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Introduction
According to projections, world population

will increase from six billion people today to
eight billion in 2020,stabilizing at 9-11 billion
people around the middle of the 21sI century

(Lutz et al. 1997; Evans 1998; Toenniessen,

Chap. 1).Profuse quantities of high quality and
safe food products will be required to feed this

growing population. At the same time, strong
pressures are at work demanding that this food

be produced in an environmentally friendly
manner, e.g., using less agrochemicals. In

Europe, agricultural production has steadily
increased while population has begun to
decrease, resulting in an overproduction of

food products. By contrast, the developing
world will need to produce two or three times
as much food as it does today (Toenniessen,

Chap. 1). By 2020, cereal production, for
example, will need to increase by 41%, and root

and tuber production by 40% (Spillane 1999).

To meet this dramatically increasing demand,
new plant varieties are needed that are both

higher yielding and better adapted to specific

climatic conditions. Essentially, this challenge
must be met without a significant expansion
of agricultural area.

Although less agricultural production will be

needed in the developed world, new products,
so-called 'novel foods: 'functional foods:

'designer foods: as well as renewable raw
materials will soon gain more agricultural

market share. It is expected that most of these

new products will be produced through

biotechnology. Therefore, it is not surprising

that the global market for agricultural

biotechnology products is expected to increase
from US$500 million in 1996 to US$20 billion

within the next 15 years Games 1997).

One biological process in particular
apomixis---eould revolutionize 21'1 century

agriculture in both developed and developing
countries. The harnessing of apomixis is
expected to launch a new era for plant breeding

and seed production. Mastering apomixis
would allow (i) immediate fixation of any

desired genetic combination (genotypes, F]S
included); (ii) propagation of crops through

seed that are currently propagated
vegetatively (seed is easier to transport and to
sow); (iii) faster and less expensive plant

breeding and seed production (e.g., hybrid
seeds could be easily produced); (iv) a larger
pool of gerrnplasm to be used to create more

locally adapted varieties (once apomixis is
integrated into breeding schemes); and (v) a

carryover of beneficial phytosanitary side

effects through seedpropagation, because very
few pathogens are transferred.through seeds
(Grossniklaus et al. 1998a;Bicknelland Bicknell

1999). Furthermore, exploiting apomixis
would allow breeding with obligate apomictic
species (e.g., Pennisetum spec.), where

introgression of new traits is currently very
limited (do Valleand Miles, Chap. 10),and the

use of male sterile plants for seedproduction.

In turn, this would prevent the migration of
transgenes from crop plants to wild relatives.
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All these advantages taken together

undoubtedly would lead to large increases in

agricultural production and prompted Vielle

Calzada et al. (1996a) to coin the term"Asexual

Revolution" to describe the potential impact

of the technology.

The possible economic benefits of the

technology are also considerable. In rice,

added productivity would total more than

US$2.5 billion per year (McMeniman and

Lubulwa 1997).It is projected that the heterosis

effect alone would result in yield increases of

more than 30% (Yuan 1993; Toennissen,

Chap. 1). Of today's US$15 billion global

market in commercial seed, hybrid seed

accounts for 40% of sales (Rabobank 1994), a

further indication of the enormous economic

potential of apomixis for agricultural

enterprises.

Unfortunately, scientific and economic

potential shed little light on the actual

intricacies of how the genes involved in

apomictic reproduction work. Many have

concluded that the genes that control apomixis

are also crucial for sexual development,

indicating that apomixis is a short-circuited

sexual pathway (Koltunow et al. 1995;

Grossniklaus, Chap. 12). The genetic

engineering of apomixis, therefore, requires a

better understanding of both apomictic and

sexual pathways of reproduction.

In general. apomixis is thought to occur in

polyploid species (Asker and Jerling 1992),

especially in the Rosaceae, Asteraceae, and in

the Poaceae (for review see Berthaud, Chap. 2).

For most species in which apomixis has been

described, diploids reproduce sexually, while

polyploids of the same species are apomictic.

Most natural apomicts reproduce through

facultative apomixis (Asker and Jerling 1992;

Berthaud, Chap. 2). The degree of apomictic

reproduction is influenced by the genetic
background, ploidy level, modifier genes, and

the environment. There is also a great diversity

of aporructic behavior: nine types of

gametophytic apomixis have been described

in addition to sporophytic apomixis

(adventitious embryony) (Crane, Chap. 3).

Unfortunately, apomixis is not found in the

most important cultivated crops, which could

be a result of crop domestication, selection, and

segregation analysis (Grossniklaus, Chap. 12).

There are three main options for the

engineering of apomixis into sexual crops:

(i) transfer the trait into crops from wild,

naturally apomictic relatives through

numerous backcrossings, (ii) screen sexual

crops for apomictic mutants, and (iii) de /lOW

synthesize the apomictic trait directly into

crops. These approaches will be discussed in

the following pages.

Transfer of the Apomixis Trait
to Sexual Crops
Breeding and Introgression
from Wild Relatives
Generally, breeding apomictic species is very

difficult, consequently, there have been only a

few breeding programs, and these focused on

a very limited number of tropical grass species.

The basic structure of such breeding programs

is described in this book, using Brachiaria as

an example, an important forage grass in South

America, (do Valle and Miles, Chap. 10).

Obligate apomicts cannot serve as maternal

plants and breeding of such species is therefore

impossible. The polyploid and highly

heterozygous nature of most apomictic plants

further complicates genetic analysis. In

addition, controlled pollination is needed to

analyze reproductive behavior (methods are

described by Sherwood, Chap. 5). Additional

techniques are needed to monitor reproduction

behavior in progeny plants of new varieties.

Such techniques are described in this book by

Berthaud (Chap. 2), Crane (Chap. 3), and

Leblanc and Mazzucato (Chap. 9). The

techniques described include chromosome

counting, flow cytometry, clearing and



squashing techniques, sectioning, molecular

markers, and the "auxin test." Ultrastructural

studies using electron microscopy (Naurnova

and Vielle-Calzada, Chap. 4) reveal even more

information, but are very laborious, time

consuming, and poorly suited to large-scale

progeny analysis. Row cytometry analysis of

seeds is a fast and easy tool and thus probably

the method of choice for first progeny testings.

This is because large numbers of progeny

populations have to be produced and

investigated at each generation in order to

analyze reproductive behavior (Matzk et al.

2000; Savidan, Chap. 11).

Several sexual crop plants are closely related

to wild apornicts, and introgression of the

apomixis trait through wide crosses has

successfully been performed with wheat,

maize, and pearl millet (reviewed by Bicknell,

Chap. 8; Savidan, Chap. 11). Nevertheless,

there are some limitations: total male sterility

was observed frequently in F j hybrids of wide

crosses, representing a dead end once the

apomixis trait is obligate. In wide crosses

between Tripsacum and maize, fertile apomictic

BC
4

with less than 11 Tripsacum chromosomes

could not be identified (Savidan, Chap. 11),

resulting in maize lines devoid of agronomic

value. Another disadvantage of this approach

is that transfer of natural apomixis genes from

wild species into related sexual crops by

introgression is likely to remain limited to those

crops that have apomictic relatives and so will

not be applicable to other species.

Mutagenesis Approaches
Mutagenesis approaches have been described

in great detail earlier in this book by

Grossniklaus (Chap. 12)and Praekelt and Scott

(Chap. 13). Therefore, we will discuss only the

main conclusions here.

The basis for all mutagenesis approaches is the

assumption that apomictic reproduction

pathways are developmental variations of the

sexual pathway, thus a short-circuited sexual

pathway. Mutant screens have therefore been

designed to induce sexuality in apomicts and

apomictic mutants in sexual plants by the

inactivation of genes. Many mutants were

identified as being defective in meiosis,

megasporogenesis, and gametogenesis (for

review, see Yang and Sundaresan 2000;

Crossniklaus, Chap. 12). Mutant analysis of

megagametogenesis, for example, suggests

that a large number of loci are essential for

embryo-sac development. Other mutants are

described as displaying autonomous embryo

and/or endosperm development. The

corresponding genes have been recently

cloned. Mea/fis1 (medea/fertilization independent

seed1) is a gametophyte maternal effect gene

probably involved in regulating cell

proliferation in the endosperm and also

partially in the embryo (Grossniklaus et al.

1998b; Luo et al. 1999). Fis2 shows a similar

mutant phenotype and encodes a putative

zinc-finger transcription factor (Luo et al. 1999).

Autonomous endosperm development was

observed in the fie (fertilization independent
endospermlfis3) mutant. Mealfis1 and fielfis3

display homology to Polycomb proteins

(Grossniklaus et al. 1998b; Ohad et al. 1999),

which are involved in long-term repression of

homeotic genes in Drosophila and mammalian

embryo development (Pirrotta 1998).

