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Abstract. Because cultivation of exotic woody ornamental plants has led to establishment
of a number of invasive species, there is considerable interest in breeding methods to reduce
the propensity for spread. We review progress in conventional breeding and transgenic
biotechnology approaches to producing sterile forms of ornamental woody plants. Con-
ventional forms of inducing sterility, including induction of polyploidy, interspecific hy-
bridization, and mutagenesis, are generally inexpensive and can be applied to a diversity of
species at low to moderate cost. They have also been shown to be capable of producing
commercially successful cultivars. In contrast, despite a variety of highly promising
and rapidly developing approaches using transgenic methods, the inability to efficiently
regenerate and genetically transform most ornamental species makes application of
these innovations highly problematic. Moreover, because of the fragmented pattern of
ornamental nursery ownership, the numerous species and varieties used, and the high
regulatory cost for permits to sell most types of transgenic varieties (even when their
environmental risk of spread has been reduced by sterility), application of transgenic
methods is largely infeasible. A combination of fundamental regulatory reform and
expanded biological research on generalized transformation and sterility methods is needed
to overcome these barriers.

As aresult of intentional and unintentional
movement of seeds and other propagules
around the world, a large number of exotic
species have established self-sustaining pop-
ulations. Exotic woody ornamentals are widely
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sold by the horticulture industry and are
known to be a major source of spread
(Dehnen-Schmutz, 2011). However, most
exotic plants do not spread significantly
beyond the area of cultivation nor become
problematic or invasive. The “Rule of
Tens™ proposed by Williamson and Fitter
(1996) suggested that one in 10 introduced
species will appear in the wild, one in 10 of
those in the wild will become established,
and one in 10 established species will become
a pest. Thus, approximately one in every 1000
introduced plants 1s likely to have a serious
ecological and/or economic impact. Although
many exceptions to the Rule exist, and the
actual number of species that invades is high-
ly dynamic, depending on the introduction
number, frequency, and time since initial
introduction, the Rule remains a useful index
and general predictor of invasion frequency
(Richardson and Pysek, 2006). Because there
can be many shades of gray concerning what
is common enough to be considered problem-
atic, for the purposes of this review, we follow
Executive Order 13112, which defines an
invasive species as ““...an alien species whose

introduction does or is likely to cause eco-
nomic or environmental harm or harm to
human health” (Clinton, 1999).

The numerous exotic species that have
been established may have negative or pos-
itive ecological effects. Richardson and Pysek
(2006) described the use of exotic species in
habitat restoration on sites where native spe-
cies may not survive or fully occupy or do not
provide as full a range of ecosystem services.
More than 4000 non-native species are con-
sidered naturalized to some degree in North
America; however, there do not appear to be
any native species that have gone extinct as
a result of competition from these introduced
species (Dehnen-Schmutz, 2011). Thus, con-
sidering plant species presence alone, there
has been a large net increase in plant diversity
in some ecosystems as a result of introduc-
tion of exotics. Moreover, because many have
unique ecophysiological characteristics, the
adaptive resilience of the ecosystems they
have occupied is likely to have been increased
in many cases. Nonetheless, it is also clear
that many exotic invasive species have had
large unintended ecological impacts such as
driving native species to reduced frequency
as a result of their dominance and thus sub-
stantially affecting ecosystem structure, trophic
relationships, hydrology, and biogeochemistry
(Gordon, 1998; reviewed in Li et al., 2004).
Thus, measures to avoid or reduce unintended
ecological impacts are needed.

As a precautionary measure, especially in
cases in which a species to be introduced has
characteristics known to promote invasive-
ness, or has relatives already identified as
invasive (Reichard and Hamilton, 1997), it
is highly desirable to reduce the potential for
invasiveness as part of ornamental breeding
programs. Prevention of invasiveness by cul-
tural means is often sought too late; once
spread has been extensive, eradication is often
impossible, extremely expensive, and damag-
ing to ecosystems. The economic impact of
a subset of invasive plant species, including
losses and costs of control, has been estimated
to be nearly $35 billion (Pimentel etal., 2005).
Thus, strong investments in prevention of
invasiveness during plant breeding seem well
Jjustified.

