the USA and Europe, and also due to renewed
interest in CMS in different parts of the world including
India, China and Mexico (CIMMYT).

Hybrid wheat in Europe and USA

Starting in the 1990s, > 60 hybrid wheat varieties have been
marketed in Europe and USA, with majority of varieties
released in Europe (for more details see later). According
to some reports, the area under hybrid wheat in Europe
increased from ~ 100,000 ha in 2002 to 560,000 ha in the
year 2017-2018 (Fig. 2; (http://www.bcwagric.co.uk/
hybrid_wheat; actual area occupied by hybrid wheat in
2018-2019 was not available).

In the USA, three companies (BASF, AgriPro Syngenta
and DuPont-Pioneer) are focusing on development of hybrid
wheat (http://www.westernfarmerstockman.com/wheat/
march-hybrid-wheat). In the public sector, wheat breeders
from Texas A&M AgriLife Research and the University of
Nebraska-Lincoln in the USA are making joint efforts to
develop hybrid wheat varieties. The project aims at mak-
ing integrated use of CHA, breeding, phenotyping, genomic
selection, QTL mapping and establishment of heterotic pools
to help generate a knowledge base and germplasm resources
for successfully launching of hybrid wheat industry in USA
(https://today.agrilife.org/2016/12/19/hybrid-wheat-breed
ing-gets-almost-1-million-usda-investment/).

Hybrid wheat in India

In 2009, ICAR in India initiated a network project on hybrid
wheat using CMS approach, but no hybrid varieties could be
developed (Singh et al. 2010). Among some private compa-
nies, Mahyco (a Maharashtra-based Hybrid seed company)
released two wheat hybrids (Pratham 7070 and Pratham
7272) in 2002 using CMS system for cultivation under low-
input conditions of central and peninsular India. Although
these hybrid varieties occupied > 60,000 acres in six states
by 2004 (Zehr 2001; Matuschke and Qaim 2006), they could
not compete with newly developed high-yielding pure-line
cultivars and were therefore discontinued.

The current focus in India is on the development of
hybrid wheat for favourable environments of North-West-
ern Gangetic plains with the hope of getting higher yields.
Some private companies like Syngenta are also making
investments for development of hybrid wheat varieties
for the main wheat growing and marginal areas. Syngenta

claims that they should be able to release their first hybrid
wheat variety in India as early as 2020 or little later (https
://[www.thehindubusinessline.com/economy/agri-business/
hybrid-wheat-on-syngentas-pipeline-for-indian-market/artic
1e8480449.ece), although nothing is visible on the surface
to suggest that it will be possible. Therefore, it may take
much longer than anticipated for hybrid wheat to reach the
commercial level in India, particularly keeping in view the
slow progress witnessed even in the commercialization of
hybrid rice, for which major success has been witnessed in
the neighbouring country China.

Hybrid wheat in China

In China, efforts for developing hybrid wheat cultivars
started during the late 1980s and several experimental
hybrids with significant heterosis were developed using
CMS and CHA systems (Aimin et al. 2001). So far> 50
wheat hybrids with 10-20% gain in yield have been devel-
oped; of these, the following seven hybrid varieties were
also approved through national and provincial yield trials:
Jingmai 6, Jingmai 7, Mianyang 32, Mianzamai 168, Yunza
3, Yunza 5 and Yunza 6. During 2009-2012, hybrid wheat
varieties in China were grown on ~ 66,700 mha for dem-
onstration with an average yield improvement of 15.7% in
11 provinces. Encouraged by this success of hybrid wheat
breeding, ‘Beijing Engineering Research Centre for Hybrid
Wheat’ under the ‘Beijing Academy of Agriculture and
Forestry Sciences’ (BAAFS) and ‘China Seed’ established
a hybrid wheat company in 2011 and forged cooperation
with Pakistan, Uruguay and the Netherlands (http://www.
sinochem.com/en/s/1569-5518-18020.html). Two hybrid
varieties (Beijing Wheat nos. 6 and 7), developed by the
BAAFS, were also successfully tested on a pilot scale in
2012 in Pakistan with the expectation of the potential to
increase local wheat production by 50% (https://nation.com.
pk/22-Feb-2012/china-s-hybrid-wheat-to-bloom-in-pakis
tan). Using PGTMS system, China and Pakistan are also
apparently cooperating for development of water-efficient
and drought-tolerant hybrid wheat varieties (https://www.
researchgate.net/project/Development-of-water-efficient-
hybrid-wheat-for-Pakistan-and-China). However, these
reports could not be substantiated by independent enquires
and the targets appear to be too ambitious to be met (per-
sonal communication of AK Joshi with wheat breeders in
China and Pakistan).

Hybrid wheat at CIMMYT

During the 1990s, hybrid wheat program was reinitiated
through a CIMMY T-Monsanto joint collaboration effort,
where ‘Genesis’ was used as a gametocide in 1996 (ear-
lier programme involving 7. timopheevii CMS females and
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restorer males that was started in 1962, was discontinued
prematurely). During 2002-2004, there was a revival of
interest in CMS/Rf system; this interest also did not survive
long enough to develop any product.

During the present decade (starting 2010), with the
renewed interest in hybrid wheat among global wheat
community, CIMMYT decided to take up hybrid wheat
programme once again as one of the strategic research
priorities. A new collaboration on hybrid wheat research
was announced in 2011 between CIMMYT and Syngenta
in order to investigate the extent of heterosis in CIMMYT
spring wheat germplasm. This was facilitated by the intro-
duction of Australian wheat hybrids developed and mar-
keted during the 1990s. As a result of this effort, more than
5000 CHA-based hybrid combinations were produced and
evaluated in Mexico and also in India. With the progress
in restorer breeding and CMS-line development, CIMMYT
also started testing CMS hybrids once again (for details,
see below).

Male sterility and restoration of fertility

For hybrid seed production programme in any crop, female
parent has to be male sterile, unless manual emasculation
is economical (as in some vegetable crops). This is mainly
achieved through any of the following approaches: (1) cyto-
plasmic/genetic male sterility (including YA-type CMS);
(2) artificial induction through chemical hybridization agent
(CHA) or photoperiod/temperature treatment; (3) genetic
male sterility; (4) chromosomal sterility. Considerable
research has gone into the study of these approaches; the
progress made so far will be briefly reviewed in this section.

CMS and fertility restoration (three-line A-B-R
system)

A three-line hybrid wheat seed production program consists
of the following three lines: (1) line A, the female parent,
which should be male sterile; (2) R line, the male parent
carrying one or more fertility restorer genes (Rf genes); and
(3) line B, the maintainer, which is fertile, but genetically
similar to CMS female (A-line). Details of different aspects
of CMS-based hybrid production system are available in sev-
eral earlier reviews (Castillo et al. 2014; Singh et al. 2015);
only a brief account is included here.

CMS systems derived from alien species

At present, as many as > 70 different cytoplasms are known,
which induce cytoplasmic male sterility (CMS) in wheat
(see Singh et al. 2010). In recent studies, four new alien
male-sterile cytoplasms (Ae. kotschyi, Ae. uniaristata, Ae.
mutica and H. chilense) were discovered (Martin et al.
2008, 2010; Tsunewaki 2015; Hohn and Lukaszewski 2016;
Lukaszewski 2017). These CMS systems have been placed
in eight different types (Table 1). Of these CMS systems, 7.
timopheevii (T-type) and Hordeum chilense (msH) systems
are the focus of current attention. YA-type CMS systems is
another newly discovered system, whose potential is yet to
be recognized. Therefore, these three systems, which may be
used in future for economical hybrid seed production with-
out the use of chemicals, will be briefly described.

T. timopheevii CMS system. T. timopheevii CMS system
for hybrid seed production in wheat is considered to be the
best among the available CMS systems. Therefore, it has
been most widely used for production of hybrid wheat and
hybrid triticale (Mukai and Tsunewaki 1979; Adugna et al.
2004; Singh et al. 2010; Wiirschum et al. 2017a, b). But
fertility restoration in lines carrying timopheevii cytoplasms
has often been partial, so that pyramiding of two or more Rf
genes in the same male parent was considered a necessity.