The most important conclusion derived from

the description of these mutants is that all the

elements of apomixis can indeed be induced

by mutations in sexual plants. In addition, it is

obvious that more than one mutation will be
necessary to obtain vital apomictic seeds in

sexual crops. Nevertheless, a combination of

such isolated genes could be used for known

gene approaches, but additional genes will be
needed to obtain fully developed seeds. Until

now, most mutagenesis screens have

concentrated on the partial or complete

inactivation of the genes that are needed for



progression or inhibition of development.

Future screens will also include activation

tagging in order to induce genes under a

spatial, temporal, or developmental regime

that differs from that in the sexual wild type

plants.

Known Gene Approaches
Known genes used for genetically engineering

the apomixis trait should lead to the following

biological processes:

(1)avoidance and bypassing of meiosis
(apomeiosis);

(2)formation, ideally, of one functional
unreduced embryo sac within each ovule;

(3)autonomous development of the

unreduced egg cell by parthenogenesis;
(4)development of a functional

endosperm-this could be autonomous
or pseudogamous after fertilization of the
central cell; and

(5)an inducible/repressible system that is
necessary to switch between apomictic
and sexual reproduction pathways,
because sexuality and recombination will
be required for the introduction of new
traits into crops, which will result in new
and improved plant varieties.

Based on analyses of mutants in apomictic and

sexual plant species, it is unlikely that the

apomixis trait can be engineered using a single

gene. This is supported by the fact that in most

cases apomixis is facultative and that the

proportion of apomictic progeny can be

influenced by different factors, e.g., by

environmental factors. Variability within the

different apomictic reproduction pathways

further indicates that asexual seed

development cannot be explained on the basis

of a single gene.

One possibility for engineering apomixis is

based on isolating the apomixis gene(s) from

natural apomicts and inserting them into

sexual crops. Molecular mapping of apomixis

genes and gene isolation by map-based cloning

or transposon tagging (described by Grimanelli

et al., Chap. 6) are performed in various

laboratories, but until now no apomixis genes

could be isolated and markers still lie within

cM distance. One major problem with several

apomicts is suppression of recombination

around the apomixis loci (e.g., Pennisetum and

Tripsacum; Grimanelli et al., Chap. 6). In

addition, apomictic species do not belong to

the classical model plant species, and therefore

positional cloning is difficult because of the

relatively low number of available markers,

which are needed to "walk" to the apomixis

gene(s). Transposon tagging is not possible for

most apomicts tTripsacum is an exception

because it can easily be crossed with maize

lines carrying active transposon elements), and

for the near future, T-DNA tagging will remain

restricted to dicotyledonous apomicts such as

Hieracium, which are accessible to

Agrobacterillm iumefaciens transformation

(Bicknell, Chap. 8).Moreover, it is also possible

that because of the polyploid nature of natural

apomicts, no such phenotype exists.

Known genes/promoters from sexual species

that could be used for genetic engineering

include those involved with (i) ovule develop
ment, (ii) initiation of meiosis, (iii) female

gametophyte development, (iv) partheno

genesis, and thus autonomous embryo

development, and (v) initiation of endosperm
development. Grossniklaus (Chap. 12)

speculates that the genes controlling apomixis

are under relaxed or aberrant temporal and/

or spatial control, thus developmental

checkpoints and feedback mechanisms may be

ignored or altered, leading to precocious

development of the megaspore mother cell

and/or the unreduced egg cell.

Ovule- and nucellus-specific genes/promoters

are now available as tools (see Tables 14.1 and

14.2). The molecular control of meiosis is well

characterized in yeast (Vershon and Pierce

2000) and some animal systems, e.g..



Caenorhabdiiis elegans (Zetka and Rose 1995),

and many genes have been isolated and
characterized during the last few years. Much

less is known about the genes involved in plant

meiosis. However; the first homologs to yeast
meiosis genes were recently isolated (reviewed

by Grossniklaus, Chap. 12),and many meiosis

mutants remain available for further

characterization (e.g., in maize and Arabidopsis;
Neuffer et al. 1997;Yangand Sundaresan 2(00).

Genes that are expressed during the induction

of meiosis have been identified in lily
(Kobayashi et al. 1994).Most work on meiosis

in plants has been accomplished through

investigating male meiosis, but for genetic

engineering, female meiosis genes will be of
particular interest. Some genes involved with

female gametophyte development have been

identified, of which some are specifically
expressed in different cells of the female

Table 14.1 Examples ofisolated genes and their promoters that might beuseful as tools for de IHI~O

synthesis oftheapomixis traitin sexual aops

PrCKess tobe ....tecl
GetJe (expressiOll/factioa) (Origin) Reference

'lpoIBixis genes'
nol isolaled yell?!

Ovule and ...cehs-spedfic target getIt expressioa
FBPl promoter (ovule-specific)
DEFH9 promoler (ovule-specific)
WM403 promoler (nlKellus-specific)
Nucel/in cDNA (nlKellus-spe<ific)

Preventioa ofmeiosis/apo.eiosis
diverse cDNAs (ear~ meiosis-specific)
pAWJl3 cDNA (ear~ meiosis-specific)
DMCI gene (MMC*-specific)
SrNI gene (chrom. condensation/pairing)

Partheaogenesis (.tOllOllllNfS embryo developlllent)
SEIlK gene (compelence 10 form embryos)
l£(l gene (compelence 10 form embryos)
BBM1gene (compelence 10 form embryos)
ZmES/-4 promoler (embryo soc-specific)

(AutonomlNfs) endospenn development
MWFIS1gene (suppressor)

FIS2gene (suppressor)
FI£!FIS3 gene (suppressor)
ZmES1-4 promoler (embryo sac-specific)

Imprintilg
METI a/s (hypomethylation)

Inducille/repressable systems
Sleroid-inducible promoter
Copper-indlKible promoler
TelTacydine-inducible/-inactivatable promoler
Ethonol-inducibele promoler

"MMC: Mega- and Micr~pore mother celll.

(Petunia)
(Anthirrhinum)
(waler-melon)
(barley)

lIi~)

(wheat)
(Arabidopsis)
(Arabidopsis)

(carrol, Arabidopsis)
(Arabidopsis)
(Brassica, Arabidopsis)
(maize)

(Arabidopsis)

(Arabidopsis)
(Arabidopsis)
(maize)

(Arabidopsis)

(mammak)
(yeasl)
(bacterium)
(fungus)

Colomba elaI., 1997
Rotino elal., 1997
Shen el01., unpublished
Chen and FooIad, 1997

Kobayoshi elal., 1994
Ji and langridge, 199~

Klimyuk and Jones, 1997
Bai el 01_, 1999

Smmidl elal., 1997
Lolan el 01., 199B
Boutilier elaI., unpub~shed
Amien and Dresselhaus, unpublished

Grossniklaus el01., 1998b
Loo el01., )999
loo elal., 1999
Ohad elaI., 1999
Amien and Dresselhaus, unpublished

Adorns elaI., 2000
Vinkenoog el aI., 2000

Smena el01., J991
Mell elal., 1993
Weinmann el01., 1994
Caddick el 01., J998
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Table 14.2 Examples of patents linked with theengineering oftheapomixis trait in sexual crops.
Sources: Intellectual Property Network (http://www.delphion.coml. European Potent Office (http://ep.dips.org/dips), and Bicknell
and Bicknell (1999).

Apomixis tedlnology
Patent number'

(Publication date) TItle (and content) Applicant(s)

Hovortis

University of California

University of California

IRD and C1MMYT-ABC

University of Geargia
Research Found. IHC
Cold Spring Harbor lob.

Novartis and inventors

Eubonks M. W.

Rohm &Hoos

University of Utah Stole

Doan, D.N.P., Olsen,
O.-A. and Linnestad, C.
John Innes Centre
lnnov. UD and inventors
PGS

USDA

Maxell Hybrids INC

Pollov Selskokhaz IG
Nikinkij
PGS

Chen J.

W0024914
(May 4, 20(0)

W09837184
(Aug. 27, 1998)

US5907082
(May 25, 1999)

W09935258
(Ju~ 15, 1999)

W09953083
IOct. 21, 1999)

Breeding strategies
W089l10810 Asexual induction of heritable male sterility and apomixis in plants

(Feb. 9, 1989) (use of male sterility factors).
CN 1124564 Hybrid vigor fixing breeding process for rice apomixis

(June 19, 1996) (breeding and selection strategy).
US5710367 Apomictic maize (introgression of apomixis

(Jan. 20, 1998) from Tripsacum to maize).
W0971 0704 Apomixis for producing true-breeding plant progenies (introgression USDA

(Sep. 22, 1998) of apomixis from Pennisetum squomulatum 10 cullivars).
W09833374 Methods for producing apomicitic planls

(Aug. 6, 1998) (breeding program).
WOl107434 Novel genetic material for transmission into

(Feb. 17,2000) maize (introgression of apomixis from Tripsacum).