The goal of this article is to review the
different means by which the potential for
invasiveness can be reduced using genetic me-
thods. We focus on the reduction of sexual
fertility; however, because many invasive spe-
cies also spread by vegetative means, efforts
directed at prevention of vegetative spread
such as by reduced rootability or tillering
could also be achieved if they do not also
prevent variety propagation. However, we
know of no cases in which work toward re-
ducing the capacity for vegetative spread as
a means of risk reduction has been carried
out. Because significant reductions in the
number of exotic propagules reduce the risk
of invasion substantially (Richardson and
Pysek, 2006), we consider that large re-
ductions in fertility will be biologically sig-
nificant, even if imperfect. However, we
expect that achieving complete sterility will
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be feasible in many cases given sufficient
chromosomal disturbance or directed muta-
genesis, as discussed below.

We consider both traditional and genetic
engineering (GE), or “transgenic,” approaches
to breeding for reduced fertility. Conven-
tional forms include interspecific hybrid-
ization, polyploidization, and non-specific
mutagenesis, all of which have led to com-
mercialized varieties. GE is supported by
rapidly expanding science and technology
but, to our knowledge, has not led to any com-
mercial releases for woody ornamental plants.
We will consider the technical approaches
and limitations of both approaches as well as
the social issues that are a significant obstacle
for GE approaches. We emphasize results with
angiosperms; however, progress in gymno-
sperms shows that the same methods—both
conventional (Contreras et al., 2010) and GE
(Strauss et al., 2011)—are applicable to them.
This review builds on and updates the science
and technology presented in earlier reviews,
including those by Brunner et al. (1998, 2007),
Li et al. (2004), Skinner et al. (2000), and
Strauss et al. (1995).

Conventional Options for Sterility
Breeding

Induced polyploidy. Induced polyploidy
is a widely used technique in plant breeding.
Typically, meristems are treated with antimi-
totic agents such as colchicine or dinitroani-
line herbicides such as oryzalin or trifluralin.
Blakeslee and Avery (1937) described numer-
ous techniques to apply colchicine to various
taxa including soaking seeds, immersion of
shoot tips, covering shoot tips with agar or
lanolin solutions, spraying an atomized solu-
tion, and the single drop method. These tech-
niques, and modifications thereof, have been
used to apply colchicine and oryzalin to
woody horticultural crops to develop poly-
ploids. These techniques require little equip-
ment, are not technically challenging, require
no genomic information, and in most cases
can be done in a short amount of time. Labor
costs are generally low as a result of the short
duration of treatment, and materials involved
are low-cost items such as growing supplies,
agar, and oryzalin or colchicine. As a result,
developing polypoids through traditional in
vivo means is inexpensive. In contrast, in vitro
chromosome doubling—also commonly using
colchicine and oryzalin—is labor-intensive
and requires more technical expertise and
equipment, which makes it more costly.

Often, the greatest expense of either tra-
ditional or in vitro polyploidization is screen-
ing for polyploids. In some cases, phenotypic
markers are useful in selecting for potential
chromosome-doubled plants. Induced poly-
ploidy can sometimes lead to **gigas’ effects
that result in larger organs than in the diploid,
particularly in determinate organs such as flow-
ers, fruits, and seeds (Stebbins, 1950). How-
ever, the effects of polyploidy on the size of
individual organs as well as overall plant size
and vigor is inconsistent (Randolph, 1941). In
japanese-cedar [Cryptomeria japonica (L.f.)
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D. Don], Contreras et al. (2010) selected
seedlings that had thick and twisted needles,
a phenotype that proved to be over 92% ac-
curate in predicting polyploidy, thus reducing
screening costs. However, diploids and tetra-
ploids of Platycladus orientalis (L.f.) Franco
(syn = Thuja orientalis L. 1), Thuja plicata
D. Don., and T. occidentalis L. show no dis-
cernible morphological differences; therefore,
all treated seedlings must be screened (R.
Contreras, unpublished data).