Table 1 Types of CMS based on source of cytoplasm contributing to male sterility

Type of CMS Species contributing male-sterile cytoplasm Reference

1. T-type T. timopheevi Wilson and Ross (1962)

2. K-type Ae. kotschyi Boiss Mukai and Tsunewaki (1979)

3. V-type Ae. variabilis Mukai and Tsunewaki (1979) and Lucken (1987)

4. D%-type Ae. crassa Murai and Tsunewaki (1993)

5. Nian type A. kotschyi, A. variabilis, A. ventricoca, and A. bicornis Niu et al. (2003)

6. AL-CMS Triticum aestivum L. alborubrum Korn Xiaoke Zhang, Northwest, A and F University,
Yangling, Shaanxi, China, personal communi-
cation

7. YA-type Triticum asetivum var. CA805 Liu et al. (2006)

8. msH1 Hordeum chilense Martin et al. (2008, 2010)
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This became possible through the use of associated molecu-
lar markers (see below). CIMMYT in collaboration with
Syngenta also initiated a programme of testing hybrids pro-
duced using T. timopheevii CMS system. They produced
multiple restorer lines, each with up to 2—4 Rf genes using
linked molecular markers, which are proprietary to Syn-
genta. Some of these restorer lines gave 100% fertility resto-
ration in F, hybrids across multiple environments, including
Mexico and India. Recent data (2017-2018) from CIMMYT,
Mexico, showed that the F; hybrid wheat seed production
involving timopheevii-based CMS system [involving 45
improved restorers (R-lines) and 5 CMS-A lines] was supe-
rior than the chemical-hybridizing agent (CHA)-based sys-
tem (involving 5 improved restorer males and 100 females)
(Fig. 1). This preference for CMS system is sometimes also
attributed to CHA-phytotoxicity that was witnessed in the
female reproductive organs. Therefore, T. timopheevii CMS
system may eventually be used at commercial scale for pro-
ducing cheap and good quality hybrid seed relative to that
produced using CHA.

Hordeum chilense CMS (msH1) system. For hybrid wheat,
a novel CMS system (msH1) derived from Hordeum chil-
ense and the corresponding restorer line in the form of a
Robertsonian translocation (6H".6DL) also became avail-
able (Martin et al. 2008, 2010). This msH1 system has the
following unique and attractive characteristics: (1) stable
and complete male sterility, (2) effective in wide range of
varieties, (3) normal flower morphology, (4) some delay in
flowering and height reduction.

A major effort in Europe was started in order to exploit
the above H. chilense CMS-restoration system for devel-
oping an effective and commercially viable hybrid wheat
production system. For this purpose, three private compa-
nies (Agrasys SL, Spain, Saaten Union Biotech GmbH and
affiliates, Germany, Saaten Union Recherche SAS, France),
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Fig.1 Hybrid seed yield of the wheat produced using chemical-
hybridizing agent (CHA) and T. timopheevii-based CMS system

and two public institutions [CSIC Instituto de Agricultura
Sostenible (IAS), Spain, and University of Tras-os-Montes
and Alto Douro, Portugal] had started an industry-led alli-
ance, namely HY-WHEAT Plant KBBE III. The project
initially included the following activities: (1) characteri-
zation of msHI CMS lines under different environments;
(2) characterization of Rf lines in different adapted genetic
backgrounds in different locations; (3) reduction in the size
of 6HM chromosome segment containing Rf gene; (4) devel-
opment of molecular markers for monitoring the CMS and
Rf genes during breeding. However, no details of the recent
progress of this project are available.

YA-type CMS. The YA-type CMS system is based on
a cytoplasmic mutant derived from the common Chinese
wheat variety ‘CA805’ and was discovered and developed
at The Institute of Genetics and Developmental Biology in
Beijing, China. This CMS system was later transferred to
several Chinese wheat cultivars. Another genotype GR1
that was initially used as the restorer carried two restorer
genes (YARfI, YARf2) along with some minor genes. The
restoration system was later transferred to as many as 26
different cultivars to be used in hybrid wheat programme.
The YA-type CMS was initially shown to have potential for
hybrid wheat breeding (Liu et al. 2006), although during
the last more than one decade, there is no report on the pro-
gress towards utilization of this system for hybrid wheat
production.

Genetics of CMS-restoration system (Rf genes)

Eight Rf genes (RfI-Rf8) for timopheevii-based CMS sys-
tems are known and are located on the following wheat chro-
mosomes: 1A, 7D, 1B, 6B, 6D, 5D, 7B and 2D (Schmidt
et al. 1962; Robertson and Curtis 1967; Yen et al. 1969;
Bahl and Maan 1973; Maan et al. 1984; Tahir and Tsunewaki
1969; Mukai and Tsunewaki 1979; Du et al. 1991; Zhou
et al. 2005; Sinha et al. 2013). Five of these Rf genes (Rf],
Rf2, R4, Rf5 and Rf7) had their origin in T. timopheevii
(Livers 1964; Bahl and Maan 1973; Ma and Sorrells 1995;
Yen et al. 1969). Out of the remaining three Rf genes, Rf3
was discovered in T. spelta var. duhamelianum (Kihara
and Tsunewaki 1966) and Rf6 and Rf8 were discovered in
wheat (Bahl and Maan 1973; Sinha et al. 2013). So the Rf
genes for timopheevi-based CMS are not only available in
T. timopheevii but are also available in other related species.

Rf"™ and I1BL.IRS translocation. In addition to the
above eight Rf genes, another Rf gene called Rf™!" was also
discovered, when it was found that the male sterility due to
cytoplasms from Ae. kotschyi, Ae. mutica and Ae. uniaristata
was manifested in only those wheats, which lacked the arm
IBS, as is the case of wheat cultivars carrying 1BL.1RS
translocation. Sometimes, even the gene Rf3 failed to restore
the fertility of male-sterile lines carrying the cytoplasm of
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any of the above three Aegilops species. This suggested that
perhaps 1BS carries a fertility restorer gene, which is effec-
tive against multiple cytoplasms; it was therefore named
Rf™!_ This gene was assigned to a 2.9-cM segment on 1BS
through the use of a number of 1BS/1RS recombinant lines
(Tsunewaki 2015). Later Hohn and Lukaszewski (2016)
created a chromosome 1B, with~2.8-cM-long insert
from rye arm 1RS that replaced a 1BS segment carrying
Rf™" Jocus. This product with 1B, ., gave complete male
sterility, suggesting that the gene Rf™“" was interacting with
the cytoplasm of all the four species including that from
T. timopheevii. The segment carrying Rf™!" was later nar-
rowed down to a single marker. Lukaszewski (2017) later
created additional recombinant 1B chromosomes (1B25:6
and 1B35:6) carrying a very small 1R segment replacing
R™i and 1R chromosomes with R™, to study further the
segment carrying Rf™",

Interaction among Rf genes. Interactions among Rf genes
have also been reported. For instance, an interaction between
RfI (1BS) and Rf4 (6B) was demonstrated by Geyer et al.
(2018). In some cases, individual major Rf genes along with
modifier genes have also been shown to restore complete
fertility (Kihara and Tsunewaki 1967; Bahl and Maan 1973;
Kojima et al. 1997; Geyer et al. 2018). A major gene Rfv]
(in heterozygous condition) on 1BS and some minor genes
from Chinese Spring (CS) and other common wheat geno-
types restored complete fertility of Ae. kotschyi and Ae. vari-
abilis cytoplasms; this was considered to be an advantage
of these two cytoplasms over the 7. timopheevii cytoplasm
in hybrid wheat breeding (Mukai and Tsunewaki 1979). In
addition to the above, two independent major genes (D’ RfI,
D? Rf2) and some minor genes were reported to control the
fertility of D>-CMS lines containing cytoplasm of Ae. crassa
(Liu et al. 2002). Candidate genes for RfI and Rf3 have also
been validated in collaboration with IPK, Gatersleben, Ger-
many (Manuel Geyer, personal communication). However,

a common feature among all Rf genes is that each Rf gene
seems to encode a protein carrying a common degenerate
motif called a pentatricopeptide repeat (PPR) (for details,
see Whitford et al. 2013).

Molecular markers for Rf genes

Restoration of fertility in CMS lines due to individual Rf
genes may be partial and is also influenced by the environ-
mental factors (Ma and Sorrells 1995). Therefore, for effi-
cient transfer of individual Rf genes and their pyramiding,
molecular markers associated with several Rf genes have
been developed using linkage/QTL analysis; some of these
markers are tightly linked with a genetic distance as low as
0.4 cM (Table 2).

Among all Rf genes, Rf3 received the major attention.
Initially, it was shown to be associated with the SNP marker
IWB72107 (Geyer et al. 2016), which was later converted
into a cleaved amplified polymorphic sequence (CAPS)
marker CAPS_IWB72107. Using this CAPS marker, Rf3 was
mapped in four populations involving different wheat and
spelt restorers (PR143, Badenkrone, Badenstern and Schwa-
benspelz). The distance between Rf3 and the marker ranged
from 0.4 to 2.3 cM, suggesting tight linkage, indicating its
suitability for use in marker-assisted selection for pyramid-
ing of Rf3 gene on to other Rf genes. Closely linked markers
for other Rf genes (including Rf2, Rf5, Rf6 and Rf7) may
also be developed in future. Currently, CIMMYT, Mexico,
is developing new molecular markers for different Rf genes,
and the linked markers will be available in public domain
in the near future. Molecular markers for Rf genes for CMS
systems involving male-sterile cytoplasms belonging to Ae.
crassa, Ae. kotschyi, Ae. mutica and Ae. uniaristata have also
been developed, although these systems are not considered
as important as timopheevii-based CMS system for hybrid
seed production.