Stimulation ofapomictic reproduction
EP0127313 The production ofhaploid seed, of doubled haploids ond of

(Dee 5, 1984) hamazygous plontlines therefrom (causing opomixis by applying
on apomixic agent).

SU 1323048 Stimulolor oflloral opomixis
(Ju~ 15, 1987) (no file available).

US4818693 Methods and materials for enhanced somatic
(April 4, 1989) embryo regeneration in the presence of auxin.

US5840567 Simplified hybrid seed production by latent diploid porthenogenesis and University of California
(Nov. 24, 1998) porthenote cleavage (induced by controlled environmental condnions).

De novo synthesis ofapomixis (genes and promoters)
W09743427 Production of apomictic seed (using 0 SERK gene for

(Nov. 11, 1997) embryogenic potential).
W09808961 Endosperm and nucellus specific genes, promolers and

(March 5, 1998) uses thereaf.
W09828431 Transcriptional regulation in plonls

(Ju~ 2, 1998) (using 0 meiosis specific promater).
US5792929 Plants with modified Rowers (modifying Rower celk after

(Aug. 11, 1998) tronsformation with foreign DNA).
W09836090 Means for identifying nucleotide sequences

(Aug. 20, 1998) involved in opomixis (isolation ond modification of sexual genes
for the expression of apomixis in Gramineae).
Leafy cotyledonI genes and their use (using embryo specific genes
ond their promoters).
Ovule-spe<ific gene expression
(using ovule-spe<ific genes).
Nucleic ocid markers for opospory·specific
genomic region (from the genus Paspolum).
Seed specific polycomb group gene and
methods of use for some (using repressOfS of embryo ond
endosperm development).
Apomixis conferred by expression of SERK
interacting proteins (see above W097434271.

•wo, US, Ep, CN and SU refer to World patents, US-, European, Chinese and larmer Sawjel Union patents.
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gametophyte (Crossniklaus, Chap. 12;Cordts

and Dresse lhaus, unpublished results).

Through the use of mutant approaches

(Vollbrecht and Hake 1995; Drews et al. 1998;

Yang and Sundaresan 2000; Crossniklaus,

Chap. 12;Praekelt and Scott, Chap. 13), we can

anticipate that many more genes involved in

female gametophyte development will soon be

isolated. Gene trap screens such as T-DNA

insertional mutagenesis, transposon

mu tagenesis, and enhancer detection

(Crossniklaus, Chap. 12) are very powerful

molecular tools for isolating the corresponding

genes and/or their promoters from sexual

model plants like maize and Arabidopsis.

Further tissue/cell-specific genes and their

promoters will be isolated by transcript

profiling methods (e.g.,Liang and Pardee 1992;

Welford et al. 1998;Matsumura et al. 1999)and

from tissue/cell-specific cDNA libraries (e.g.,

Dresselhaus et al. 1994;Dia tchenko et al. 1996).

Initial attempts have been made to compare

gene expression profiles between sexual and

apomictic lines within the same species. A few

genes that are specifically expressed in the

ovules of either sexual or apomictic lines were

isola ted (Vielle-Calzada et al. 1996b). These

genes may eventually be useful tools for

inducing apomictic development in sexual

lines or sexual development in apomictic lines.

Parthenogenetic embryogenesis from

unreduced eggs is the next required step for

successfully engineering the apomixis trait.

Whether this will occur spontaneously once

the egg is diploid has yet to be shown. Quarin

and Hanna (1980) found that doubling a sexual

diploid Paspalum line generated a tetraploid

that was facultative aposporous, thus

unreduced egg cells developed partheno

genetically into embryos. Spontaneous

parthenogenetic development was observed at

a low frequency in maize (Chase 1969; Bantin

and Dresselhaus, unpublished results). Wheat

lines have been described that produced up to

90% parthenogenetic haploids (Matzk et al.

1995). Very little molecular data concerning

parthenogenesis are available for higher

plants. One protein (a-tubulin) was identified

whose expression is associated with the

initiation of parthenogenesis in wheat (Matzk

et al. 1997). And auxin (2,4 D) treated sexual

eggs from maize can be triggered to initiate

embryo development at a low frequency.,.
(Kranz et al. 1995), however, the molecular

mechanism is not understood. Three genes

were used to successfully initiate the formation

of embryo-like structures on vegetative tissue

(leel: leafy cotvledonl, Lotan et al. 1998; and

bbml: babyboom1r Boutilier et al., unpublished

results) or to enhance the rate of somatic

embryos in culture (SERK1: somatic

embryogenesis receptor-like kinase1, Hecht et al.,

unpublished results), respectively. It remains

to be demonstrated whether these genes are

also useful for inducing embryo development

in reproductive cells.

Parthenogenesis may also arise as a function

of timing, taking into account that

parthenogenetic embryogenesis is usually

initiated before anthesis. In contrast to sexual

eggs, parthenogenetic eggs (e.g., Penniseium

ciliare and wheat) contain ample amounts of

ribosomes and polysomes and a large number

of cristae in mitochondria, thus suggesting a

highly active metabolic status prior to

pollination (Naumova and Vielle-Calzada,

Chap. 4; Naumova and Matzk 1998). In

contrast to sexual eggs, degeneration of

synergids in aposporous Pennisetum ciliate
female gametophyte was precocious and

rapid. In addition, a complete cell wall around

the eggs was already generated before the

arrival of the pollen tube (Vielie et al. 1995). In

maize, zygotic gene activation (ZGA), the

swi tch from maternal to embryonic control of

development, occurs soon after fertilization

(Sauter et al. 1998; Dresselhaus et al. 1999;

Bantin and Dresselhaus. unpublished).

Precocious expression of zygotic genes before

pollination/ fertilization could thus eventually



be used as a tool to induce parthenogenetic

development of sexual eggs, and perhaps

those same genes might be useful for inducing

endosperm development. Although the

existence of repressor molecules that prevent

unfertilized eggs from initiating embryo

development has not been proven, it is

reasonable to postulate their reality. Once

isolated, they might be a useful tool for
engineering parthenogenetic embryo

development as a component of apomixis.

Induction of endosperm development will

probably be the biggest obstacle to the utilizing

apomixis in sexual crop species (discussed
further under "Main Limitations").

Nevertheless, an in vitro system for

endosperm development in maize was
reported recently (Kranz et al. 1998),providing
impetus to molecular investigations about

gene expression and regulation during the
earliest steps of endosperm development.

Transformation and
Inducible Promoter Systems
Tremendous progress has been made in plant

genetic engineering since the first reports of

successful plant transformation appeared in
the early 1980s, and many commercially
relevant genes have been transferred to crop

plants (Christou 1996). Agrobacterillm
mediated transformation has been the method
of choice for introducing exogenous DNA into

dicotyledonous plants. Agrobacterium
transformation has proven difficult with
cereals, and consequently, alternative methods

such as particle bombardment have been
employed. Nevertheless, because Agrobac
terillm-mediated gene delivery offers many

advantages (easy protocols, often low- or even

single-copy integrations, mostly full-length
integration of transgenes, short or no tissue

culture period), considerable effort has been

dedicated to establishing this method for
cereals (Komari et al. 1998). Agrobacterillm
transformation of rice is now routine, while

successful transformation of maize and wheat

has also been reported (lshida et al. 1996;

Cheng et al. 1997). Even so, particle
bombardment of wheat and maize immature

scutellum tissue remains the most widely used

method in most public laboratories. Relatively

efficient transformation systems are now

available for all major crops as well as some

forage grasses (Spangenberg et al. 1998).

Development of transformation systems for

apomictic species is in progress, and

transformation protocols for pearl millet will
be established once interesting apomixis genes

become available (P. Ozias-Akins, personal

comm.). Transformation of Brachiaria and
Tripsacum are fociof apomixis programs at the

International Center for Tropical Agriculture
(ClAT)and the International Maize and Wheat

Improvement Center (CIMMYf), respectively.

A major problem related to transgene activity
is the instability of expression (Iorgensen 1995;
Matzke and Matzke 1995).Often inactivation

of transgene expression is accompanied by an

increase in DNA methylation (Meyer 1995).In

addition, transgenes may be integrated in
hypermethylated chromosomal regions

displaying a spatial and temporal change of
methylation during plant growth and
development (position effect).Transgenes with

homologous sequences to endogenous genes

may be silenced through the cosuppression
effect (Iorgensen 1995; Matzke and Matzke
1995). All the same, plants stably expressing

the transgenes can be selected over
generations, although this is time-consuming

and expensive. Suggestions have been made
as to how vectors used for genetic
transformation can be optimized in order to

minimize the cosuppression effect (Meyer

1995). Single-copy integration of transgenes

will be enabled by the deployment of
Agrobacterillm-mediated gene delivery. This in
turn will increase the rate of plants that stably

express the transgenes. Gene targeting by

homologous recombination, i.e., the
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generation of null mutants, is probably the

ideal way to stably silence genes. The

deployment of this approach, however, is still

relatively limited for higher plants (Puchta

1998).An alternative is homology-dependent
gene silencing (HOCS; for review, see Kooter
et al. 1999), especially through the use of

double-stranded RNA (RNAi: RNA

interference technology) as a template for gene
silencing (Bass 2(00). Gene silencing at rates

up to 100% was reported with transgenic

plants using the latter approach.