Induced polyploidy has been used in a
wide array of economically important woody
ornamental taxa, indicating that the tech-
nique is widely applicable. Angiosperm fam-
ilies with induced polyploids include the
Theaceae (Ackerman and Dermen, 1972),
Rosaceae (Kermani et al., 2003), Ericaceae
(Contreras et al., 2007; Jones et al., 2008;
Kehr, 1996), Bignoniaceae (Olsen et al.,
2006a), Malvaceae (Contreras et al., 2009;
Egolf, 1970), Hypericaceae (Olsen et al.,
2006b), Oleaceae (Rose et al., 2000a), and
Buddlejaceae (Dunn and Lindstrom, 2007;
Rose et al., 2000b). Most of the polyploids
developed in these families have not been
dominant in the market; however, the rose-
of-sharon (Hibiscus syriacus L.) cultivars de-
veloped by Egolf, including ‘Aphrodite’, ‘Di-
ana’, ‘Helene’, and ‘Minerva’ (Egolf, 1970,
1981, 1986, 1988), remain popular selections.

Induced polyploidy has been applied to a
number of invasive or potentially invasive
species and to genera in which one or more
species have been identified as weedy or
invasive. Pyrus L. has been treated in vitro
using colchicine to produce triploid, mixo-
ploid (2x + 4x), and tetraploid explants
(Kadota and Niimi, 2002; Sun et al., 2009).
Lehrer et al. (2008) treated meristematically
active seeds of Berberis L. (barberry) with
oryzalin to develop tetraploids. Rounsaville
and Ranney (2010) confirmed induced poly-
ploids of barberry were tetraploid; however,
the method of polyploidization was not in-
dicated for the plants studied. In Lonicera L.
there has been successful development of
polyploids by in vivo (Li et al., 2009a) and in
vitro (Suzuki et al., 20006) treatment with
colchicine. Dunn and Lindstrom (2007)
reported induced polyploids of Buddleja L.
after in vitro treatment with oryzalin. Rose
et al. (2000b) recovered tetraploids after in
vitro treatment with colchicine.

Induced polyploids, often tetraploids, may
be backcrossed to untreated diploid genotypes
to produce progeny with odd ploidy levels,
often triploid. Triploid progeny generally
exhibit reduced fertility, sometimes approach-
ing complete sterility. However, compared
with the number of woody ornamental taxa
for which there are induced polyploids, there
are relatively few documented cases in which
an induced polyploid was subsequently back-
crossed to produce triploids. Egolf developed
a tetraploid form of the rose-of-sharon culti-
var, William R. Smith, that he backcrossed to
diploids to develop the triploid cultivars Diana
(Egolf, 1970), Helene (Egolf, 1981), Minerva
(Egolf, 1986), and Aphrodite (Egolf, 1988). The
weedy species Hypericum androsaemum L.

was treated with oryzalin in vivo (Olsen
etal., 2006b) and in vitro (Meyer et al., 2009b)
to develop tetraploids. Olsen et al. (2006b)
backcrossed tetraploids to diploids to develop
a triploid series that in preliminary tests were
sterile; Trueblood et al. (2010) confirmed
these results.

In addition to in vivo and in vitro treat-
ments of meristems to develop polyploids,
several groups have begun taking advan-
tage of the naturally occurring polyploidy in
endosperm. Direct culture of endosperm may
eliminate the need for chromosome doubling
and subsequent backcrossing. Thammina et al.
(2011) used endosperm as explants to culture
burning bush [Euonymus alatus (Thunb.)
Sieb.] and recovered eight triploid plants. Also,
Miyashita et al. (2009) successfully regener-
ated plants from endosperm of self-pollinated
tetraploid (2n = 4x = 36) lines of Lonicera
caerulea var. emphyllocalyx Nakal and con-
firmed that plantlets maintained the same
ploidy level as endosperm (2n = 6x = 54). We
are not aware of data for either case on the
relative fertility of the resulting plants.

