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Engineering apomixis in rice

P. Kaushal, A. K. Roy and D. R. Malaviya

Apomixis, a natural mode of clonal repro-
duction through seeds, has a vast potential
to revolutionize agriculture by virtue of its
capacity for fixation of hybrid vigour, and
is regarded as a next-generation breeding
strategy'. Although widespread in the plant
kingdom, natural apomixis is generally
absent in agriculturally important crops.
Hence, efforts are being made to introduce
apomixis in agriculturally important crops
through strategies such as introgression
and mutation®.

An ‘evaluation and synthesis’ approach
has been followed to understand and in-
duce apomixis in important crops in recent
years'”. The evaluation approach had gene-
rated information on genetics and molecu-
lar biology of apomixis based on studies
conducted in natural apomictic systems
(such as Paspalum, Pennisetum, Panicum,
Cenchrus, Tripsacum, Taraxacum, Hyper-
icum, Hieraceum, Eragrostis). This know-
ledge is being utilized for synthesis of the
phenomenon in otherwise sexual systems,
such as rice and Arabidopsis. In contrast to
sexual reproduction which follows the
double-fertilization process of syngamy
between meiotically reduced male gametes
with reduced egg cell and polar nuclei to

generate viable embryo (2n7) and endosperm
(3n), it is now well understood that the
process of apomictic reproduction essen-
tially involves three components, viz. apo-
meiosis (formation of unreduced female
gamete), parthenogenesis (development of
egg cell without fertilization) and functio-
nal endosperm development®. Molecular
progression of these components generates
meiotically unreduced (2n) egg cells to de-
velop without fertilization, thereby bypass-
ing meiotic crossing-over and fertilization
events — the two stages of creating variabi-
lity — eventually leading to development of
a clonal embry01’4. Furthermore, in contrast
to earlier reports suggesting a major locus
control of apomixis, the three components
have recently been demonstrated to be un-
der the control of independent gene(s) and
capable of partitioning (uncoupling) through
recombination in neo-polyploid apomicts’.
Their independent inheritance has also
been demonstrated along with the potential
that apomixis phenotype can be reconsti-
tuted when individual components are
combined into the same genetic back-
ground. It was also discovered that apo-
mictic and sexual reproduction are non-
mutually exclusive and represented by
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closely related developmental pathways
which rely on deregulation of the timing of
reproductive events rather than on the alte-
ration of a specific component of the re-
productive pathway'.

Comparative genomics (structural and
transcriptomics) between apomictic and
sexual forms had generated important in-
sights into the identification and expression
of key genetic elements involved in repro-
duction forms’. This has enhanced the
probability of success in identifying poten-
tial genes from sexual systems to generate
individual mutations that mimic pheno-
types of partitioned apomixis components.
Disrupted functions of these genes may
generate (although with variable pene-
trance and expressivity) unreduced female
gametes (through non-reduction) as well as
develop the embryo and endosperm without
fertilization. A compilation of such poten-
tial genes, both from natural apomictic and
sexual systems, has been extensively pre-
sented in recent reviews®’. A combination
of these individual mutants was successful
in generating apomixis-like phenotype in
Arabidopsis, wherein meiotically unreduced
egg cells were generated by dyad or MiMe
mutations followed by selective elimination
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of male genome from the zygote using
CENHS3 lines®. The study also successfully
demonstrated that a combination of mutants
exhibiting partitioned apomixis compo-
nents may develop an apomictic pheno-
type.

Agriculture, especially in the developing
countries, could be greatly benefitted by
introduction of apomixis. Efforts have been
made to transfer apomixis in important
cereals such as rice, wheat, pearl millet,
sorghum and maize’. We had previously
advocated the suitability of rice as a model
system for breeding apomixis owing to the
availability of resources in terms of inter-
specific variability, mutant stocks and geno-
mics data, making it suitable for plausible
approaches such as introgression, induction
and mutation’. A model was also proposed
for independent induction of individual
apomixis components (apomeiosis, parthe-
nogenesis and functional endosperm deve-
lopment) and their subsequent reassembly
following intermating between them™’.