Inducible/ repressible systems are necessary to

engineer the apomixis trait, because genetic
recombination through sexual crossing will
always be required for the introduction of new
traits into crops. In a panel discussion with
industrial representatives during the Third

European Apomixis Workshop (April 21-24,
1999,Gargnano, Italy), it became very clear that
inducible systems for engineering the

apomictic trait are highly desired (http:/ /
www.apomixis.de;seeworkshops).mainly
because they serve as a natural means of

protecting intellectual property rights (see
"Intellectual Property Rights," this chapter).
The question is whether such systems are

practically possible, given the problems
encountered with the application of
gametocides. Various chemical inducible
systems have been reported, e.g., the

tetracycline inducible/ inactivatable promoter
system, and steroid-, copper- and ethanol
inducible promoter systems (for review, see

Gatz and Lenk 1998). Whether these systems
are applicable and acceptable for use under
field conditions is doubtful; spraying

antibiotics, steroids, and heavy metals is
environmentally unacceptable. Ethanol

systems might offer an alternative. Most of
these systems, however, are leaky and have

some background activity, or they may be too
sensitive. In addition, there is the question of
how homogeneously the induction works in

different organs, especially in embedded cells

like megaspore mother cells and the cells of

the embryo sac, which are the main target cells
for the genetic engineering of different

apomixis components. Seed producers

anticipate efficiency rates as high as 99% for
such systems (http://www.apomixis.de; see

panel discussion during the Third European

Apomixis Workshop). Existing systems,
therefore, must be optimized, or preferably,

new systems using natural, easily
biodegradable, and harmless chemicals as

inducers must be developed to satisfy seed
producer demands and environmental
necessities.

Main limitations
Perhaps the biggest obstacle to genetically
engineering apomictic grain crops is that
fertilization of the central cell is likely to be
required because of dosage effects (Birchler
1993; Savidan, Chap. 11) and because
autonomous endosperm development occurs
at low frequencies in cereals. A balanced
maternal:paternal genome ratio (2m:lp) is an

absolute requirement for endosperm
development in cereals (Birchler1993).In most

cases, deviation from this ratio leads to embryo
abortion or seeds with diminished fertility
(Birchler 1993; Praekelt and Scott, Chap. 13).
In contrast to cereals, Scott et al. (1998) have

shown that in Arabidopsis, 2m:2p, 4m:lp and
4m:2p ratios are allowed. Also observed in

most pseudogamous apomicts are ratios of

4m:1p and 4m:2p. In apomictic lines of the
maize relative Tripsacum, Grimanelli et al.
(1997) identified 2m:2p, 4m:1p, and 8m:1p

ratios. Imprinting of gametic nuclei is the
genetic reason behind this phenomenon: one
set of alleles is silenced on the chromosomes

contributed by the mother, while another set
is silenced on the paternal chromosomes. Each

genome thus contributes a different set of
active alleles (Vinkenoog et al. 2000;AlIeman

and Doctor 2(00). A few imprinted loci have
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been investigated in plants (e.g., Kinoshita et

al. 1999; Vielle-Calzada et al. 2000; Alleman

and Doctor 2000;Crane, Chap. 3), but we are

just beginning to understand the molecular

mechanisms underlying these processes.

Nevertheless, the combination of maternal

hypomethylation in combination with a loss

of fie function was recently shown to enable

the formation of differentiated endosperm

without fertilization in Arabidopsis (Vinkenoog

et al. 2000). It remains to be demonstrated

whether this approach is also feasible for

crops, especially cereals, but it represents a

promising step in assembling the many

components needed to engineer apomixis into

sexual crops.

Another obstacle that needs to be overcome is

the relatively high number of genes/

promoters that are required; in addition to

inducible/repressible systems, it is likely that

the precise and controlled interaction of many

genes will have to be engineered. In natural

apomicts, genes from different chromosomes

are required for the expression of apomictic

reproduction pathways. Blakey et al. (1997)

have shown that in apomictic Tripsacum, genes

required for seed set are located on at least five

Tripsacum linkage groups, which are syntenic

to four maize chromosome arms. Sherwood

(Chap. 5) observes that the expression of

apospory requires the dominant allele of a
major gene or linkat and that the degree of

apomixis may be further influenced by many

other genes (e.g., modifiers). Fewer data are

available for diplospory, but in this case as

well, a single master gene or a number of genes

that behave as a single locus may be required

for the expression of apomixis. The technical

difficulties of introducing multiple genes

within a single transformation event were

successfully resolved recently us~ng

AgrobacterilmHransformation with rice (Yeet

al. 2000). Four genes were integrated on one

construct; by crossing transgenic lines carrying

other transgenes, a whole biosynthetic

pathway was engineered into rice endosperm

(Ye et al. 2000).

To sum up, our understanding of the

molecular regulation of apomictic and

amphimictic reproduction pathways in crops,

especially cereals, is still in its infancy,and thus,

due to the complexity of these biological

processes, modifying or controlling the

pathways will probably not be achieved

within the next five years.

Intellectual Property Rights
Intellectual property rights (IPR) are a means

of promoting commercially relevant

innovation and for sharing resources. The \PR

owner obtains the right to use the intellectual

property (IF) exclusively, license it, or not use

it at all for a limited period (e.g., 20 years). In

agricultural biotechnology and plant breeding,

both scientific knowledge and its commercial

applications are increasingly being claimed by

companies, but also by public institutions such

as universities and research centers (Spillane

1999). With hundreds of millions of dollars

invested every year in plant biotechnology and

breeding research, companies need effective

IP protection to provide an incentive for

making large research investments. These

research results offer enormous benefits for

agrochemical and seed companies, farmers,
and the society as a whole. In the United States,
\PR include (i) general utility patents, (ii) Plant

Variety Protection (UPOV), and (iii) plant

patents for asexually reproduced plants

(Jondle 1999).

Given this context, it is not surprising that IPR

for methods and.genes/promoters that are

useful for the genetic engineering of apomixis

have been claimed (Table 14.2). Most of the

patents were filed during the last five years,

probably because of improvements in plaat
gene technology and in recognition of the

enormous economic potential of utilizing
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apomixis for crop improvement. These

apomixis patents raised concerns about the use

of apomixis technology. The Rural
Advancement Foundation International

(RAFI), a nongovernmental organization,

recently expressed the concern that apomixis
IPR could wind up in the hands of only a few

dominate global agrobusiness players, and that
farmers in both developed and developing

countries might become totally dependent on
their seed products. Other concerns are that

genetic diversity could significantly decline
and that developing countries will not have

access to this technology because they will be
unable to afford the required rights and
licenses (RAFI 1998). The latter concern is
shared by leading apomixis researchers and
was formalized in 1998 in the Bellagio

Apomixis Declaration (for full text, see http:! /
billie.harvard.edu/apomixis). Signatories to
the declaration were interested in how to
develop novel approaches for generating the
enabling technology, and how to patent and
license it.Currently, patents related to apomixis

enabling technology are dispersed among
many parties (Table 14.2). Furthermore, it is
expected that the number of patents will
greatly swell as numerous public and private

research institutions continue investigating
different aspects ofapomictic and amphimictic
reproduction pathways using different species
and approaches (see e.g., Bicknelland Bicknell
1999).

Another negative impact stemming from
apomixis patents is that communication of
research results to the scientific community is
either delayed until patents have been filed or
they are simply not communicated at all. A

Widespread phenomenon in today's
biomedical research is that while IPR is

growing rapidly, scarce resources are poorly
utilized because too many patent owners are
blocking one another. Paradoxically. more IPR
may lead to fewer useful products for the

improvement of human health (Helier and

Eisenberg 1998). In regards to apomixis, it is

unlikely that the situation will change in the

near future because it is still possible to filevery

broad apomixis patents.

The question of whether farmers in developing

countries will get access to disclosed apomixis

technology remains unanswered. One can
hope that many of the relevant patents will be
secured by public organizations such as the

Consultative Group on International
Agricultural Research (CGIAR) and other
public insti tutions (see Hoisington et aI. 1999),

thus giving interested parties in developing

countries the possibility of acquiring free
access to this powerful technology. Certainly,

the public image of the big agrobusiness
players would benefit from freely licensing the
technology to CGIAR institutions or directly

helping farmers in developing countries use
this technology. The bulk of profits, after all,
will be earned in the more developed
countries. Introducing the apomixis trait into
local varieties would give farmers in

developing countries access to powerful and
productive hybrid technology (Hoisington et
aI. 1999).Tosome extent, these farmers should

have the right to save seed for subsequent
replanting, thus allowing them to significantly

increase their crop yield and personal income.