Interspecific hybridization. Aside from
selection and open pollination, the most com-
mon technique used in breeding of woody
ornamental cultivars appears to be interspe-
cific hybridization. The resulting hybrids are
often sterile as a result of structural differ-
ences in parental chromosomes, which result
in improper chromosome pairing during ga-
metogenesis. Sterility resulting from meiotic
abnormalities is often referred to as hybrid
sterility or chromosomal hybrid sterility and
represents an opportunity for breeders to de-
velop new cultivars that exhibit novel pheno-
types and also have a reduced risk of escaping
cultivation. Instances of sterile hybrids are nu-
merous in genera of woody ornamental plants,
including Camellia L. (Ackerman and Dermen,
1972), Bougainvillea Comm. ex Juss. (Zadoo
et al., 1975), Rosa L. (Kermani et al., 2003),
Rhododendron L. (Contreras et al., 2007), and
Lagerstroemia L. (Pounders et al., 2007).

Interspecific hybridization has also been
applied in genera that have been reported to
be invasive. Interspecific hybrids were devel-
oped between species of Buddleja to develop
‘Blue Chip’ (Werner and Snelling, 2009) and
‘Asian Moon” (Renfro et al., 2007), both of
which are reported to produce few to no vi-
able seeds. Van Laere et al. (2009) reported
that F| progeny of Buddleia davidii Franch. x
B. lindleyana Fort. ex Lindl. were almost sterile
and were not able to produce an F, genera-
tion. One risk of this approach, however, is
that interspecific hybridization can also in-
crease invasive potential through, among
other factors, generation of novel genotypes
and increased genetic variation (Ellstrand and
Schierenbeck, 2000). Thus, an extremely high
level of sterility, and preferably complete
sterility, is highly desirable in hybrids involv-
ing known invasive species.

Mutagenesis. Sterility is one of the most
common effects of mutagenic treatment
(Lapins, 1983). We know of few published
reports of cultivar development of woody
ornamental plants using mutagenesis; most
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information on the effects of chemical and
physical mutagens on fertility comes from
research done on woody fruit trees. Lapins
(1975) observed reduced male and female
fertility in diploid mutants of apricot (Prunus
armeniaca L.) after treatment with colchicine.
Seedless berries of grape were recovered after
treatment of dormant buds with X-rays (Olmo,
1960). Similarly, after exposure of scion wood
of lemon to gamma radiation, seedless fruit
were observed (Gulsen et al., 2007). Compared
with the ploidy changes in hybridization, this
method allows sterile forms of a wvalued
variety to be largely retained while imparting
sterility. The efficiency of this method com-
pared with ploidy changes and hybridization is
unknown; however, this method does require
careful calibration of mutagen levels if the
goal is to preserve phenotypic and chro-
mosomal integrity while producing sterile
forms.

Genetic Engineering Options for Sterility
Breeding

GE involves the direct, asexual modi-
fication of cells and their regeneration into
non-chimeric, differentiated plants. These ap-
proaches do not require that DNA from
distant organisms be used; in fact, there is
increasing interest in using ‘‘cisgenic’ or
“intragenic™ approaches, for example to trans-
fer genes for disease resistance, flowering, fruit
quality, stature, or growth rate (Viswanath and
Strauss, 2010). There is also increasing interest
in directed mutagenesis, in which little or no
transgenic DNA is permanently inserted for
induced sterility and other goals (Wang et al.,
2011a). However, for all GE methods, it is
essential to be able to insert DNA into cells,
select the modified cells from a large popula-
tion of unmodified cells, and then regenerate
those cells into healthy, differentiated plants,