Two recent reports on the induction of
apomixis in rice by Gaafer et al.'® and
Khanday et al."" are noteworthy to discuss
in the context of breeding apomixis in rice.
The first report presented induction of apo-
mixis in an Egyptian rice hybrid using col-
chicine mutagenesis. The authors claimed
apomictic reproduction in the hybrid line
based on comparison with the parental
lines and other mutant siblings, largely us-
ing agronomic, phenotypic and limited
biochemical traits. Successful seed devel-
opment in some mutagenized pollen-sterile
lines was presumed to be of apomictic ori-
gin, supported by occurrence of cytomixis
and genome content stability. The findings
are interesting, but lack of information on
the mode of formation of unreduced female
gametes, parthenogenesis and autonomous
endosperm development as well as the
assumption of clonality utilizing environ-
mentally influenced markers may lead to
limited acceptance of results reported in this
study. However, viable seed development
in some of the pollen-sterile lines suggested
the possibility of autonomous endosperm
development, which may be interesting to
study.

Another report, suggesting wider feasi-
bility to develop apomictic rice, appeared
in a recent issue of Nature''. The authors
identified a male-expressed rice embryo-
genic trigger that redirected asexual repro-
duction through seeds and demonstrated
that ectopic expression of BABY BOOMI1,
a sperm cell-expressed transcription factor,
in the rice egg-cell was able to induce
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embryo development without fertilization.
BABY BOOM is a member of the AP2
family of transcription factors, capable of
triggering somatic embryogenesis from
vegetative tissues'”. The transformant line
containing OsBBM1 with an egg cell-spe-
cific promoter (pDD45 :: BBM1; designated
as BBM1-ee) showed parthenogenetic em-
bryo development.

Subsequently, clonal reproduction in rice
was obtained following the principle that
apomixis in foto can be achieved by as-
sembling individual partitioned apomixis
components (from the respective mutants/
transformants). Development of the line
expressing the first apomixis component,
viz. apomeiosis (formation of meiotically
unreduced egg cell) relied on the identifi-
cation of three genes whose combined de-
fects converted meiosis to mitosis (MiMe;
Mitosis instead of Meiosis) in Arabidop-
sis™ and rice. The triple knockout of
meiotic genes, viz. PAIR] (abolishes meiotic
recombination), RECS (modifies chromatid
segregation) and OSD! (causes omission
of second meiotic division) in the MiMe
line producing meiotically unreduced and
diploid male and female gametes were also
generated by Khanday et al.''.

Further, the authors developed haploid
as well as diploid rice stocks containing a
combination of both the referred genes, i.e.
MiMe + BBM]1. Interestingly, both haploid
and diploid plants were recovered from the
progeny of these stocks that were confirmed
for asexual propagation through seeds.
These plants successfully combined the
capacity of unreduced gametes formation
through MiMe and the development of par-
thenogenetic egg cells from BBM1, though
with frequencies between 11% and 29% in
diploids and 15% and 26% in haploids.
The clonal reproduction was inheritable to
several subsequent generations.

MiMe lines had the advantage that they
were almost fully penetrant with absolute
expressivity in generating unreduced game-
tes, unlike dyad/swil mutants'®. However,
the expressivity of parthenogenesis imposed
by OsBBM1 was limited (maximum 29%).
This suggested, as in natural systems, that
parthenogenesis may require contribu-
tion/regulation of additional factors such
as modifiers, epigenetic regulation or poly-
ploidy'®. We have also recently demon-
strated that increase in ploidy level greatly
enhances the expression of parthenogene-
sis, but its effect on the apomeiosis com-
ponent was negligible'”.