Risk Assessment Studies
Risk assessment research and studies relate to
the use and or release of genetically modified

organisms (GMOs) into the environment. Since
the first release of genetically modified plants
(GMPs) some twelve years ago, many short

term studies have been conducted (de Vries
1998). Short- and long-term risk assessment

studies are also needed to evaluate the

environmental implications of novel apomictic
crops. One key issue for investigation is
whether the apomixis trait can move to the

landraces and wild ancestors of food crop
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plants. and if so. what would be the impact.
This issue isespecially important in the centers

of origin for the crop plants. Furthermore. the
issue of how apomixis might affect genetic

diversity. and whether it would increase or

decrease monoculture farming needs to be
explored. Based on field studies on herbicide

and/or insecticide resistant plants, we can
probably expect engineered apomixis genes to
move through vertical gene transfer (transfer

of a gene from plant to plant via sexual
reproduction/pollen) (Lutrnan 1999).The rate
of horizontal gene transfer (asexual gene flow

between organisms) is relatively low and the
risk negligible, however, microbiological risk
assessment studies in this area could be useful

(Syvanen 1994). Given our current knowledge,
it appears unlikely that microorganisms could
gain some advantage over wild relatives after

uptake of apomixis genes.

If apomixis is controlled by multiple genes. the
probability of diffusing this trait to wild
relatives is extremely low. The transfer of

several genes to a wild plant should lower its
fitness to a level unacceptable for survival in
the wild (Berthaud, Chap. 2). If apomixis is
controlled by a single gene, which would result
in obligate apomictic wild races, these races
would lose their potential to evolve. If
dominant, an apomixis gene could rapidly
become fixed in an outcrossing sexual
population. Therefore, in theory, apomixis
transgenes could possess advantages that
might result in the uncontrollable spread of
the transgenes (van Dijk and van Damme
2000). Inducible apomictic systems and male
sterility might circumvent these problems.
Nevertheless, the described possibilities
indicate that risk assessment studies and

research to investigate the ecological
implications of novel apomictic crops (once

available) to the environment are an absolute
necessity. In addition, socioeconomic studies
on the positive and negative implications of

this technology for breeders, seed companies,

and farmers in both developing and developed

countries (see also IPR) will be required, and
the research results should be communicated

to all potential users.

Summary
The extensive introduction of apomixis into

sexual crops will undoubtedly rely on genetic
engineering. as we anticipate that more

candidate genes (especially regulatory genes
and tissue/cell-specific promoters) and
enabling techniques will be identified and
developed in the near future. Transformation

technology for all major crops is now available
and inducible systems are currently being
developed and optimized, allowing the control
of transgene expression and activity even
under field conditions. Adventious apomixis
using already described or novel genes under
the control of ovule-, nucellus- or archespore
specific promoters is probably the easiest way

to engineer the apomixis trait. Plant breeders
and seed producers would like to generate
inducible obligate mitotic diplospory in
combination with autonomous endosperm
development. The latter is probably the most

difficult aspect of engineering apomixis.
especially for cereals such as wheat, rice. and

maize, because of dosage and imprinting
effects.

Although apomixis is a hot topic in plant
research, our current understanding of both
apomictic and amphimictic reproduction
pathways in higher plants is still extremely
limited. The economic potential of apomixis
might provide the impetus to bring apomictic
crops to the marketplace, and in the process it
may well contribute significantly to our future
understanding of the molecular regulation of
the many different sexual and apomictic plant

reproduction pathways.

International and interdisciplinary approaches
and efforts are now needed to study and
manipulate seed reproduction. It will be



necessary (i) to characterize the genetic

regulation of apomixis and isolate the

responsible genes, (ii) to analyze the genetic
and molecular bases of sexual reproduction

and to isolate the corresponding genes, and
(iii) to produce the tissue/cell-specific and
inducible/repressible promoters that will be
needed to control the expression of the target
genes. Concerted international research efforts

have been made in Europe aimed at
understanding apomictic and sexual
reproduction pathways in order to develop
tools for the manipulation of the apomictic
trait (e.g.. an E.U. Research Technology and
Development (RTD) project entitled "The
manipulation of aporruxis for the
improvement of tropical forages," coordinated
by M. D. Hayward; a RTD project entitled
"A pornixis in agricul ture: a molecular
approach," coordinated by M. van Lookeren
Campagne; and a Concerted Action Project
entitled "Introducing and controlling asexual

reproduction through seeds in apomictic

systems and sexual crops," coordinated by T.

Dresse lhaus). In 1999, a transatlantic
consortium was initiated between two public

institutions (CIMMYT and IRD) and three
private companies (Pioneer Hi-Bred, Novartis,

and Group Limagrain). This is just a beginning
and more concerted projects are needed in
order to reach the ambitious aim of

manipulating the apomixis trait in crops.

Apomixis technology will offer many exciting
opportunities for the agriculture of the 21't

century, and indeed many patents already
have been filed with many more yet to come.
It is critically important that these patents be
held and used for the good of all. Public

institutions in particular must safeguard the
access of developing countries to these
enabling technologies. In all likelihood,

constraints to the broad and generous use of
apomixis technology will be political and
economic rather than technical in the future.

References
Adams, s. R. V"l/1kenaog, M. Spielman, H.G.

Dickinsan, and RJ. Scatl. 2000. PlI"enl-ol·
Qligin effem on seed deYeIolX'*lt in
Arabidopsis tho/iana requre DNA
methylalian. Development 127: 2493
2502.

Alfeman, 1.1., and 1 DooQl. 2000. Genanic
imprinting inplan15: observations and
eva!utianoryi~ns. fbrtMol. Bioi.
43: 147-61.

Asker, H., and LJerling. 1992. Apotrixis in
PlanlI. Saca Raton, Florida: (RC Press.

Sai, X., S.N. Peirson, EIlang, cXue, and CA
Mckaraff. 1999. Isolation and
characterization of SYNI, aRAD21·like
gene essentiollor meiosis inArabidopsis.
PlantCelll: 417-30.

Sass, S.L 2000. Double-llranded RNA as a
template lar gene silencing. C!l11 DJ:
235-3S.

Sidmell, RA, and K.S. Sicknell. 1999. Who wm
benefit ham apomixis? Biotechnology and
Development Mani/ex 37: 17-21.

Sirchler, JA1993. Dosage analysis of maize
endosperm develolX'*lt. Moo. Rev.
Genet. 27: 'SI-204.

Blakey, CA, Ll, De'MIld, and S.L Goldman.
1997. Ca-segregaticln 01 DNA markers with
Tripsacumledty. Moymcu42: 363-69.

Caddidt, M.l, U Greenland, I.Jepson, K.P.
Krause, N. Qu, K.V. RiddeD, M.G. Soher, W.
Schud1, U. Sonne'MIld, and A.B. Tamsen.
1995. An ethanol indu<ible gene switch lor
p1an15 used lamanipulate carbon
metabalism. NaI. Biatechnal. 16: 177-aO.

Chase, S. 1969 Manaplaids and monoplaid·
derivatives 01 maize (Zeo mars l.],
Botanical Review 35: 117-67.

Chen, E, and M.R. Faalad. J997. Malecular
organization 01 agene inbarley which
encodes aprotein sinilar to aspartic
pralease and its specific expression in
nucellar cells during degeneration. Plant
Mol. Bioi. 35: B21-31.

Cheng, 1.1., lE.Fry, S. Pang, H. Zhou, tM.
Hiranoka, D.R. Duncan, 1W. Conner, and Y.
Won. 1997. Genetic tronslQlmaticln of
wheat medioted by Agroboderium
rumefaciem. Plant Physiol. 115: 971-a0.

Chrislau, P. 1996. Translormaticln technology.
Trends PIont Sci. 1:423-31.

de Vries, G.E. 1995. Past, Present And Future
Considerations In Risk Assessment WIIen
Using GMOs. Bihhaven, The Nerherlonds:
Commission Genetic Modification.

Calarnbo, L, 1 Franken, A.lVan der Krol, P.E.
W"lIIich, HJ. Dons, lIld G.tAngenent.
1997. Dawrvegulatian 01 ovule-specific
MADS box genes ham petunia resuhs in
maternally cantraled delem inseed
development. fbrtCel9: 703-15.

Diatchenka, L, Y.-F. Chris Lou, A.P. Ca~beI, A.
Chenchik, F. Maqadom, B. Huang, S.
Lukyanov, K. Lukyunow, N. Gurskayo, E.D.
Sverdlac, and P.D. Siebert. 1996.
Suppression subrraetiw hybridization: A
method lor generatilg differentially
regulated or lissue-spedfic cDNA probes
and libraries. Prac. NaIl. Acad. Xi. (USA)
93: 6025-30.