a process generally referred to as “transfor-
mation.” Unfortunately, for the large variety
of ornamental woody plants, transformation is
very difficult to do, and for many taxa, it has
never been accomplished. We therefore
briefly review the transformability of orna-
mental woody plants before considering
methods for engineering sterility.
Transformability of ornamental woody
plants. Currently, few woody species can be
regenerated or transformed. Of the represen-
tative, north temperate invasive woody gen-
era listed in Table 1, cellular regeneration
systems suitable for transformation through
organogenic or embryogenic pathways, or
actual evidence of production of transgenic
plants, has been observed in only three
genera in the order Rosales: apple (Malus
Mill.), pear (Pyrus), and elm (Ulmus) (Gartland
et al., 2000; Newhouse et al., 2006). However,
only for Malus has there been extensive
resecarch on regeneration/transformation
systems (Bhatti and Jha, 2010; Flachowsky
et al., 2009; Trinkner et al., 2010; Yamagishi
et al., 2010; Zhu et al., 2007), and none of
these efforts aim to decrease sexual fertility.
The lack of research in the other genera likely
reflects both limited commercial interest in
intensive breeding in general and low interest
in sterility breeding in particular. However, it
is also likely that the taxa are inherently re-
calcitrant to transformation, as are most woody
taxa (Schuerman and Dandekar, 1993). In
addition to the usual empirical studies to
improve regenerability and transformation
such as screening of genotypes, culture media,
hormones, and environmental conditions,
these genera might benefit from the use of
newly identified gene transfer and regenera-
tion-promoting genes that directly affect DNA
uptake and cellular competence for differenti-
ation (Arias et al., 2006; Gelvin, 2003; Wang
etal.,2011b). However, we are aware of no

published studies of the value of such
genes for recalcitrant woody plants.

Genetic engineering strategies for sterility.
A variety of molecular approaches to spe-
cies or transgene containment have been
developed in model species (reviewed in
Brunner et al., 2007). One is ablation, in
which a cytotoxic protein such as RNAse,
driven by a floral specific promoter, destroys
or severely disturbs floral tissue development
(Fig. 1). A second approach is gene over-
expression or suppression, the latter often
using RNA interference (RNA1) or introduc-
tion of dominant negative mutant forms of
target proteins to suppress the function of genes
essential for fertility. The expression changes
can lead to abnormal, non-fertile organs or
prevention of flowering onset entirely. Gene
suppression can also be obtained through epi-
genetic mechanisms such as DNA methylation
(Liu and Li, 2011). A third tactic is directed
mutagenesis of genes required for fertility using
zine finger or TALEN nucleases (Bogdanove
and Voytas, 2011); a related method uses
excision/recombinase technologies, in which
site-specific recombinases remove transgenes
and prevent gametic transmission (Wang et al.,
2011a). This method, however, would not
contribute toward containment of an inva-
sive variety.

Ablation is the original transgenic method
for inducing sterility, demonstrated to be
successful for both male and female sterility
in tobacco (Nicotiana tabacum L.) and in
Brassica L. species (Goldman et al., 1994;
Mariani et al., 1990). It has also been dem-
onstrated to be highly effective for male
sterility in the field in a number of woody
tree species, including Populus L., Pinus L.,
and Eucalyptus L'Hér. (Strauss et al., 2011;
Zhang et al., 2012). In these studies, a single
tapetal-dominant promoter and RNAse were
used—obviating the need for taxon-specific

Table 1. Genomic and model plant resources, and amenability to fransformation, for invasive ornamental taxa.”