Table 2 Details of fertility restorer (Rf) genes (with sources of male-sterile cytoplasms) and their linked markers

Rf gene (chromosomal location)/
source of sterile cytoplasm

Linked marker (s)/distance from Rf gene

References

D2RfI (1BS)/Ae. crassa

Rf™! (1BS)/Ae.kotschyi, Ae.mutica,
Ae.uniaristata

RfI (1A)/T .timopheevi
Rf3(1BS)/T.timopheevi

E09-SCARg5.; (9.5 cM)
S-6/Xucr-5 (2.9 cM segment)

Xbcd249, Xcdod42

Xcdo388 (1.2 cM), Xabc156 (2.6 cM)

Xbarc1207, Xgwmli31, Xbarc61

S$10067637, S100069923, S3045222 (3.0 cM closest marker)
CAPS_IWB72107IWB72107 (0.4-2.3 cM co-segregating)

Rf4 (6BS)/T.timopheevi
RfS8 (2DS)/T.timopheevi

Xksug48

AX-94682405, AX-94501544 (within support interval of QTL)

(Xwmc503, Xgwm2962, Xwmcl12) (3.3-6.7 cM)

Li et al. (2005)
Tsunewaki (2015)

Geyer et al. (2018)

Ma and Sorrells (1995)
Kojima et al. (1997)

Zhou et al. (2005)
Wiirschum et al. (2017a, b)
Geyer et al. (2016)

Ma and Sorrells (1995)
Sinha et al. (2013)
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Table 3 Limitations of CMS systems associated with hybrid wheat production

Limitations of CMS systems

Reference

(1) Low levels/no heterosis; high cost of seed production due to maintenance

of A, B and R lines
(2) Unstable/incomplete male sterility

(3) Tendency towards pistilloidy and meiotic instability in advanced genera-

tions

Murai (1992), Mette et al. (2015)

Liu et al. (1997), Murai (1992) and Murai and Tsunewaki (1993)
Maan and McCracken (1968)

(4) Limited options for sources of Rf genes and incomplete fertility restoration Wilson (1984), Zhang (1992), Guan et al. (2001), Liu et al.

(5) Susceptibility of un-pollinated florets of male-sterile lines to infections by

(2002) and Geyer et al. (2018)
Mantle and Swan (1995)

ergot (Claviceps purpurea Tul.), thus compromising the quality of hybrid

seed

Table 4 Important attributes of
a good chemical-hybridizing
agent (CHA)

1. Selective induction of pollen sterility; no effect on female fertility
2. Persistence of the effect to sterilize both early and late flowers on the same plant

3. A reasonably wide window of application period to overcome the effects of adverse weather and differ-

ent stages of crop growth

4. Sufficient flexibility in the time of safe application

5. Sterility with a single application; no need of repeat application(s)

6. No adverse effect on F, seed quality/F, seedling and plant vigour

7. No undue hazard (e.g. phytotoxicity or mutagenic effects) to plants or to the environment

8. Effectiveness across several genotypes, and economics of using CHA-induced male sterility

Limitations of CMS systems in hybrid seed production

The cytoplasms of T. timopheevii, Ae. variabilis, Ae. kotschyi
and Ae. crassa are known to have some limitations (Table 3).
In particular, the CMS lines developed in wheat cultivars
carrying 1BL/1RS translocation have poor fertility resto-
ration and also produce haploids. These limitations have
largely been overcome through selection against 1BL/1RS
translocation (Xiyue et al. 2002). The Rf genes have also
been reported to show low penetrance and expressivity in an
array of genetic backgrounds. Also, the CMS-based hybrid
seed suffers from the problems of kernel shrivelling/low test
weight and low germination (Geyer et al. 2018).

Despite the above limitations, there are several scattered
reports of commercial cultivation of CMS-based hybrid
wheats. A notable example is the production of hybrid
wheats in China using T. Timopheevii- and Ae. kotschyi-
based CMS, albeit on a very small scale (Longin et al. 2012;
Tsunewaki 2015); in this report also, T. timopheevii-based
CMS has been found to be more promising and has been
utilized more often for producing successful hybrids.

Induced MS and two-line system, using CHA,
photoperiod and temperature

As is widely known, the following four two-line systems
are available for inducing male sterility for the purpose of
hybrid seed production, although not all of them have been

Table5 List of some chemical-hybridizing agents (CHAs) used for
hybrid seed production in wheat

CHAC(s) Reference/Company/website

1. Ethaphon, gibberellin and RH531 http://www.fao.org/docre
p/006/y4011e/y4011e0c.

htm

2. RH-0007 (Hybrex) McRae (1985)

3. Genesis™ (Clofencet) and ‘Croiser® Monsanto and DuPont;
100° Parodi and de los Angeles
Gaju (2009)

utilized in wheat: (1) chemical-hybridizing agent (CHA)-
induced male sterility; (2) photoperiod-sensitive cytoplasmic
male sterility (PCMS); (3) thermo-sensitive recessive male
sterility (TGMS); (4) photoperiod and temperature-sensitive
genic male sterility (PTGMS). A brief account of each of
these systems is included here.

CHA-induced male sterility

In general, a good CHA should have the attributes listed in
Table 4 (Liable 1974; Pickett 1993; Virmani and Edwards
1983; Kempe and Gils 2011). The different CHAs that
have been tried for production of hybrid wheat are listed in
Table 5. The first generation of chemical compounds tested
as CHA included Ethaphon, gibberellin and RH531, which
were associated with problems of inadequate level of male
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sterility associated with female sterility and high level of
phytotoxicity; these negative attributes did not allow their
use at any measurable scale. The second generation of CHA
compounds included RH-0007 (Hybrex) as the most impor-
tant CHA, which produced 95-100% male sterility in a wide
spectrum of winter and spring wheats, so that it was widely
used in commercial hybrid wheat production both in Europe
and USA. However, its association with reduction in hybrid
seed quality discouraged its use for any long-term basis.
During the 1990s, two novel CHAs, namely ‘Genesis™’
(marketed by HybriTech-Monsanto) registered as Clofencet
by the US Environmental Protection Agency (EPA) (Parodi
and de los Angeles Gaju 2009) and ‘Croiser® 100” (mar-
keted by DuPont-Hybrinova, Saaten Union, Germany), were
authorized and are currently used in Europe; Croiser® 100
is currently the most widely used CHA. These CHAs fulfil
some of the attributes of a good CHA listed in Table 4.
Using CHAs, a number of commercially viable hybrid
wheat cultivars were developed and released for commer-
cial cultivation during the 1990s and thereafter (www.
hybridwheat.net). In 1994, the first hybrid ‘Hpo-Precia’
was released in France by Hybrinova (then of DuPont), and
‘Domino’ was released in the USA by HybriTech-Monsanto
(for more hybrid varieties, see Table 6). In 1999, the seed

Table 6 A list of hybrid wheat cultivars released during 1990-2014

company Nordsaat Saatzucht GmbH released ‘Hybnos1’ as
its first hybrid wheat in Germany. However, in 2003-2004,
the interest in hybrid wheat picked up again, and sales of
hybrid wheat seed were re-launched in several European
countries including France, Germany, UK, Poland, Czech
Republic, Hungary, Portugal, etc. In the meantime, market-
ing of ‘Croiser® 100" and Sintofen’ (the active ingredient of
Croiser® 100) was also authorized in Europe. As a result, the
area occupied by hybrid wheat in Europe steadily increased
and approached 400,000 ha in 2016 (Fig. 2), which increased
to 565,000 ha (1,400,000 acres) in 2018 (http://www.bcwag
ric.co.uk/hybrid_wheat).