Dresselhaus, 1,S. Cordl5, S. Heuer, M. Soufer, H.
LOrz, and E. Kranz. 1999. Navel ribosomal
genes hom maize are differentially
expressed inthe zygatK and lOIlllIlic eeH
cycles. Mol. Gen. Genet. 261: 416-27.

Dresselhaus, 1, H. LOll, and E. Kranz. 1994.
Representative cDNA ~braries ham few
plant cells. fbrt1. 5: 605-10.

Drews, G.N., D. Lee, and CA Christensen. 1995.
Genetic anolysis allemale gamelaphyte
development and function. Plant CeH 10:
5-17.

Evans, L1 1995. Feeding the Ten Billion: PIonII
and Population Grawth. New York:
Cambridge University Press.



242 1\0-. Dr......... Iou G.,__ .... , ... s.r.w.

6011. t, and I. lenk. 1998. Promoters lhot
respond to ch~mi<al inducers Trends Plant
xi.3:352-58.

Grimanelli, D.• M. Hernandez. E. Perani. and Y.
Savidan. 1997. Dosage eHem in the
andosperm of diplasparaus apomidic
Tripsacum (Pooceae). Sex. Plant Reprod.
10: 279-92.

Grassniklaus. U., A. Kahunow. and M. van
laokeren (ampogne. 19980. Abright
future for apomixis. Trends Plant xi. 3:
415-16.

Grassniklaus, U.• J..P. Vielle·(alzado. MA
Hooppner, and W.8. 6ogliona. 1998b.
Maternal control of embryogenesis by
MfDEA, a Palycamb group gene in
Arabidoplis. xience 280: 441>--50.

Helier, MA. and RoS. Eisenberg. 1998. (an
patenn deler innovalion? The anti<ammons
in biamedi<al research. xience 280: 698
70l.

Hoisington, D., M. Khoirallah, 1 Reeves, J.·M.
Ribout. 8.Skavmond. S. Tabo. and M.
Warburtan. 1999. PIont geneti< resources:
Whot can they contribute toward increased
crop productivity. Prac. Nat/. Acad. Sci.
(USA) 96: 5937-43.

Ishida. Y..H. Saita, S. Ohta. Y. Hiei. 1 Kamori,
and 1. Kumashira. 1996. High efficient
transformation of maize (lea tOOys Ll
medioted by Agrobacterium tumefa6ens.
Nature Biotechnology 14: 745-50.

Jemes, t 1997. GlobolStalus ofTtransgenic
Clops in 1997.ISAAA Briefs Na.5. hhoca.
New York: 1SAAA.

Ji. L·H., and P.langridge. 1994 An ear~ meiosis
cDNA clone from wheat. Mol. Gen. Ganel.
243: 17-23.

Jandle, RJ. 1999. PIont breeders' righn and
plant biotechnology. In A. Ahman. M. f1v.
and S.lzhor (eds.). Plant Biotechnology and
In Vitro Biology ofthe 21st (entury.
Dordrecht, The Netherlands: K1UWllf
Acodemic Pubtrshers. pp. 747-49

Jorgansen. RA 1995. (o-suppression, Rower
color patterns, and metastable gene
expression stales. Science 268: 681>--91.

Kinoshita. 1. R. Yadegari. JJ.Horoda. R.B.
GoIdberg. and R.l. fl\Cher. 1999
Imprinting of the MEDEA Pa~carnb gene in
the Arabidoplis andosperm. Plont Cilllll :
1945-52.

Klimyuk, n. and J.D. lenes. 1997. AtDMCI. the
Arabidoplis homalogue of the yeast DMCI
gene: characterization, transposon·induced
allelic variation and meiasis-associoted
expression. PlantJ. 11: 1-14.

Kaboyashi. 1.E. Kabayashi, S. Sato, Y. Hona, N.
Miyapma. A. Tanaka. and S. Tabota. 1994.
Characterizotion of cDNAs induced in
meioli< prophose in Ii~ micraspores. DNA
Res. I: 15-26.

Kohunow, A.M.• R.A. 8i<knell, and AM.
CIloudhury. 1995. Apomixis: Molecular
strategies far the generation of genelical~

idanlical seeds without fertilization. Plant
Phyliol. 108: 1345-52.

Kamori, 1.Y. Hieri. Y. Ishida. 1. Kumoshira, and
1. Kubo. 1998. Advances in cereal gene
transfer. (/HT. Opin. Plant Bioi. 1: 161--il5.

Kooler. J.M.• MA Motzke, and P. Meyer. 1999.
tistening lathe silent genes: transgene
silencing, gane regulation and pathogen
control. Trends Plant 56.4: 34ll-47.

Kranz. E.• P. von WleQen, and H.LOrz. 1995.
Ear~ cytological evenn aher induction of
cell division in egg cel~ and zygote
development following in vitro fertilization
with angiosperm gametes. Plant 1. 8: 9-23.

Kranz. E., P. van WleQan, H. Quader. and H.
LOrz. 1998. Endasperm development aher
fusion of isolated. single maize sperm and
cantral cel~ in vitro. Plant (ell 10:511-24.

tiang, P.. and A.8. Pardee. 1992. DiHerentiol
display of eukaryotic messenger RNA by
means of the pa~merase choin reaction.
xience 257: 967-71.

latan, 1.M. Ohio, K.M. Yee. MA Wesl, R. la.
R.W. bong, K. Yamagishi. R.L flSCher, R.B.
GoIdberg, and JJ.Harado. 1998.
Arabidoplis L£AfY COTYUDONI is sufficient
to induce embryo development in
vegetative cells. (ell 93: 1195-1205.

lua, M., P. 8ilodeau, A. Kohunow. E.~. Dennis.
WJ. Peacock. and A.M. Chaudhury 1999.
Ganes controlling fertilizalion-independanl
seed development in Arabidoplis thaliona.
Proc. NotI. kad.Sci. (USA) 96: 291>--301.

lutman. PJ.W. 1999. Gene flow and agricuhure:
RelevallCe for transgenic crops. British Clop
Protection (ounci/Symposium Proceedings
No. 72.

lulZ, W.• W. Sanderson, and S. Scherbov. 1997.
Doubling of world papulotion unlike~.

Nature 387: 8O~5.
Matsumura. H.• S. Nirasawo. and R. Terauchi.

1999. Transcript profiling in rice (Oryza
saliva U seedlings using serialan~ of
gene expression (SAGE). Plont 1. 20: 719
26.

Motzke. MA, and UM.MolZke 1995. How
and why do ~ann inactivate homalogOllS
(Iranslgenes? Plont Physiol. 107: 679-85.

Matzk. F., A. Meister, and I.Schubert. 2000. An
effioanl serean far reproductive patl1wlJy5
using mature seeds of manocan and dican.
PlontJ. 21: 97-108.

Motzk. F., H.·M. Meyer. H. Biiumlein, H.·J.
Balzer. and I.Schubert. 1995. Anovel
approach to the analysis ofthe initiation of
embryo development in Gramineae. Sex.
Plant Reprod. 8: 261>--72.

Motzk. F., H.·M. Meyer, t Horslmann, H.·J.
8olzer. H. Biiumlein, and I. Schubert. 1997.
Aspecific olpha-tubulin is associated with
the initiation of parthenogenesis in
'Salmao' wheat lines. Hereditas 126: 219
24.

McMeniman, S.• and G. lubulwo. 1997. Project
Development Assessment: An Economic
Evaluation ofthe Potential Benefits of
Integrating Apomixis in Hybrid Rice.
Canberra: Australian (entre for
International Agricultural Research.

Men, V.L. LP. lachhead. and P.H. Reynolds.
1993. (opper-<ontrallable gene expression
system for whole plann. Proc. Natl. kad.
xi. (USA) 90: 4567-71.

Meyer. P. 1995. Understanding and controlling
transgene expression. TIBTECH 13: 332
37.

Noumava, IN.• and F. Matzk 1998. DiHerances
in the initiotion of the zygotic and
parthenogenetic pathway in the Salmao
~nes of wheat: uhrastructural studies. Sex
Plant Reprod. 11: 121-30.

NeuHer, M.G.• E.H. (00, and S.R. Wessler. 1997.
Mutants ofMaize. (old Spring Harbor. New
York: (old Spring Harbor laboratory Press.

Ohod, N-r R. Yadegari, LMargassian, M.
Hannan, D. Michoeli, JJ.Harada, R.B.
GoIdbeJg, and R.L Fischer. 1999. Mutations
inRE, aWO Palycarnb group gene. allow
andosperm development without
fertitlzation. Plant (ellll:407-15.

Pirrana, V. 1998. Palycarnbing the genome: PeG,
IrxG. ond dvomotin silencing. (elI93:
333-36.

Puchta, H. 1998. Towards targeted
transformation in plann. Trends Plont Sci.
3: 77-78.

Quarin, U and W.W. Hanna. 1980. Effect of
three ploidy levels on meiosis and mode of
reproduction in Pospolum hexastochyum.
Clop Sci. 20: 69-75.

