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Abstract: The adoption of genetically engineered (GE) crops has led to economic and environmental
benefits. However, there are regulatory and environmental concerns regarding the potential move-
ment of transgenes beyond cultivation. These concerns are greater for GE crops with high outcrossing
frequencies to sexually compatible wild relatives and those grown in their native region. Newer GE
crops may also confer traits that enhance fitness, and introgression of these traits could negatively
impact natural populations. Transgene flow could be lessened or prevented altogether through the
addition of a bioconfinement system during transgenic plant production. Several bioconfinement
approaches have been designed and tested and a few show promise for transgene flow prevention.
However, no system has been widely adopted despite nearly three decades of GE crop cultivation.
Nonetheless, it may be necessary to implement a bioconfinement system in new GE crops or in those
where the potential of transgene flow is high. Here, we survey such systems that focus on male
and seed sterility, transgene excision, delayed flowering, as well as the potential of CRISPR/Cas9
to reduce or eliminate transgene flow. We discuss system utility and efficacy, as well as necessary
features for commercial adoption.

Keywords: bioconfinement; transgenic plants; GE crops; gene flow; male sterility; transgene excision;
delayed flowering

1. Introduction

In the US, more than 90% of commercially cultivated crops are genetically engi-
neered (GE) [1]. These crops confer well-characterized transgenic traits, primarily insect
and herbicide resistance, that have been engineered in a few crop species with low
potential for gene flow [1]. Over the last three decades, transgene movement beyond
cultivation has been a concern associated with GE crops [2-4]. Transgene flow may occur
via the dispersal of pollen, seed, or vegetative-propagules, although pollen-mediated
gene flow is commonly described as the major route of concern [4,5]. Indeed, much
research has focused on potential environmental impacts of transgene movement beyond
cultivation [6-8] as well as the potential for the establishment of free-living transgenic
populations [9-12]. Transgene flow has been documented for a few crops, yet few free-
living transgenic populations have been identified and there have been no reports of
measurable negative environmental impacts [13-18]. This may be due to the reproduc-
tive biology of current GE crops and the area of cultivation. For example, many of these
crops are highly domesticated, primarily self-pollinate, and are cultivated in regions
with few to no sexually compatible wild relatives [19].

Gene flow is more likely to occur in crop species with high outcrossing frequencies
often associated with wind-pollinated crops and obligate outcrossing species, such as
switchgrass (Panicum virgatum L.). The probability of interspecific hybridization is also
higher if there are wild relatives native to the region of cultivation [20]. Additionally,
certain transgenes and their conferred traits may also raise biosafety concerns in regard
to environmental and ecological risk if they were to escape to unmanaged wild relative
populations [19]. For example, certain transgenes may provide advantageous traits, such as
improved tolerance to abiotic stress conditions including drought, salinity, or low and high
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temperatures [20,21]. There is concern that GE trait introgression into wild populations
could provide a competitive advantage to transgenic hybrids under stress conditions. This
may lead to potential ecological consequences such as decreased biodiversity or possibly
local population extinction [22,23].

To address these concerns several transgene confinement approaches have been pro-
posed. The implementation of physical or biological confinement (bioconfinement) strate-
gies could prevent transgene flow. Physical confinement approaches utilize physical
barriers such as enclosures, fencing, flower removal, and geographic isolation that provide
spatial separation from sexually compatible crops and wild relatives. These approaches are
often not practical solutions for large-scale commercialization in terms of physical labor and
facility requirements [24]. Alternatively, biological confinement approaches offer feasible
and sustainable strategies to contain transgenes. Since the early 1990s, bioconfinement
approaches have been studied for their potential to limit or eliminate transgene flow. To
date, none are commonly used in commercial crops. The adoption of a bioconfinement
system would allow new GE crops to reach the market that may not otherwise. Numerous
technologies have been proposed through various approaches including maternal inheri-
tance, genome incompatibility [25], apomixis [26], cleistogamy [27,28], and total sterility,
but their application is limited. In this review, we survey efficient and widely applicable bio-
confinement technologies such as male and seed sterility, transgene excision, and delayed
flowering. These approaches have been achieved through genetic engineering, including
type II clustered regularly interspaced short palindromic repeat/ CRISPR-associated pro-
tein 9 (CRISPR/Cas9) gene editing. We also discuss the most effective bioconfinement
methods developed to date and compare their potential to eliminate transgene flow. Lastly,
perspectives are provided for features we believe necessary for commercial adoption of a
bioconfinement system.

2. Engineered Reproductive Sterility
2.1. Male Sterility

Engineered male sterility is a bioconfinement approach that can be designed to yield
pollenless flowers or flowers with sterile transgenic pollen. Generally, GE male sterile
phenotypes can be produced through the tightly-controlled and targeted expression of
genes that yield products cytotoxic to reproductive tissues [21,25,29]. To date, genes used
for engineered male sterility include barnase, Diphtheria toxin A-chain, and the endonuclease
EcoRI. Each have been expressed in several plant species with varying results which are
described below.