Photoperiod-sensitive cytoplasmic male sterility (PCMS)

The cytoplasm of Ae. crassa is sensitive to a long photo-
period (> 15 h), which causes male sterility, and was there-
fore considered useful for hybrid wheat programmes (Murai
and Tsunewaki 1993). In this system, the genotype to be
used as female parent will be fertile under short-day (SD),
i.e.<14.5 h or less, but male sterile under LD conditions,
so that female line will have to be maintained through self-
pollination under SD conditions and hybrid seeds will be
produced under LD conditions using a suitable pollinator

Hybrid wheat variety and year of release (wher-  Features

ever available)

Developing company

Hyno-Precia (1995)
Domino (1995) -

Quantum 542 (1996); 566, 579, 7501, 7510
(1996); 708, 7406, 7460 (1997)

Quantum 7460 (1997)
Quantum 7406 (1997)
Quantum 7504 (1998)

High yielding

ent yield

quality
Quantum 7817 (1999)
yield
Hstar (2007); Hyland; Hybred; Hytech (2011);
Hybery (2010); Hysun (2003); Hyxo; Mymac
(2006); Hyxtra (2011); Hyxpress (2011); Hyfi
(2013); Hyrise (2013); Hypod (2012); Hyspeed
(2014); Hywin (2014); Hyxtrem (2014); Hylu
(2014); Hybiza (2014); Hycrop (2014)

Hard red winter wheat hybrids, high and consist-

Higher yields, suitable for Southern Great Plains
Winter hardy, improved straw strength
Leaf rust/blight resistant; best milling and baking

Soft white winter wheat with high and consistent

Mostly high yield/adaptability; disease resistance;
early, medium or late maturity; good baking and
grain quality; stiff straw Rep

Hybrinova, France
HybriTech Seed Intern’l, France
HybriTech Seed Intern’l, USA

HybriTech Seed Intern’l, USA
HybriTech Seed Intern’l, USA
HybriTech Seed Intern’l, USA

HybriTech Seed Intern’l, USA

Saaten Union, France, Hungary, Ger-
many, Poland, Romania, UK, Czech

Hylux, Hyguardo, Hyberry, Hybiza, Hyspeed,
Hyxtrem, Hylux, Hystar, Hybello A, Hybery
B, Hybred B, Hyclick A, Hydrock A, HyFi B,
Hyguardo B, HykingA, Hyland C, Hylux B,
Hymac B, Hynergy B, Hyspeed A, HystarB,
HyteckC, HyventoA, Hywin A, Hyxpress B,
Hyxtra B

Hystar, Hyteck

High yielding, early/medium maturity; all-round
disease resistance; some, also medium- to soft-
textured; some are baking wheat, feed wheat,
biscuit and feed wheat, quality wheat; Hyspeed,
Hyxtrem, Hylux are resistant to Fusarium wilt
and suitable for northern France

High tillering; poor disease resistance; medium-/
early maturity soft-textured, grown in Scotland
and North England

Saaten Union, UK, Zuchtung ist Zukunft

Saaten Union, UK
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Fig.2 Area occupied by 450
hybrid wheat in France during
2002-2016 400
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(Murai 2002; Murai et al. 2002, 2016). The PCMS system is
based on two kinds of fertility restorer systems, one involv-
ing a number of Rf genes and second controlled by a single
dominant major Rf gene (rfd1). PCMS system in Chinese
Spring has been shown to be associated with at least 20
modifiers (Murai and Tsunewaki 1993).

Thermo-sensitive recessive male sterility (TGMS)

Some wheat varieties are known to carry genes that render
them male sterile under conditions of reduced temperature
(Qian et al. 1986; reviewed in Sun et al. 2001). A spontane-
ous TGMS mutant BS20-T was recovered in a commercially
grown wheat variety BS20 in China. The TGMS line (B20-
T) is completely sterile when temperatures are < 10 °C and
completely fertile in temperatures > 13 °C. The TGMS is
controlled by a recessive gene tmsBS20T located on chromo-
some 2BL flanked by SSR loci Xgwm403 and Xgwm374 at
genetic distances of 2.2 and 4.5 cM, respectively (Ru et al.
2015). Apart from the above, the recessive TGMS gene
wtmsl on 2BL from line 3378 is also known (Xing et al.
2003). This gene is located within an interval of 11.3 cM
from the SSR marker Xgwm374 and is associated with an
AFLP marker E:AAG/M:CTA163. However, there is no
report of successful application of TGMS for hybrid wheat
breeding.

Photoperiod and temperature-sensitive genic male sterility
(PTGMS)

PTGMS in wheat was also reported from China for use
in winter wheat hybrid breeding programmes (Changping
2013). The PTGMS is controlled by two major genes,
which exhibit interaction with the genetic background.
Close association between the expression of PTGMS and
the small RNA was also demonstrated. About 5000 PTGMS

2015 2016
Year

germplasm sources of BS series (Beijing, PTMS) and CS
498 series (Chongqing, Sichuan and Yunnan) have been
reported. These lines are 100% sterile and were grown for
seed production on 5000 acres. They produce up to 3.75
tons/ha hybrid seed and were successfully used for devel-
opment of seven PTGMS hybrids that were approved by
national and provincial governments in China (https:/www.
cimmyt.org/news/visitors-discuss-hybrid-wheat-in-china).
Around 1000 PTGMS genotypes are also available with full
intellectual property rights (Changping 2013). Despite this
encouraging performance of PTGMS, no commercial wheat
hybrid has so far been produced using this system in any
country other than China.

Genetic male sterility (GMS)

Genetic male sterility has never been exploited for commer-
cial hybrid wheat production, although at least five nuclear
genes for male sterility are known in wheat; three of these
are dominant genes, namely Ms2 (4DS), Ms3 (5AS) and Ms4
(4DS) (McIntosh et al. 2013; http://www.shigen.nig.ac.jp/
wheat/komugi/genes/symbol ClassList.jsp). The remaining
two genes, msl (4BS) and ms5 (3AL), are recessive, with
six allelic mutants of ms/ (reviewed in Singh et al. 2015).
The maintenance of male-sterile parent is achieved through
a heterozygous male fertile population (Hermsen 1965), but
this is not a desirable option since the female parent must
not segregate for fertility in the hybrid seed production field.
The problem becomes difficult since hand-roguing of fertile
segregants is uneconomical and not suitable for commercial
production of hybrid seed.

Among the above five genes, Ms2 is a spontaneous muta-
tion in common wheat ‘233’ (Liu and Deng 1986), which
was discovered in Taigu County in China. Details of using
Taigu wheat in China are well documented in a Chinese book
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titled “Use of Taigu Male-Sterile Wheat in Wheat Breeding”,
published in 1995 (He et al. 1995). The wheat lines carry-
ing Ms2 gene are 100% male sterile and are called as ‘Taigu
genic male-sterile wheat’. Ms2 gene was recently cloned
using map-based cloning and transcriptome approaches in
China. The gene encodes for an orphan protein that confers
male sterility in grass species (Ni et al. 2017). The gene Ms2
was exploited in the past for recurrent selection schemes
during conventional wheat breeding programmes in China
(Yang et al. 2009). Ni et al. (2017) proposed the potential
of this gene for a high-throughput hybrid seed production
involving the following steps: (1) transformation of a desir-
able wheat line with a cassette composed of two linked genes
(Ms2 plus an aleurone-specific gene for pigmented seeds)
which will result into a male-sterile line (A) with pigmented
kernels. (2) The A-line will be maintained by inter-crossing
with the non-transgenic parental line originally used for
transformation; the derived seeds will be subjected to optical
sorting to separate pigmented seeds (50% male sterile) and
the regular seeds (50% male fertile). (3) The progeny of the
pigmented seeds will be used as male-sterile female parent
and crossed with an elite male parent. The F, seed will be
subjected to optical sorting, so that pigmented seeds (male
sterile) will be used as feedstock and the regular F, seed will
be used for raising a wheat hybrid.

Another potential use of genetic male sterility in hybrid
seed production in wheat was proposed by Tucker et al.
(2017). They cloned the gene Ms! through map-based clon-
ing. The gene encodes lipid transfer protein (glycosylphos-
phatidylinositol) necessary for the development of pollen
exine. The gene MsI complements with the EMS-induced
msdl male-sterile mutant and completely restores the fertil-
ity. It was thus proposed that MsI gene may be employed
in a hybridization platform similar to the maize SPT where
non-transgenic F; hybrid is produced using a transgenic
genetic male sterility system (see later).

Chromosomal male sterility (ChMS):
XYZ-4E-ms system

This system involves the use of three lines (X, Y and Z) for
production of a male-sterile line to be used as female par-
ent in hybrid seed production; the male parent could be any
elite wheat cultivar and will have nothing to do with XYZ
system. All the three lines are homozygous (msi/ms1) for
the recessive allele for male sterility, located on 4BS chro-
mosome. Additionally, an alien chromosome 4E from Agro-
pyron elongatum, carrying dominant allele Ms/ (suppressing
the activity of ms1), is also involved. In XYZ-4E system, X
line has two doses (Ms1/Msl), Y has one dose (Msl/-) and
Z having 0 dose (—/-) of the alien chromosome (4E) as an
addition to the normal complement (Zhou et al. 2006). Due
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to the presence of MsI on chromosome 4E, X and Y lines
are fertile, but the Z is male sterile (msl/msl) due to the
absence of chromosome 4E (Whitford et al. 2013) (Supple-
mentary Fig. 1). X line will be true breeding, while Y line on
selfing will segregate into three types [3% fertile disomic 4E
addition X line (line X), 33% monosomic 4E addition line
(line Y) and 64% male sterile (line Z carrying no 4E)]. Seed
that is monosomic for 4E (Ms1) (Y line) is identifiable by
light blue aleurone (Ba), which is used (selfed) again for the
production of male-sterile Z line, whereas disomic seed (X
line) is identifiable by a dark blue colour and is discarded.
Alien chromosome 4E is poorly transmitted through the
male germ line, when plants monosomic for 4E are selfed,
resulting in 64% white-seeded male-sterile progeny (Z line),
which is used as male-sterile female line in the hybrid seed
production field. A good combiner elite wheat line is used
as the male parent. In this manner, XYZ system is also a
convenient source of pure genetic male-sterile line, which
is otherwise difficult to produce using genetic male sterility
system (GMS). In future, the ChMS system may be used for
commercial hybrid seed production.