Rabobank International. 1994. The Work/Seed
Marker: Developments and Strategy.
Utrecht, The Netherlands: Rabobonk.

RAR (Rural AdvallCement Foundation
International). 1998. Terninator Trends:
The '5iIent Spring' of'Farmefl Rights': Seed
Saving, The Public Sector and Terminator
Transnolionalt Occasional Paper VoI.5.
No.l. W"lIlnipeg. (anada: RAFI Publications.

Rolina. G.L, E. Perri, M. Zanini. H. Sommer. and
A. Speoo. 1997. Genetic angineering of
parthenocarpic ~ann. Nat. Biotechna/. 15:
1398-1401.



Geoeti< blgi"";og .f Apemili. illuoal Crops: , (riti<oI As•••_I' of !toe ''''x;, Tedl_1ogy 243

Sauter, M., Pvon Wiegen, H. LOrz, ond E. Kronz.
1998. Cell cycle regulatory genes from
maize ore differentiol~ coni rolled during
fertilization and ~rst embryonic cell
division. Sex. Plant Reprod. 11: 41--48.

Savidan, Y. (2000). Apomixis: genetics and
breeding. Plant Breeding Reviews 18: 13
86.

xhena, M., A.M. Uoyd, and R.W. Dovis. 1991. A
sleraid·indicible gene eXllrellion ~tem
for ~ont celk. Proc. Nali. Acod. SO. (USA)
88: 10421--425.

xhmidt, E.D., F. Guzza, M.A. Toanen, S.c. de
Vries. 1997. Aleucine-rich repeal
containing re<eplor·like kinase marks
somatic ~ant celk competentta form
embryos Oevelopmentl24: 2049-62.

xa",RJ., M. Spielmon, J.8ailey, and H.G.
Oickinson. 1998. Parent-Qf-origin effects
on seed development in Arobidopsis
thaliona. Development 125: 3329--41.

Spongenberg, G., Z.Y. Wang, and I.Polrykus
1998. 8iote<hnology in foroge and turf
glall improvement Mooogroplrs on
Theoretical andApplied Genetics. Vol. 23.
Heidelberg: Springer Verlag.

Spillane, C. 1999. Recent Developments in
Biotechnology 01 TIley Relate to Plant
Genetic Resources for Food and Agriculture.
FAO Background Study Paper No.9. Rome:
FAO.

Syvanen, M. 1994. Horizontal gene transfer:
Evidell<e and possible consequences. Annu.
Rev. Genet. 28: 237-61.

van Dijk, P, and J.van Domme. 2000.
Apomixis te<hnalogy and the paradax af
sex. Trends Plant sa. 5: 81-84.

Vermon, H., and M. Pierce. 2000.
Transcriplionol regulation of meiosis in
yeast. CUff. Opin. Cell Bioi. 12: 334-39.

V'telle-Calzada, J.·P., R. Baskar, and U.
Grollniklaus. 2000. Delayed activation af
the palernol genome during seed
development. Nature 404: 91-94.

Me, J.·P., B.L Bunon, E.c. Bashow, and M.A.
Hussey. 1995. Eor~ fertilization events in
the sexual and aposparaus egg apparatus
of Penniselum ciliare (Ll link. PIont J.8:
309-16.

V'telle-Cal-zada, J.·P., U.Crone, and 0.1.1. Stel~.

19960. Apomixis: The asexual revolution.
Science274: 1322-23.

V'telle-Calzada, J..p, M.L Noecio, M.A. Budimon,
1LThomos, B.L Burron, MA Hussey, and
RA Wing. 1996b. Comparative gene
expression in sexual and apanictic avaries
of Pennisetum ciliare (Lllink. Plant Mol
Bioi. 32: 108>...92.

Vinkenoag, R., M. Spielmon, S. Adarm, R.L
FlSCher, H.G. Oickinson, and RJ. xo".
2000. Hypomethylalion promoles
autonomous endosperm development and
rescues postferlilization lethality in fie
mulants. Plant Cel/12: 2271-82.

Vollbre<hl, E., and S. Hake. 1995. Oeocieocy
ano~ of femole gametogenesis in
maize. Dev. Genetics 16: 44-63.

Weinmann, P., M. Gos~, W. H~Ien, H. Sujard,
and C. Gatt. 1994. AchilT1efic
transoctivalor aHOWI tetracydine
responsive gene expression in whole
plants. Plant 1. 5: 559-69.

Wellord, S.M., J. Gregg. E. Chten, D. Garrison,
PH. Sorensen, Cl Denny, and SJ. Nelson.
1998. Detection of differenooly expelsed
genes in primary lumor tissues using
repesentalionol differell<es anolysis
coupled to microarroy hybridization. Noel.
Acids Res. 26: 3059-65.

Yong, W.·c., and V. Sundoreson. 2000. Geneti<S
and gametophyte biogenesis in
Arobidops;s. CUff. Opin. Plant Bioi. 3: 53
57.

Ye, X., S. AJ.Bobi~, A. Kloti, J.Zhang, P. Lucca, P
Seyer, and I.Potrykus. 2000. Engineering
the provilomine A(Horotene) biosynthetk
pathway inlo (carolenoid·lreel rke
endosperm. Science 287: 303-05.

Yuan, LP 1993. Progress oltwo-tine ~tem in
hybrid rke breeding. In K. Murar.dhoran
and lA. Siddig (eds.l, New Frontiers in
Rice Research. Hyderabod, India:
Directorate of Rice Research. pp. U--93.

Zetka, ht,and A. Rose. 1995. The genetks of
meiosis in Coenorhobdilis elegallS. Trends
Genel. 11: 27-31.





Contents

Hi Contents
viii Tables

ix Figures
x Acknowledgments

xi Foreword

CHAPTER 1. FEEDING THE WORLD IN THE 21ST CENTURY: PLANT BREEDING, BIOTECHNOLOGY,

AND THE POTENTIAL ROLE OF ApOMIXIS

(GARY H. TOENNIESSEN)

1 Population Projections
2 Plant Breeding
3 Biotechnology
6 Potential Role of Apomixis
7 References

CHAPTER 2. ApOMIXIS AND THE MANAGEMENT OF GENETIC DIVERSITY

UULIEN BERTHAUD)

8 Introduction
9 Progeny of Apomictic Plants

11 Diversity in Wild Apomictic Populations
12 Ploidy Cycles and Organization Of Agamic Complexes
12 TaraxaCllm and Parihenium Agamic Complexes (Asteraceae)
13 Capillipedillm-Diclranthium-Bothriochloa Agamic Complex (poaceae)
13 Panicum llraximllm Agamic Complex (Poaceae)
14 Paspalum Agamic Complex (Poaceae)
14 Tripsacum Agamic Complex (Poaceae)
16 Cycles and Sexuality
16 Management of Apomictic Varieties
17 Transfer of Apomixis Gene(s) and Evolution of Landraces
20 2n + n Progeny
20 Relationship between Wild Relatives and Apomictic Varieties
21 Promoting Genetic Diversity and Release of Apomictic Varieties
22 References

CHAPTER 3. CLASSIFICATION OF ApOMICTIC MECHANISMS

(CHARLES F.CRANE)

24 Introduction
24 Types of Gametophytic Apomixis
25 Nine Types of Embryo-Sac Development
25 1) The Allium odorum-type
25 2) The Taraxacum-type
26 3) The Ixeris-type
26 4) The Blumea-type
26 5) The Elymus rectisetus-type
26 6) The Antennaria-type
26 7) The Hieracium-type
26 8) The Eragrosris-type
26 9) The Panicum-type
27 Subsequent Steps of Development
27 1) Embryos
28 2) Endospenns
28 Alternative Classifications
29 Developmental Interpretation
29 Meiotic Development of Megagametophytes
30 Ameiotic Developments of Megagametophytes
31 Subsequent Steps of Development



iv

33 Outlook
33 References
35 Appendix: Methods to Clear Angiospenn Ovules

CHAPTER 4. ULTRASTRUCTURAL ANALYSIS OF ApOMICTIC DEVELOPMENT

(TAMARA N. NAUMOVA AND JEAN-PHlLll'PE VIELLE-CAJLA.DA)

44 Introduction
45 Nucellar and Integumentary Embryony
46 Diplospory
47 Apospory
47 Differentiation of ApOSpOTOUS Initials
48 ApOSpOTOUS Megagametogenesis
48 The Cellularized Aposporous Megagametophyte
57 Parthenogenesis and Fertilization
58 Apogamety
59 Discussion
61 Future Trends
62 References