Regeneration, Nucleotide sequence Model genome database
Order Family Genus transformation” records in Genbank Closest model genome resource
Sapindales Sapindaceae Acer - 3516 Arabidopsis thaliana™ Phytozome
Rosales Rosaceae Malus ++ 6037 Malus xdomestica™ GDR
Rosales Rosaceae Crataegus - 1139 Malus xdomestica™ GDR
Rosales Rosaceae Spiraea - 209 Prunus persica’ GDR

Malus xdomestica™

Rosales Rosaceae Pyrus + 2201 Malus xdomestica™ GDR
Rosales Ulmaceae Ulmuis + 121 Malus xdomestica™ GDR
Lamiales Oleaceae Ligustrum - 537 Antirrhinum majus N/A
Dipsacales Caprifoliaceae Lonicera - 1098 Helianthus annuus N/A
Celastrales Celastraceae Euonymus - 418 Populus trichocarpa" Phytozome
Ranunculales Berberidaceae Nandina - 48 Papaver N/A
Ranunculales Berberidaceae Berberis - 859 Papaver N/A
Aquifoliales Aquifoliaceae llex - 1667 Helianthus annuus N/A
Lamiales Scrophulariaceae Buddieja — 80 Antirrhinum majus N/A

“Taxa were included based on economic importance to the nursery industry and relative invasive potential as indicated by their presence on state or regional
noxious weed and/or watch lists compiled by government (e.g., United States Department of Agriculture, 2012) and non-government (e.g., University of Georgia,

2012) organizations.

“Based on searches on literature in EBSCO Host databases for agricultural science from 2000 through 2011. A “—* means an apparent absence of publications
showing cellular regeneration or transformation of transgenic plants, “+” means a small number (less than 10), “++” means a large number (greater than 10).

*The Arabidopsis Genome Initiative, 2000.
“Velasco et al., 2010.

vSosinski et al., 2010.

“Tuskan et al., 2006.

GDR = Genome Database for the Rosaceae.
N/A = not applicable.
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Control

2006

Transgenic

Fig. 1. High level of male sterility attained in a Populus tremula xalba hybrid through transformation with
tapetal-specific promoter 7429 driving the ribonuclease barnase. Results from 2006 were reported in
Brunner et al. (2007). Mature catkins from field-grown trees were allowed to dehisce, then pollen was
forcibly discharged in petri dishes in the laboratory. One representative transgenic event lacking

visible pollen is shown.

Eudicots Eurosid|

Rosids

Eurosid Il

Euasterid|

Asterids

Euasterid Il

Monocots §

Ranunculales (Papaver) -
——Celastrales ¢

Malpighiales (Populus) §

Rosales (Prunus, Malus, Fragaria) §
—— Sapindales
__Brassicales (Arabidopsis) §
—— Lamiales (Antirrhinum)
——Solanales (Solanum, Lycopersicon, Nr‘cotiana)§

——Aquifoliales <

——Dipsacales ©

——Asterales (Helianthus)

Fig. 2. Phylogeny of invasive woody plants and potential model genera. Orders of woody dicotyledonous
plants are represented in a phylogeny together with potential genetic models (bold). Orders containing
species with fully sequenced genomes are highlighted with a black DNA icon, whereas orders that
contain species for which a transcriptome has been sequenced are marked with a gray DNA icon.

transgenic constructs that the other methods
discussed usually require.

The RNAI approach has been used in nu-
merous model and woody plant species, both
to influence fertility and flowering onset. For
example, RNAI1 suppression of the centro-
meric nucleosome protein CENH3 postponed
flowering in Arabidopsis Heynh. (Lermontova
et al.,, 2011). RNAI suppression of LEAFY
from Populus led to sterility in tobacco,
showing that RNAI can in some cases be
effective across plant families (An et al.,
2010). RNAi suppression of homologs to the
meristem identity genes CENTRORADIALIS/
TERMINAL FLOWER 1, key regulators of
floral onset and inflorescence structure, re-
sulted in the opposite effect, giving pre-
cocious flowering in Malus and Populus
(Mohamed et al., 2010; Szankowski et al.,
2009). Dominant negative forms of floral
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transcription factors, induced using the EAR
protein motif, led to high levels of sterility in
Arabidopsis (Hiratsu et al., 2003).