Although the 4E-ms system was initially reported to be
successful in enabling the production of a male-sterile seed,
but later it was observed that there existed some residual pol-
len transmissibility of chromosome 4E that allowed selfing
and seed set within the male-sterile plants; as a result, the
seed harvested from the female parent would be a mixture of
selfed and hybrid seed. Based on the cloning and characteri-
zation of Ms1 and majority of its mutants, it is now believed
that it will be possible to bulk a male-sterile female-inbred
seed (msl/msl), as is the case for SPT in maize. If this
becomes possible, it will be a major cost-saving for hybrid
seed production and can overcome the seed purity issues
inherent to the 4E-ms system. The development of SPT for
wheat could become possible by combination of three tech-
nologies: the availability of a functional a-amylase gene for
wheat pollen disruption, a seed-selectable marker and the
ability of the TaMsI gene sequence to completely restore
viable pollen production in ms/ plants (Tucker et al. 2017).

In ChMS system, the male parent need not contain fertil-
ity restoration system, so that no fertility restoration problem
is encountered, which is generally associated with CMS.
For ChMS, male parents for hybrid seed production can be
designed to carry resistance genes for different diseases.
These resistance genes may also be carried in the form
of translocated alien segments bearing genes for disease
resistance.

Although ChMS system looks attractive, following are
some of the limitations of ChMS system: (1) the female par-
ent will have to be msi/msl, so that msI allele for male ste-
rility will have to be transferred to the desired female parent;
(2) the desired male parent will have to be converted into
monosomic alien addition line carrying alien chromosome
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4E with dominant allele Ms/. These limitations will cer-
tainly discourage the use of ChMS system on a large scale
involving use of diverse genotypes for hybrid seed produc-
tion in wheat.

Transgenic technology for hybrid wheat

Commercial hybrid seed production using CHAs suffers
from the following two major limitations leading to finan-
cial losses: (1) CHA treatment of the female parent may
compromise seed production (Adugna et al. 2004); (2) CHA
treatment needs to be given within a narrow window due to
environmental factors, such as rain, wind and heat (Pickett
1993; Cisar and Cooper 2002). Several transgenic technolo-
gies that have been developed to overcome these limitations
are described in this section, although there are following
limitations associated with transgenic approach also. (1)
Transgenic technologies demand additional tools, such
as seed sorting using a marker (e.g. seed colour). (2) The
product has to go through the passage of difficult regulatory
system for GM crops, so that the acceptance of transgenic
technology is itself questionable in many countries. Efforts
may be made in future to examine the possible commercial
use of these transgenic technologies, although the above dif-
ficult regulatory system may discourage both private and
public sectors to make investments in this area. The three
transgenic approaches are briefly described.

Conditional male sterility (use of a protoxin)

Conditional male sterility refers to a male-sterile condition,
which appears in normal fertile plants on external applica-
tion of a protoxin. This is generally achieved by transgenic
approach and is often used to obviate the need of a main-
tainer for production of male-sterile female line, along with
production of hybrid seed. The transgene is made to express
in a tissue-specific manner, so that it will facilitate conver-
sion of a protoxin (supplied from outside) into a phytotoxin
(on application of protoxin) in a tapetum-specific manner
(Supplementary Fig. 2a; Kempe and Gils 2011).

There are at least three examples, where conditional male
sterility was successfully achieved by using genes, which
are conditionally expressed in the tapetum; in each case,
a protoxin is used for spray. First, in tobacco, a transgene
(CYP105A1 from Streptomyces griseolus) was used, which
encoded cytochrome P450 that metabolises the proher-
bicide R7402 to a phytotoxic metabolite. A treatment of
transgenic plants with sulfonylurea proherbicide (R7402)
led to dramatic reduction in pollen viability (O’Keefe et al.
1994). Second, in tobacco, a transgene argE derived from
E. coli was used. It encodes N-acetyl-L-ornithine deacety-
lase, which is made to express in a tapetum-specific manner.

When plants are sprayed with N-acetyl-L-phosphinothricin
(a protoxin), the latter is deacetylated to produce the toxic
L-phosphinothricin (glufosinate, a potent herbicide) causing,
pollen abortion (Supplementary Fig. 2a; Kriete et al. 1996).
Third, in Arabidopsis, the transgene PehA was used, which
encodes phosphonate monoester hydrolase derived from
Burkholderia caryophilli. The transgene converts glyceryl
glyphosate (a protoxin) into glyphosate in a tapetum-specific
manner. When fertile transgenic plants were treated with
glyceryl glyphosate, the latter was converted into the her-
bicide glyphosate leading to pollen abortion (Dotson et al.
1996).

Commercial seed companies have also tried condi-
tional male sterility to assess the utility of this approach
in commercial hybrid seed production. Following are some
examples: (1) Syngenta used tobacco plants expressing a
modified form of p-amino acid oxidase (DAAQO) (Hawkes
et al. 2011). When plants carrying the transgene are sprayed
with D-glufosinate (a prototoxin, which is an enantiomer of
the herbicide glufosinate), the latter is oxidized to 2-oxo-
4-(methylphosphinyl)-butanoic acid, which is subsequently
converted to phytotoxic L-glufosinate causing death of
tapetal cells, leading to male sterility (Supplementary
Fig. 2b). (2) Monsanto used transgene for miRNA that inhib-
its 5-enolpyruvylshikimate 3-phosphate synthase (EPSPS),
which confers herbicide tolerance. In the transgenic plants,
EPSPS is specifically inhibited in tapetal cells (Conner et al.
2002; Allen et al. 2007), so that herbicide treatment will kill
these unprotected tapetal cells, when treated with glypho-
sate, thus causing male sterility. In this case, ‘true mixed-
planting’ of males and females can be undertaken in such
a manner that the male plants are tolerant to the herbicide,
and the tapetal cells of the female plants are not, so that
the female line will become male sterile (Kempe and Gils
2011). However, the requirement for large-scale spraying of
chemicals in seed production plots is a disadvantage, which
results in an increase in cost of the production of hybrid
seed. Another disadvantage (in common with the CHA
approach) is the narrow application windows for applica-
tion of herbicide.

Barnase-barstar system (SeedLink hybridization
system)

Barnase-barstar system (SeedLink System of Bayer) for
hybrid seed production has already been utilized by Bayer
CropScience for the production of SeedLink oilseed rape,
also known as canola (Whitford et al. 2013; Supplemen-
tary Fig. 3). As is widely known, the barnase-barstar system
makes use of two genes, barnase gene encoding a ribonu-
clease and barstar gene encoding a ribonuclease inhibitor
(first discovered in Bacillus amyloliquefaciens), which are
made to express only in anther tapetum in a tissue-specific
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manner. In the female parent, barnase gene is expressed in
the tapetum and interferes with pollen development caus-
ing male sterility. The male parent carries gene encoding
barstar, which is expressed in F; hybrid plants inhibiting
the activity of barstar, thus giving full seed setting in F;
plants (Mariani et al. 1990, 1992). The male-sterile line is
maintained by backcrossing with a non-transgenic line. The
back-cross would give a mixture of seed, of which 50% seed
will produce male-sterile plants. A gene encoding glufosi-
nate resistance (LibertyLink) in close linkage with barnase
is used, so that only male-sterile plants survive when female
lines are treated with glufosinate herbicide. Although this
method is being used successfully for hybrid canola produc-
tion, its commercial utility in other crops including wheat
has yet to be realized.