70

76

75

77
77
78

CHAPTER 5. GENFTIC ANALYSIS OF ApOMIXIS

(ROBERT T. SHERWOOD)

b4 Introduction
64 Methods
65 Chromosome Number
65 Progeny Testing
65 Embryo-Sac Cytology
66 Sectioning or Clearing Pistils to Classify Reproductive Type
66 Markers
67 Biological Tests for Parthenogenesis
67 Combined Cytological, Progeny, Biological, and Marker Testing
68 Controlled Pollination
69 Reciprocal Crossing
69 Creating Tetraploid Parents
70 Identification of Genomes and Chromosomes with Apomixis Genes
70 Testing Inheritance
70 Starting Point
70 Crossing Schemes
71 Classification and Grouping
71 Testing Genetic Models
71 Inheritance of Apomixis
71 Monopolar Apospory (Gramineae-Panicoideae)

Bipolar Apospory
Mitotic Diplospory
Restitutional Diplospory
Multicellular Archesporia

7f, Towards a Comprehensive Model of Inheritance
Regulation of Monopolar Apospory
Regulation of Diplospory
Regulation of Facultative Expression
The Lethal Gene as the Basis for Heterozygosity

79 Summary
79 References

CHAPTER 6. ApPLICATIONS OF MOLECULAR GENFTICS IN ApOMIXIS RESEARCH

(DANIEL GRIMANELLI, JOE TOHME, AND DIEGO GONzALEZ-DE-LE6N)

83 Introduction
84 Some Biological Aspects of Apomixis Worth Studying Using Molecular Genetics
84 Nonreduction followed by Parthenogenesis
85 Expression of Apomixis and Ploidy Levels
86 Endosperm Development
86 The Single-Gene Model Revisited



88 Applications of Molecular Genetics to Apomixis Research
88 What Material?
89 Molecular Mapping of Apomixis
90 Cloning the Apomixis Gene(s) Using Molecular Genetics Tools
93 Conclusions
93 References

CHAPTER 7. THE GENE EFFECT: GENOME COLLISIONS AND APOMIXIS

OmiN G. CARMAN)
95 Introduction
95 Developmental Biology and Phylogeny of Reproductively-Anomalous Species
97 Genomes of Reproductively-Anomalous Species

lOO The Gene Effect Hypotheses
100 The Callose Hypothesis
101 The Precocious Induction Hypothesis
101 The Hybridization-Derived Floral Asynchrony Theory
104 Testing The Gene Effect Hypotheses
105 Implications of the HFA Theory
105 Evolution of Apomixis and Related Anomalies
106 Mendelian Analyses of Apomixis
109 Making Crops Apomictic
109 Acknowledgments
109 References

CHAPTER 8. MODEL SYSTEMS TO STUDY THE GENETICS AND DEVELOPMENTAL

BIOLOGY OF APOMIXIS

(Ross A. BICKNELL)

111 Introduction
111 Why Use a Model System for Apomixis?
112 Attributes of a Model System
112 Biological Attributes
112 Types of Apomixis
113 Genetic Attributes
114 Experimental Methods
114 Quantifying Apomixis
115 Candidate Systems
115 Modification of an Existing System
117 Development of a Model System from an Existing Apomict
119 Summary
119 References

CHAPTER 9. SCREENING PROCEDURES TO IDENTIFY AND QUANTIFY APOMIXIS

(0uvIER LEBLANC AND ANDREA MAZZUCATO)

121 Introduction
121 Apomictic Mechanisms as Potential Screening Indicators
122 Types of Meiotic and Apomeiotic Embryo-Sac Formation
123 Embryo and Seed Formation
124 Consequences of Apomictic Seed Formation
124 Levels of Screening and Related Tools
124 Analyses at the Plant Level
124 1. Molecular markers cosegregating with apomixis
125 2. Cytoembryology
126 3. Egg cell parthenogenetic capacity
126 Progeny Analysis
128 1. Analysis of pollinated ovaries or seeds
128 2. Ovule regenerated plants
128 3. Analysis of progeny plants
130 Choosing Suitable Procedures
130 Analyses at the Plant Level versus Progeny Tests
130 1. Nature of the information obtained
131 2. Comparing results

\i



VI

131 Screening Procedures: Advantages and Constraints
131 1. Apomixis identification and characterization
133 2. Degree of apomixis expression
133 Choosing a Procedure
134 References

CHAPTER 10. BREEDING OF APOMICTIC SPECIES

(CACILDA BaRGES 00 VALLE AND JOHN W. MILES)

137 Introduction
137 Prerequisites for an Effective Breeding Program
139 General Structure of a Breeding Program
140 Objectives
140 Germplasm Acquisition and Evaluation
141 Cytology, Reproductive Mode, Inheritance of Apomixis
146 Breeding Plans
149 Concluding Observations
149 References

CHAPTER 11. TRANSFER OF ApOMIXIS THROUGH WIDE CROSSES

(YVES SAVIDAN)

153 Introduction
154 Source of Apomixis and Choice of Parental Materials
154 Basic Traits to Consider
154 1. Genetic resources available
154 2. Chromosome number of the potential donor species
154 3. Genome homoeology
155 4. Pollen fertility
155 5. Type of apomixis
155 6. Degree of apomixis (or degree of facultativeness)
155 7. Agronomic characteristics
155 8. Previous knowledge
155 Case History: Pennisetum
157 Case History: Tripsacum
158 Production of Interspecific or Intergeneric F] Hybrids
158 Crossing Techniques
158 Sterility of the Fjs
159 Production of Apomictic Progenies through Backcrossing
164 Transfer of Gene(s) for Apomixis from an Alien Chromosome to the Crop Genome
166 References

CHAPTER 12. FROM SEXUALITY TO APOMIXIS: MOLECULAR AND GENETIC ApPROACHES

(DELl GROSSNIKLAUS)

168 Introduction
169 Developmental Aspects of Sexual and Apomictic Reproduction
170 Sexual Model Systems
171 Sexual Reproduction
171 1. Megasporogenesis
172 2. Megagametogenesis
174 3.Double Fertilization
174 Apomixis
176 Interrelationship of Sexual and Apomictic Reproduction
177 Models for Apomixis: Heterochronic Initiation of Development
179 Genetic Control of Reproduction and Candidate Genes for the Engineering of Apomixis
180 Megasporogenesis and Nonreduction
183 Megagametogenesis
184 Egg Activation and Parthenogenesis
186 Endosperm Development and Genomic Imprinting
186 1. Interrelationship of embryo and endosperm development
187 2. Genomic imprinting
188 3.Imprinting barriers to the introduction of apomixis into sexual species



vii

189 Genetic Screens For Mutants Displaying Apomictic Traits In Sexual Model Systems
189 Arabidopsis Mutants with Autonomous Seed Development
191 Screen for Pseudogamous Apomixis in Cereals
192 Enhancer Detection as a Powerful Tool to Study Sexual Reproduction in Arabidopsis
192 Enhancer Detection and Gene Trap Systems
193 Generation of Transposants and Ongoing Screens
195 Identification of Developmentally Regulated Genes and Their Promoters
196 Introduction of Apomixis into Sexual Species
196 Introgression and Genetic Synthesis
199 De novo Engineering through Biotechnology
200 Field-Level Regulation of Apomictic Traits
201 Conclusions and Prospects
202 Acknowledgments
202 References

CHAPTER 13. INDUCTION OF ApOMIXIS IN SEXUAL PLANTS BY MUTAGENESIS

(UTA PRAEKELT AND ROD Scon)
212 Introduction
213 Considerations
213 Components of Apomixis
213 1. Avoidance of meiosis
213 2. Formation of aposporous embryo sacs
213 3. Parthenogenesis
214 4. Endosperm development
214 Genetic Control of Apomixis
215 How Important is Polyploidy?
215 The Problem of the Endosperm
216 Which Mutagen?
217 Some Early Work with Mutants
217 Induction of Sexuality in Apomicts
218 Mutants of Sexual Plants with Apomictic Characteristics
218 1. Meiotic mutants
219 2. Parthenogenetic mutants
219 3. Aposporous mutants
220 4. Conclusions
220 Current Approaches to the Isolation of Apomictic Mutants in Model Sexual Plants
221 Screning for Elongated siliques in the Absence of Pollination
222 Screening for Dominant Mutations in the M1 after Pollination
225 Transposon Mutagenesis for the Isolation of Apomictic Mutants of Arabidopsis and Petunia
225 Branching Out in the Brassicas
226 Conclusions and Perspectives
227 References

CHAPTER 14. GENETIC ENGINEERING OF ApOMIXIS IN SEXUAL CROPS: A CRITICAL ASSESSMENT

OF THE ApOMIXIS TECHNOLOGY

(THOMAS DRESSELHAUS, JOHN G. CARMAN, AND YVES SAVlDAN)

229 Introduction
230 Transfer of the Apomixis Trait to Sexual Crops
230 Breeding and Introgression from Wild Relatives
231 Mutagenesis Approaches
232 Known Gene Approaches
236 Transformation and Inducible Promoter Systems
237 Main Limitations
238 Intellectual Property Rights (lPR)
239 Risk Assessment Studies
240 Summary
241 References