An alternative, and theoretically superior
form of floral gene suppression, involves
mutation of genes essential for reproduc-
tion using site-specific nucleases. If efficient
enough to mutate both alleles in heterozy-
gous, outbreeding woody ornamental plants,
this should result in a highly stable and high-
ly predictable form of sterility. Zinc finger
nucleases have been mostly widely used for
this purpose and appear to mutate target
genes at high efficiency (Curtin et al., 2011;
Shuklaetal., 2009; Zhang and Voytas,2011).
TALEN nucleases, based on naturally occur-
ring plant pathogen effector proteins, appear
to also be highly efficient and simpler than
zine finger nucleases In targeting sequence
design (Bogdanove and Voytas, 2011). How-

ever, we know of no cases in which nuclease
technology has been applied to woody plants.

Instead of inducing sterility, transgenes
can be excised from the genome before nor-
mal gamete development using site-specific re-
combinases driven by gametogenesis-specific
promoters (Moonetal., 2011). Site-specific
recombinases are a group of enzymes that
precisely cut and then ligate DNA without
nucleotide gain or loss. These enzymes recog-
nize recombination sites that flank transgene
cassettes and, if the target repeat sites are in
direct orientation, can excise the transgene
therein. The site-specific recombination ap-
proach was among the first used to generate
transgenic plants free of a selectable marker
and included phage Cre-lox and yeast FLP-
FRT and R-RS systems (Moon et al., 2011). In
tobacco, highly efficient transgene excision
in pollen was achieved using the unidirec-
tional serine recombinase CinH-RS2 driven
by a pollen-specific promoter. However, we
know of no published applications in woody
plants.

Woody plants, particularly long-lived spe-
cies like forest trees, remain non-reproductive
for many years before onset of flowering. This
may involve the juvenile expression of re-
pressors, perhaps associated with epigenetic
modifications (Brunner and Nilsson, 2004). In
model plant species, floral repressors such as the
MADS-box transcription factor FLOWERING
LOCUS C (FLC) (Michaels and Amasino,
1999) have been identified and might be
used to delay flowering by their overexpres-
sion. If woody plants can be maintained in
a pre-reproductive state indefinitely, this
might be the most reliable form of sterility.
Of course, where the flowering/fruits of woody
ornamentals are important, this method would
not be applicable. Again, we know of no cases
in which this has been demonstrated in woody
plants.

Similarly, overexpression of miRNAs that
are capable of preventing the onset of flower-
ing is also an attractive option. However, they
often have pleiotropic effects such as dwarf-
ing and modification of expression of several
other transcription factors seen with ectopic
expression of corngrass! (Chuck et al.,
2011), and the substantial morphological var-
iation seen in poplar overexpressing the juve-
nility-associated miR156 (Wang et al.,
2011b).

Genomic resources to support genetic
engineering and marker breeding. Molecular
biotechnologies, whether transgenic or based
on DNA markers and sequencing, begin with
knowledge of gene sequences and their var-
iation, expression, and ultimately function-
al and phenotypic consequences. Although
this information is best obtained in model
species—for which the phylogenetic proxim-
ity to ornamental plants of interest is beneficial
if not essential (Fig. 2)—its ultimate applica-
tion usually requires study and testing in the
target ornamental taxa. This is because flower-
ing pathways vary substantially over taxa, and
marker and transgenic methods usually require
that the sequence and expression of the target
genes or promoters are known. Fortunately, as
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a result of DNA sequencing innovations, ob-
taining gene sequence and expression infor-
mation on a large scale in non-model species
has never been easier or less costly.

The arrival of several massively parallel,
inexpensive sequencing technologies has
changed the applicability of sequencing to
basic and applied biology (Martinez and
Nelson, 2010; Shendure and Ji, 2008). In
addition to DNA, sequencing can be applied
to RNA, enabling study of genome-wide
expression in organisms with few other
genomic resources (Meyer et al., 2009a;
Mizrachi et al., 2010). Given the consider-
able distance of most target ornamental taxa
to fully sequenced models (Fig. 2), the de-
velopment of sequence resources in the
target species is essential. In addition, deeper
functional and evolutionary knowledge in
proximal model species is important to in-
terpret the functions of genes in ornamental
targets, guiding selection of target floral genes
and promoters. The large majority of our
knowledge of floral biology results from a
single annual species, Arabidopsis thaliana
(L.) Heynh. A survey of genomic resources
shows that, with the exception of well-
studied taxa like Malus, the development
of sequence resources for target ornamental
genera is severely lacking (Table 1).