Split-barnase hybridization system

The split-barnase system makes use of non-overlapping frag-
ments of barnase gene (Bar-N, Bar-C), so that in the female
line, the expressed fragments will be non-functional, unless
fused together through intein-mediated ligation after transla-
tion. The fusion product is the functional barnase. The split
barnase system consists of the following two vectors carried
by two different transgenic plants: (1) an expression vector
called provector (A) carrying two non-overlapping barnase
gene fragments (Bar-N and Bar-C), fused with the N- and
C-terminal sequences of an intein (Int-N; Int-C); these intein
sequences belong to the DnaB helicase gene of Synechocys-
tis sp; thus, the split sequences are Bar-N-IntN and Bar-C-
S-InC; the provector also contains sequences atfp and attB,
which are the targets of recombinase enzyme, for which the
gene is present in the other vector, carried by another plant
carrying the integrase vector and (2) the integrase expres-
sion vector pICH13130 (B) containing gene pHiC31 for site-
specific recombinase enzyme. The details of two vectors and
the steps involved in the production of male-sterile line are
shown in Supplementary Fig. 4a (Kempe et al. 2014).
Following three operations are needed for hybrid seed
production using the split-barnase system, as shown in Sup-
plementary Fig. 4b (Kempe et al. 2014): (1) The transgenic
male-sterile plant carrying the provector A is crossed with
the plant carrying integrase expression vector, thus eventu-
ally producing a line that is heterozygous for Al and A2
(shown in A, Supplementary Figure 4b); this will produce
male sterility, when Bar-C and Bar-N protein fragments
are fused together after translation; (2) maintenance of
male-sterile line (shown in B, Figure 4b); (3) hybrid seed
production (shown in C, Figure 4b). Thus, the male-sterile
line would be used in maintainer plots for its maintenance
in hybrid seed production field as male-sterile female par-
ent. The maintainer will carry either Al or A2 in homozy-
gous condition, so that the F, will segregate to give 50%
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male-sterile female plants, which can be selected using a
herbicide (Supplementary Fig. 4b; as in barnase-barstar
system). This split barnase system obviates the need for the
presence of barstar in the male parent to restore fertility,
because the F, hybrid seed will be fertile due to the absence
of complete barnase gene, and the presence of only one of
the two fragments encoding barnase gene (for details, con-
sult Kempe et al. 2014).

Pioneer-DuPont seed production technology (SPT)

The hybrid seed production technology (SPT) of Pioneer-
DuPont involves the production of the following two lines:
(1) a transgenic male fertile maintainer line and (2) the non-
transgenic male-sterile (ms-45/ms-45) female line. The male
fertile plants of the maintainer line is homozygous for male
sterility (ms-45/ms-45) and contains a transgene cassette
with three genes [Ms-45 for fertility despite the presence
of ms-45 in homozygous condition; zn-aal for a-amylase
causing breakdown of starch, rendering the pollen sterile;
DsRed?2 (Altl) for red coloured grains]. No abortion will take
place in female gametes of the maintainer, due to anther-
specific expression of a-amylase gene zn-aal. (It will not
express in female gametes.)

Each of the three genes in the SPT maintainer is associ-
ated with the following three sequences: (1) a transit peptide
brittle-1 (zm-bt1) from Z. mays for targeting expression to
the amyloplast (where starch synthesis takes place, so that
zn-aal may block starch synthesis), (2) a promoter (PG47)
for pollen-specific expression of each gene and (3) the In2-1
terminator from maize (Keil et al. 1986; An et al. 1989;
Hershey and Stoner 1991).

The first step involves growing maintainer line [with the
cassette Ms-45, zn-aal, DsRed2 (Altl) in hemizygous con-
dition and ms-45/ms-45 in homozygous condition] and ms-
45/ms-45 male-sterile line in alternate rows, so that seed
can be harvested from both. Only the non-transgenic pollen
(lacking zn-aal and carrying ms-45) from the maintainer is
viable and used for self-pollination of the maintainer and
also for cross-pollination of the ms-45/ms-45 male-sterile
rows. The selfed seed from the maintainer segregates into
50% red colour seed giving fertile maintainer plants and 50%
yellow seed (homozygous for ms-45; discarded); the red col-
our seed can be sorted out using fluorescent illumination and
used again as maintainer.

In the second step, the ms-45/ms-45 seed harvested from
the non-transgenic (male sterile) female lines in the first
step (due to crossing) is used for growing female rows in
the hybrid seed production field, with an elite good com-
biner planted as the male parent. The hybrid seed pro-
duced thus is commercialized. Since the male-sterile line
carries no transgene and is crossed with a non-transgenic
elite wheat cultivar, the hybrid seed will carry no transgene
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(Supplementary Fig. 5). The transgene cassette is used in the
maintainer only for the production of male-sterile line. The
technology has already been successfully used in maize by
Pioneer-DuPont.

Development of heterotic groups

The concept of heterotic groups and heterotic patterns is fun-
damental to heterosis breeding. A heterotic group comprises
related or unrelated genotypes (inbred/pure lines) from the
same or different populations and display similar hybrid per-
formance, when crossed with any genotype from another
genetically distinct heterotic group (Melchinger and Gumber
1998). A heterotic pattern, on the other hand, is defined as
a specific pair of two heterotic groups, which exhibit high
heterosis when crossed. The ratio between variances due
to specific combining ability (SCA) and general combining
ability (GCA) is generally low in genetically divergent het-
erotic groups (Reif et al. 2005; Fischer et al. 2008). In other
words, a low 62 SCA: 6>GCA ratio occurs in inter-group
than in intra-group crosses, indicating that the concept of
heterotic patterns effectively supports the selection of supe-
rior hybrids. It has also been shown that predominance of
GCA is useful for high genetic gains in recurrent selection
and also for ease in identification of promising hybrids based
on GCA prediction (Reif et al. 2007).

The information on heterotic groups/patterns in any crop
simplifies and increases the efficiency of all subsequent
operations for hybrid seed production. This concept has been
utilized very effectively in temperate maize, where heterotic
patterns became known early, so that the breeders followed
it very systematically. In tropical maize, however, the use
of these heterotic patterns could not be effectively utilized
due to complex population structure of the germplasm (Xia
et al. 2004). In rice also, efforts were made for the develop-
ment of heterotic groups. In one such study, SSR genotyping
data and field trials were used for establishing two heterotic
groups and four heterotic patterns in IRRI hybrid rice germ-
plasm to develop hybrid rice in the tropics (Xie et al. 2014).

In order to establish heterotic groups in wheat in par-
ticular and autogamous crops in general, Boeven et al.
(2016a) also proposed a unified framework HyBFrame,
which involves the following steps: (1) selection of indi-
vidual high-yielding lines based on per se performance and
its correlation with GCA; (2) selection of male and female
lines permitting good cross-pollination; (3) testing lines for
GCA in factorial crosses; (4) lines with high GCA to serve
as starting material for male and female pools; (5) improve-
ment of combining ability of lines through reciprocal recur-
rent selection leading to divergence of the two groups; and
finally (6) addition of new germplasm with high GCA that

could enter the respective pools to improve the intra-group
diversity.

In wheat, several attempts have been made to study the
heterotic patterns and to establish heterotic groups (Zhao
et al. 2013, 2014, 2015; Boeven et al. 2016a). In a very
exhaustive study, Zhao et al. (2015) used a diverse set of
135 elite wheat lines from Central Europe for making 1604
single-cross hybrids; phenotypic, metabolic, and genomic
data were also recorded. A number of conclusions were
made. First, the predictions based on additive effect are
more accurate than those based on dominance effect, and the
prediction accuracy did not improve by combining metabo-
lomics data with genomic data. Second, the grain yield is the
most important trait for the search of heterotic patterns. Fol-
lowing three-step strategy was considered promising for the
search of heterotic pattern: (1) preparation of a hybrid per-
formance matrix using genomic prediction data, (2) search
of high-yielding heterotic pattern using simulated annealing
algorithm, and (3) assessment of long-term success of the
identified heterotic pattern. It was demonstrated that hybrid
wheat breeding based on the identified heterotic patterns can
boost grain yield through the exploitation of heterosis and
can enhance recurrent selection gain (Boeven et al. 2016a).

The potential of spelt wheat (7. aestivum ssp. spelta)
germplasm from Central Europe was also examined for its
use as a separate heterotic group in hybrid wheat breeding
(Akel et al. 2018a). This work was motivated by the fact that
wheat cultivars from Central Europe have certain degree of
relatedness due to frequent exchange and use of germplasm
across countries (Nielsen et al. 2014; Wiirschum et al. 2015;
Boeven et al. 2016a), so that heterotic patterns among wheat
cultivars from Central Europe may not be very useful for
hybrid seed production programme. In contrast, spelt wheats
exhibit genetic diversity (Bertin et al. 2004; Wiirschum et al.
2017a, b) and are genetically distinct from bread wheat
(Siedler et al. 1994; Bertin et al. 2001; Miiller et al. 2018).
Hence, their potential for hybrid wheat was tested. For this
purpose, two large experimental trials were conducted at
multiple locations in Germany. In these trials, 43 spelt lines,
14 winter wheat lines and 273 winter wheat—spelt hybrids
were evaluated for a number of traits including quality and
disease resistance. Contrary to expectations, wheat—spelt
hybrids showed lower yield heterosis than the hybrids made
among elite wheat lines; heterosis for grain quality was also
negative. It was, therefore, concluded that spelt wheats have
no potential for their use as a separate heterotic group in
hybrid wheat breeding.