Importantly, as MiMe and BBM genes
are largely conserved across the plant king-

dom'"", they also offer advantage to de-

vise similar strategies to achieve synthetic
apomixis in a variety of agriculture and
horticulture crops. Indeed the potential of
BBM-Like gene from Pennisetum squamu-
latum (PsBBML), a wild relative of pearl
millet, has recently been demonstrated to
induce parthenogenesis in pearl millet, rice
and maize'®. Other potential genes capable
of generating similar phenotypes include
BELLI (a master regulator for gameto-
phyte-to-sporophyte transition capable of
triggering embryogenesis and asexual re-
production in mosses)’® and CENH3
stocks (altered centromeric histone variant
deriving elimination of haploid genome)*’.
This note has also established the im-
portance of developing mutant stocks
spanning the maximum possible genomic
regions and supported the view that the
dynamics of seed development in plants
can specifically be altered with a combina-
tion of suitable mutants. In fact, all the major
genes affecting meiotic recombination, pro-
gression of cell division, fertilization, em-
bryogenesis and subsequently endosperm
development™, have the potential to gene-
rate an altered reproductive phenotype.
Since the endosperm is the most econo-
mical tissue, it becomes imperative to en-
sure that its development remains normal,
and its nutritional and physiological cha-
racteristics are sustained. It was interesting
to observe parental genome doses in the
endosperm of synthetic apomictic lines re-
ported by Khanday et al.''. Haploid and
diploid synthetic apomicts showed 2mater-
nal : 1paternal genome contribution in
endosperm similar to normal sexually gene-
rated seeds, even though the embryo :
endosperm ploidy ratios differed from 2 : 3
in sexual plants to 1 : 3 and 2 : 6 in haploid
and diploid synthetic apomicts respectively.
This also suggests that, otherwise strictly
regulated, endosperm imprinting is relaxed
in these mutants possibly by virtue of em-
bryological development or pleiotropic ef-
fect of any/some of these mutant alleles.
Some notable observations in the present
study which may yield future directions
for generating perfect apomixis system in-
clude enhancing the frequency of parthe-
nogenesis, targeted cell-to-cell signalling,
identifying genes inducing unreduced game-
togenesis only in females and minimizing
endosperm imprinting effects specifically on
endosperm development and starch mobi-
lization. Although a two-component sys-
tem has been used in developing apomictic
rice'!, and was also advocated by Conner
and Ozias-Akins®, we suggest utilizing a
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three-gene strategy (one each for female
apomeiosis, parthenogenesis and endo-
sperm development) by including additional
genomic factors leading to autonomous
endosperm development (development of
endosperm without fertilization) in a male-
sterile background, which may allow suc-
cessful development of seed while mini-
mizing the chances of escape of ‘apomixis’
or its components through pollen-mediated
gene flow?'. Candidate genes for auto-
nomous endosperm development are being
extensively studied for their potential utili-
zation?. Introducing poly-embryony in
apomictic rice, utilizing genes such as
OsPE] from rice®, other cereals or citrus®*
would be an added advantage and deserve
attention from apomixis researchers.
Interestingly, some of these approaches
to generate apomixis in cereal crops, inclu-
ding rice, have already been proposed in at
least three of the 16 articles on apomixis
that were published in Current Science
during 1964 to 2019 (refs 3, 9, 25). Cor-
rectly foreseen, these articles emphasized
modification in the cell-cycle genes® to
generate individual apomixis components
followed by their reassembly3'9 to generate
the apomixis phenotype. It was stated
‘...following these approaches, if an indi-
vidual component is produced, apomixis
can be obtained as a whole by recombina-
tion events...” with special reference to
rice’, and ©...efforts for producing apomic-
tic cereal may be strengthened by inducing
individual components and then obtaining
recombinants between them in order to ob-

b}

tain apomixis in toto...
model for other crops®.