Conclusions

Plants that have been shown to have in-
vasive tendencies are beginning to be regulated
and banned from sale; however, many of these
species remain economically important to the
nursery industry and local communities. For
these plants to remain marketable, sterile forms
may need to be developed. Of the genera
included in Table 1, those with species listed
as noxious weeds and/or banned in various
states include Acer, Berberis, Buddleja, Euon-
ymus, Lonicera, and Ulmus. Their inclusion on
noxious weed lists, or their being prohibited
from being produced and/or sold in various
states, will significantly impact growers’ sales
and reduce plant diversity in landscapes. We
have included the other genera in Table 1
because they are also receiving significant
attention as weedy or potentially invasive from
the scientific and conservation communities,

Fig. 3. Flowers from allotetraploid (left) and
diploid (right) forms of Rhododendron ‘Fra-
grant Affinity’. Photo: Tom Ranney, North
Carolina State University, with permission.
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and are likely to be listed or banned in many
localities the near future. Thus, it would be
wise to also develop sterile forms within these
genera. As the capacity to produce highly
sterile forms through breeding is proven, it is
likely that sterile forms of currently banned
varieties will be allowed. For example, an
amendment to the Oregon noxious weed
quarantine (OAR 603-52-1200) provides that
cultivars with reduced fertility may be grown
and sold.

Techniques such as induced polyploidy,
interspecific hybridization, and mutagenesis
are relatively inexpensive, do not require
highly technical expertise or equipment, and
do not face the hurdles of public scrutiny or
regulatory agencies that transgenic methods
do. The cost of obtaining regulatory approval
for transgenic varieties has been estimated
to be in the tens of millions of dollars (Miller
and Bradford, 2010) and is especially high
where there are environmental issues, as there
would be for all invasive woody ornamentals.
Low cost is important given the fragmen-
tation of the ornamentals industry, where
there are very large numbers of varieties
and many small producers. Thus, the high
research and regulatory costs of transgenic
methods are a very substantial obstacle to
their application.

Polyploidy, in addition to potentially re-
sulting in a sterile form, often has positive
side effects with respect to ornamental qual-
ities such as larger flower size (Fig. 3) or
increased heterosis. However, it also has the
potential to substantially change variety qual-
ities, a concern where maintenance of the
qualities of a highly prized variety is desired.
Transgenic methods, which are asexual by
definition, are expected to have a much smaller
impact on varietal qualities. Both transgenic
and conventional methods appear capable of
producing highly stable, long-term sterility as
has been seen in triploid bananas and scedless
grapes, and in ablation-derived male-sterile
trees (Strauss et al., 2011). RNAI methods also
appear to be highly stable in transgenic trees
(Li et al., 2008, 2009b).

Genomic and other sequence information,
although very limited at present, are not sig-
nificant barriers to progress given the rapid
development of technology in this area.
However, the very primitive state of in vitro
biology, and the associated limited ability
to produce transgenic plants, is clearly a ma-
jor obstacle to development of transgenic
approaches. Because advanced regeneration
systems are generally not needed for con-
ventional in vitro approaches such as ploidy
changes and mutagenesis, this pathway
seems much more tractable for the majority
of genera. Major advances in transgenic me-
thods are required and as discussed previously
could be propelled by advances in the use of
transformation- and regeneration-promoting
genes. The supporting areas of developmental
biology have advanced rapidly in recent years,
providing many new options for application.
However, there has been an extremely small
investment in transgenic methods—largely
a result of unfavorable economic, regulatory,

and market conditions. Barring a major tech-
nical breakthrough, these hurdles are likely to
remain in place for many years to come.
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