However, it has been suggested that initial size of 15 lines
per heterotic group may be optimum for short-term and
long-term success of hybrid wheat breeding. Also, the con-
nectivity of heterotic patterns across the climatic zones such
as Central European pattern vs Asian patterns and long-term
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gene flow through exchange of lines across heterotic patterns
has been emphasized (Zhao et al. 2015).

Prediction of hybrid wheat performance
(genetics and genomics of heterosis)

For a successful hybrid wheat breeding programme, it is
necessary to identify parental combinations, which will pro-
duce the best hybrids. However, as the number of inbred
lines (n) increases, the number of possible single-cross
hybrids would also increase [n (n — 1)/2], making it difficult
to conduct phenotypic evaluation of such a large number
of single-cross hybrids. In order to overcome this problem,
the following two recent approaches have been followed, in
place of evaluation all possible hybrids: (1) QTL analysis for
identification of QTL that may be responsible for heterosis
and (2) heterosis prediction models that have been proposed
and evaluated (Bernardo 1994).

Genetics of heterosis and heterotic QTLs

In the past, heterosis was often treated as a qualitative trait
and was explained on the basis of dominance, over-dom-
inance and epistasis. However, a consensus later emerged
in favour of over-dominance (East 1936; Hull 1945; Crow
1948) and epistasis (Richey 1942; Powers 1944; Jinks and
Jones 1958). More recently, heterosis has been treated as a
quantitative trait and epistatic QTLs for heterosis have been
identified in several crops including maize and rice (Melch-
inger et al. 2007; Garcia et al. 2008). In a study in winter
wheat involving 1604 F, hybrids (derived from 120 females
and 15 males) also, up to 50% of the total genetic variance
for heterosis in grain yield was found to be due to additive-
by-additive epistatic interactions; a mere 16% was due to
dominance effect (Jiang et al. 2017). In addition, 9 small-
effect heterotic QTL for grain yield were also identified
(each explaining on average only 3.3% phenotypic variance).

Immortalized F, (IF,) populations that are particularly
suitable for study of heterotic QTLs were also used for
heterotic QTL analysis in wheat. (Many more such studies
were conducted in rice.) In these studies in wheat, Zhuo-Kun
et al. (2010) reported 20 heterotic QTLs for plant height
and Yuan et al. (2012) reported 17 QTL for gain number
per spike; the average PVE of QTLs ranged from 6.63 to
10%. In agreement with these studies, mostly small-effect
QTLs for heterosis for a variety of traits were reported using
a variety of populations in rice (IF,, test cross populations
involving RILs/introgression lines, etc.) (Xiao et al. 1995;
Abdelkhalik et al. 2005; Xin et al. 2011; Chu et al. 2012; Qu
et al. 2012). Therefore, as reiterated earlier, for hybrid wheat,
it may be desirable to pyramid multiple partially dominant
alleles of most favourable genes/QTL and those involved
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in epistatic interactions for development of superior hybrid
wheat (Gowda et al. 2013; Zhao et al. 2013; Jiang et al.
2017). However, many more studies on heterotic QTLs in
wheat need to be conducted to identify desirable QTLs for
heterosis using suitably designed populations.

Genomic prediction of hybrid performance

A prerequisite for any hybrid programme is the selection
of suitable parents based on prediction of heterosis. In con-
ventional hybrid breeding programmes, we make all pos-
sible hybrids through manual crossing and compare their
performance, or estimate general and specific combining
abilities. In recent years, with the availability of molecular
marker-based genomic selection (GS) as a new approach for
plant breeding, it has become possible to predict the perfor-
mance of a hybrid through estimation of genomic estimated
breeding values (GEBVs) involving all mapped markers
in the crop of interest. However, prediction accuracy still
remains an issue in GS, although significant progress has
been made in improving it through continuous efforts for
improvement in approaches used for developing one or more
suitable training populations, validation schemes and predic-
tion models. This approach has also been used in selection
of parents for hybrids.

In maize, prediction models have already been proposed
and used for a reliable estimate of the hybrid performance
based on DNA-based markers (Bernardo 1994). It has been
argued that with moderate-to-high prediction accuracies,
genomic-based predictions may provide reliable estimates
of hybrid performance from an unlimited cross at a low cost
and in a short period (Basnet et al. 2018). During the last
few years, studies on the prediction of hybrid performance
for disease resistance, grain yield and other agronomic traits
have been undertaken for hybrid wheat (Table 7).

Based on simulation study, Longin et al. (2015) argued
that in cases with genomic prediction accuracies of > 0.5,
GS approach allows maximum annual gains compared to
other breeding methods. While dealing with quality traits
(mostly controlled by small-effect QTL), prediction accu-
racy of 0.5 was achieved using RR-BLUP model, when one
of the parents was common among the hybrids to be evalu-
ated (Liu et al. 2016). Prediction accuracy using RR-BLUP
reached 0.89-1.00, when both the parental lines were the
same in several trials. In hybrid wheat also, RR-BLUP was
shown to be the best of all the available prediction models
and gave a prediction accuracy of 0.63, which is fairly high
(Zhao et al. 2013). In another study, the prediction accu-
racy for hybrid wheat yield was highest (0.62-0.65) when
both the male and female parents were included in the
training set across different models and cross-validation
schemes. It was also shown that the addition of pedigree
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Table 7 A summary of some details of studies on genomic prediction for hybrid performance for different traits in wheat

Trait No. of SNP  Hybrids/par- Best prediction model References

markers ents evaluated
Grain yield 9000 90/35 RR-BLUP Zhao et al. (2013)
Heading time and plant height 1604/135 W-BLUP Zhao et al. (2014)
Grain yield 17,372 1604/135 G-BLUP (involving parents +hybrids in test set) Zhao et al. (2015)
Grain quality traits 90,000 1604/135 RR-BLUP Liu et al. (2016)
Fusarium head blight resistance 17,372 1604/135 STPM (for plant height as indicator trait) Schulthess et al. (2018)
Flowering traits and grain yield 13,005 1888/685 Model including male and female parents +pedi-  Basnet et al. (2018)

gree data and g x e interaction*

RR-BLUP ridge regression best linear unbiased prediction, W-BLUP weighted best linear unbiased prediction: G-BLUP, genomic unbiased pre-

diction, STPM single-trait prediction model

*Prediction ability in the model increase by including GCA X environment and SCA X environment interaction

data and g x e interaction to the prediction model sig-
nificantly enhanced the prediction accuracy (Basnet et al.
2018).

The accuracy of genomic prediction for both heading
time and plant height was low, when estimated using RR-
BLUB and BayesCr (Zhao et al. 2014). However, using
weighted best linear unbiased prediction (W-BLUP), the
prediction accuracy was improved. Using G-BLUP and
involving parents and hybrids in the test set, a genomic
prediction accuracy of 0.89 for grain yield was reported
by Zhao et al. (2015). In another study, using the hybrids
alone (not with parents) derived from a full diallel experi-
ment (26 parental lines), the predictive ability for grain
yield estimated using G-BLUM was high (0.52) for
80-90% hybrids using the remaining 10-20% hybrids as a
training set (Baenziger et al. 2019).

The predictability for the trait with low heritability
can be improved if indicator correlated traits that have
higher heritability are included in the genomic prediction
model. Multiple trait genomic prediction (MTGP) versus
single-trait genomic prediction (STGP) models has been
tested for prediction of Fusarium head blight resistance
(FHBr) in wheat hybrids (Schulthess et al. 2018). In this
study, plant height and heading date were used as indicator
traits. High phenotypic and genotypic correlations along
with improvement in predictabilities made plant height
a better indicator than heading date for FHB severity.
The availability of good indicator traits could reduce the
impact of genotype x environmental interaction of STGP
for hybrids less related to the estimations set. Thus, mod-
els and approaches have been developed where genomic
prediction of the hybrid performance for even low herit-
ability complex traits like grain yield could be made more
accurately. In future, hopefully, further progress will be
made to allow prediction of wheat hybrids with superior
performance, which will reduce the hybrid production cost
and will give higher genetic gain.

Hybrid seed production is a limitation:
two new approaches for cost-effective
hybrid seed production (blend hybrid

and POWERPOLLEN)

A major limitation in the success of hybrid wheat is the
economics of seed production, which has not been efficient
and cost-effective (Whitford et al. 2013). This is mainly
due to the self-pollinated nature of the crop, where out-
crossing is restricted; seeding rate is another limitation. A
hybrid variety program is generally successful in crops,
where either the seed is not the commercial/marketable
product, or else where only small quantity of seed is
needed for raising the hybrid crop, as in case of vegeta-
bles and fruit crops. Economics suggests that relative to
the level of heterosis, more important and decisive factors
for the success of a hybrid crop like wheat are seeding rate
and low cost of hybrid seed production (Pickett and Galvey
1997). In wheat, many approaches were tried to address
this issue; of these approaches, ‘blend hybrids’ and ‘POW-
ERPOLLEN’ seem to be two promising approaches, which
will be described in brief.