as a generalized

1. Hand, M. L. and Koltunow, A. M. G., Ge-
netics, 2014, 197, 441-450.

2. Conner, J. A. and Ozias-Akins, P., Methods
Mol. Biol., 2017, 1669, 17-34.

3. Kaushal, P., Zadoo, S. N., Malaviya, D. R.
and Roy, A. K., Curr. Sci., 2005, 89,
1092-1096.

4. Koltunow, A. M. and Grossniklaus, U.,
Annu. Rev. Plant Biol., 2003, 54, 547-
574.

5. Pupilli, F. and Barcaccia, G., J. Biotech-
nol., 2012, 159, 291-311.

6. Schmidt, A., Schmid, M. W. and Grossnik-
laus, U., Development, 2015, 142, 229-241.

7. Brukhin, V., Russ. J. Genet., 2017, 53,
943-964.

8. Marimuthu, M. P. et al., Science, 2011,
331, 876.

9. Kaushal, P., Malaviya, D. R. and Roy, A.
K., Curr. Sci., 2004, 87, 292-296.

10. Gaafer, R. M., El Shanshoury, A. R., El
Hisseiwy, A. A., AbdAlhak, M. A., Omar,
A. F., El Wahab, M. M. A. and Nofal, R.
S., Ann. Agric. Sci., 2017, 62, 51-60.

11. Khanday, 1., Skinner, D., Yang, B., Mer-
cier, R. and Sundaresan, V., Nature, 2019,
565, 91-95.

12. Boutilier, K. et al., Plant Cell, 2002, 14,
1737-1749.

13. d’Erfurth, L., Jolivet, S., Froger, N., Catrice,
0., Novatchkova, M. and Mercier, R.,
PLoS Biol., 2009, 7, ¢1000124.

14. Mieulet, D. et al., Cell Res., 2016, 26,
1242-1254.

15. Ravi, M., Marimuthu, M. P. A. and Siddiqi,
1., Nature, 2008, 451, 1121-1124.

16. Kirioukhova, O. et al., Sci. Rep., 2018, 8,
10626.

17. Kaushal, P. et al., Euphytica, 2018, 214,
152-173.

18. Conner, J. A., Podio, M. and Ozias-Akins,
P., Plant Reprod., 2017, 30, 41-52.

19. Horst, N. A., Katz, A., Pereman, 1., Decker,
E. L., Ohad, N. and Reski, R., Nature
Plants, 2016, 2, 15209.

20. Ravi, M. and Chan, S. W. L., Nature,
2010, 464, 615-618.

21. Kaushal, P., Dwivedi, K. K., Radhakrishna,
A., Srivastava, M. K., Kumar, V., Roy, A.
K. and Malaviya, D. R., Front. Plant Sci.,
2019, 10, 256.

22. Henderson, S. T., Johnson, S. D., Eichmann,
J. and Koltunow, A. M. G., Ann. Bot., 2017,
119, 1001-1010.

23. Paul, P., Awasthi, A., Kumar, S., Verma,
S. K., Prasad, R. and Dhaliwal, H. S.,
Plant Cell Rep., 2012, 31, 1779-1787.

24. Michel, M. R. et al., In Maize Germplasm —
Characterization and Genetic Approaches
for Crop Improvement, 2018; http://dx.doi.
org/10.5772/intechopen.70549.

25. Maheshwari, S. C., Maheshwari, N., Khu-
rana, J. P. and Sopory, S. K., Curr. Sci.,
1998, 75, 1141-1147.

P. Kaushal* is in the ICAR-National Insti-
tute of Biotic Stress Management, Raipur
493 225, India; A. K. Roy is in the ICAR-
Indian Grassland and Fodder Research
Institute, Jhansi 284 003, India; D. R. Ma-
laviya is in the ICAR-Indian Institute of
Sugarcane Research, Lucknow 226 002,
India.

*e-mail: pkaushal70@gmail.com

CURRENT SCIENCE, VOL. 121, NO. 12, 25 DECEMBER 2021

1537




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