Blend hybrids

Wilson (1997) proposed a ‘blend-hybrid’ strategy for low-
cost production of hybrid seed in wheat. In this strategy,
the commercial hybrid seed is a physical mixture of the
seed obtained from a field having a small proportion of
male parent (5-20%) and large proportion of male-sterile
females (80-95%), since such a small proportion of male
parent is sufficient to provide enough pollen for the large
population of male-sterile female parent. In such a blend-
planted hybrid seed production field, the pollen needs to
travel a relatively small distance.
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Male/female blend ratio

Wilson (1997) also observed that seed production with
male—female blend ratio of 20:80 was significantly higher
than the seed production with 50:50 strip plot schemes.
However, no improvement in seed production efficiency
was observed with further enhancement of male parent
from 20 to 35 or 50%. Likewise, Koekemoer et al. (2011)
reported an average increase of 46-76% in seed produc-
tion under blend-production system compared to strip
male/female ratio with 20:80-50:50 ratio. These results
show that optimum blend of male and female parents
is crucial to maximize the hybrid seed production with
minimum cost. Another important aspect in this system is
that the flowering nick between male and female parents
should be perfectly optimized. Ideally, the female parent
should flower 2-3 days earlier than the male. Also, the
male parent should be an excellent pollen producer, and
the female should be a highly efficient pollen receptor.

Blend hybrid and regulatory system

Although the ‘blend-hybrid’ concept was proposed during
the late 1990s, apparently no commercial blend hybrids have
so far been released. However, varietal blends are used in
Nebraska, USA, so that in the year 2016, 2.4% area under
wheat was covered by varietal blend (Baenziger et al. 2017).
The failure to implement this technology has generally been
attributed to strict regulatory provisions imposed by seed
certification authorities in different countries. In most coun-
tries, seed blend having proportion of >20% for the male
parent is considered unacceptable by the regulatory system.
This concern can be addressed by reducing proportion of
male seed in the blend to 10% or lesser. In order to produce
pure seed from the blend-production system, we can use
male and females with different height profiles, the male
being taller than the female, where the tall males are elimi-
nated after flowering (Fig. 3). This approach will ensure that
the F, seed contains minimum proportion of seed from the
male parent.

Blend-hybrid program in wheat may also require care-
ful selection of Rht genes for dwarfing in the hybrid seed
production (Wiirschum et al. 2017a, b). It was shown that

Fig.3 Schematic diagram of
blend-hybrid system with differ-
ent height profiles between male
and female
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although both Rhtl and Rht24 loci reduce plant height but
Rhtl reduces anther extrusion and the cross-pollination abil-
ity, while Rht24 has no such adverse effect. This suggests
that different Rht genes may be used in the female or male
pool of a hybrid breeding program for efficient seed set.
Introduction of a preferred gene like Rht24 may be facili-
tated using marker-assisted selection (MAS). Such a manip-
ulation of dwarfing genes will further facilitate blend-hybrid
approach.

Blend-hybrid approach also eliminates the cost incurred
in the transport of large quantities of hybrid seed to long dis-
tances. In the blend-hybrid approach, the breeder or the seed
company can provide or market the parental blend of seed
to the local seed producers, including small seed compa-
nies and farmer groups. These companies can then produce
hybrid seed at their own location by following the simple
approach of blend-hybrid seed production and then use/
sell blend-hybrid seed produced at their own location, thus
reducing the cost of transport of large quantities of hybrid
seed. A policy change having permission to use blend hybrid
will certainly encourage hybrid seed researchers and institu-
tions (both public and private) to deploy more resources and
investment in hybrid wheat.

POWERPOLLEN technology

PowerPollen™ technology was developed by an AgTech
Startup with the same name in Ankeny, Iowa, USA. The
technology was proposed recently in maize, but can also
be used for hybrid seed production in wheat (http://www.
powerpollen.com/). In this approach, pollen is preserved for
8—10 months at an appropriate temperature; the preserved
pollen is used in combination with advanced pollen handling
automation such that preserved pollen is applied directly to
the inflorescence of the female parent (silks in case of maize;
spikes in case of wheat) to increase the yield and purity
of hybrid seed. With this technology, environmental risks
are reduced and producers can have a greater control over
seed production (http://www.powerpollen.com/). In normal
hybrid seed production, a breeder has to wait for the right
stage of plants for pollen to shed. But in this technology,
a breeder can use stored pollen and apply to female plants
as soon as the female parent is ready to receive the pollen.
Therefore, this approach enables much higher control over
the entire pollination process, reduces labour cost needed for
detasseling (although this will not apply in case of wheat)
and also prevents pollen contamination (https://www.agupd
ate.com/agriview/news/crop/powerpollen-launched-to-boost
-yields/article_65492f5b-c8dd-590c-89c8-4746c35bcl
b9.html).

Based on the results of three seasons of testing con-
ducted, PowerPollen was shown to provide an average
increase in seed yields by more than 20% and reduction in

contamination by ~50% (http://www.powerpollen.com/).
According to another estimate in maize, PowerPollen tech-
nology was shown to reduce the cost of seed production by
about $3250 per hectare as a result of increased yield and
purity, and reduction of detasseling costs (https://powerpolle
n.com/). The ‘PowerPollen’ start-up is hopeful of utilizing
the approach of PowerPollen™ in wheat and rice also.

Perspectives and conclusions

Hybrid wheat giving higher grain yield is certainly looked
upon as a possible solution for any future problem of wheat
shortage, which cannot be completely ruled out. However, only
limited progress has been made in this direction, although as
with rice, success with hybrid rye has been reported (Gei-
ger and Miedaner 2009; Miedaner and Laidig 2019). How-
ever, to achieve greater success in the area of hybrid wheat,
some of the following areas need attention. (1) Enhancement
of seed production efficiency to make wheat seed business
attractive and sustainable. The ‘blend-hybrid’ concept has the
potential to make hybrid seed production more economical,
which is currently 2-3 times more expensive than the seed
of the pure lines (Akel et al. 2018b). Also, exploration and
beneficial utilization of phenology and reproductive biology
(anther extrusion, amount of pollen production, prolonged
pollen viability, increased female receptivity, etc.) may allow
higher seed set in female-sterile parent in the production block
leading to reduced cost of hybrid seed. Visual anther extru-
sion involved in pollen dispersal outside the florets shows high
correlation (r=0.76; p <0.001) with seed set on male-sterile
female parent in wheat suggesting its importance in cheap
hybrid seed production (Boeven et al. 2018). Baenziger et al.
(2019) evaluated > 3000 wheat lines for anther extrusion and
many good pollinators were identified. High genetic variability
and quantitative inheritance (controlled mainly by small-effect
QTLs) of visual anther extrusion suggest the possibility of its
improvement through selection both in common wheat and
in the durum wheat (Langer et al. 2014; Boeven et al. 2016b;
Mugqaddasi et al. 2017; Akel et al. 2018b). (2) The extent of
heterosis in wheat (i.e. 15-25% over mid-parent, and 10-15%
over commercial parent) is comparable to heterosis achieved
in maize during early years (1920s—1940s) of hybrid maize
breeding (Duvick 1997). This may be improved in future for
developing high-yielding wheat hybrids through understand-
ing of the diverse functional haplotypes and their association
with heterosis and by development of heterotic groups. (This
is being addressed by JC Rief, IPK, Gatersleben, Germany;
M. Geyer, personal communication.) (3) Genomics-based pre-
diction of single-cross performance can increase the genetic
gains per unit time. Also, the recent simulation studies and
quantitative genetic theory suggest that the reciprocal recurrent
genomic selection may increase long-term selection gain of
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hybrid breeding by implementing a two-step selection strategy
involving population improvement and hybrid development
(Rembe et al. 2018). (4) Speed breeding may also help in rapid
development of parental lines via backcrossing combined with
molecular marker-based selection for key traits such as fertility
restoration and enhanced cross-pollination. (5) Replacement
of CHA by CMS/GMS or a transgenic system for reduction of
seed production cost to enable screening of many testcrosses in
many different environments (M. Geyer, personal communica-
tion). (6) Technologies like split-gene and genome editing may
also provide attractive GMO/non-GMO solutions to the prob-
lems like oligogenic (rather than monogenic) fertility restora-
tion. In fact, investments and efforts towards the development
of novel/transgenic technologies for successful production of
commercial hybrid wheat seed at a cheaper rate should help in
making hybrid wheat varieties a commercial success. There-
fore, in the next 10-20 years, newer and affordable hybrid vari-
eties may become reality to augment wheat production and to
give better returns to the farmers. A proactive public—private
partnership and long-term investment and commitment will
certainly help to make these expectations a reality.
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