2.1.1. Barnase-Induced Male Sterility

The bacterial gene barnase (from Bacillus amyloliquefaciens) has been used to generate
male sterile plants. Barnase is a ribonuclease that, when expressed in plant cells, leads
to RNA degradation and subsequent cell death [30]. When utilized for engineered male
sterility, barnase expression has been targeted to tapetal cells which form the nutritive cell
layer surrounding microspore mother cells [31,32]. These cells are necessary for viable
pollen development [31]. When barnase is expressed in this manner, tapetal cell death
prevents microspore development and confers total pollen ablation (Figure 1a) [30]. Fertility
can be restored by crossing with restoration lines genetically engineered to express barstar
(also from Bacillus amyloliquefaciens) which acts as a repressor of barnase [33,34].
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Figure 1. Engineered male-sterility approaches. (a) A sterility gene, such as Barnase, is located between
an anther-specific promoter and a terminator (T) within the left (LB) and right borders (RB) on T-DNA
inserted into the plant genome. Barnase expression prevents pollen formation by degrading RNA in
the tapetal cells, the nutritive cells surrounding microspore mother cells. (b) A sterility gene, such as
EcoRI endonuclease, is located between a pollen-specific promoter and a terminator within the left and
right borders on the T-DNA, and in this example is inserted once in the plant genome. In this theoretical
scenario, EcoRI expression leads to the death of transgenic pollen grains and nontransgenic pollen
remains viable. Pollen movement from transgenic to nontransgenic plants yields 100% nontransgenic
seeds. Figure created with Biorender.com, accessed on 22 February 2023.

Experimental results in tobacco (Nicotiana tabacum L.) and canola (Brassica napus L.)
under the control of the tapetum-specific promoter TA29 (derived from tobacco) revealed
barnase expression conferred completely pollenless plants in 92% and 77% of transgenic
events, respectively [30]. Except for the absence of pollen, these transgenic plants were
indistinguishable from nontransgenic tobacco controls in vegetative and floral morphology
and displayed a similar growth rate and height through all developmental phases.

Using this approach, barnase has been used for male sterile plant production in several
monocot species including wheat (Triticum aestivum L.) [35], creeping bentgrass (Agrostis
stolonifera L.) [36], and rice (Oryza sativa L.) [37]. In wheat, tapetum-specific promoters ca55
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(derived from maize (Zea mays L.)), and T72 and E1 (derived from rice) were used to drive
barnase expression [35]. Out of 29 transgenic events, 11 were chosen for phenotypic analysis
and crossing experiments. Two events contained barnase under the control of the promoter
E1, six were under the control of the T72 promoter, and the remaining three events utilized
the ca55 promoter. All transgenic events displayed a completely pollenless phenotype
that was stably inherited across two generations of backcrossing except for one event
(T72) which produced fertile transgenic progeny in cross-pollination experiments. These
transgenic plants displayed normal phenotypes and were comparable to wild-type plants in
height, leaf size, and tiller count. When expressed in creeping bentgrass using the tapetum-
specific promoter TAP (derived from rice), barnase expression led to significantly reduced
pollen production in 90% of transgenic lines [36]. For plants that produced pollen, viability
was measured and all pollen grains tested were non-viable. No off-target expression was
reported, and the male sterile phenotype was stably inherited in progeny when backcrossed
to nontransgenic creeping bentgrass. When barnase was expressed in rice using the pollen-
specific promoter Zm13 (derived from maize) [37], transgenic events were crossed to
nontransgenic rice. The resulting progeny produced 50% viable nontransgenic pollen.
Transgenic pollen expressing barnase was nonviable which is expected for transformants
with a single T-DNA copy. The cross-pollination experiments also revealed that pollen-
specific expression of barnase had no effect on seed yield, and plants displayed normal
growth and development.

Barnase has also been expressed in male-specific tissues of GE trees such as pine (Pinus
radiata D. Don) [38], eucalyptus (Eucalyptus globulus Labill.) [38], and hybrid poplar (Populus
tremula x Populus tremuloides) [39]. In pine and eucalyptus, a male cone-specific promoter
PrMC2 (derived from pine) was used to express the modified barnase coding sequence
barnaseH102E [38]. BarnaseH10E2 contained a single amino acid substitution which was
expected to reduce RNAse activity and prevent off-target expression. When expressed in
pine, 97% of transgenic events did not produce pollen. Nine of these transgenic events were
studied under field conditions, where pollenless cones were observed over a 2-year study.
Similar results were observed in eucalyptus where 95% of transgenic events analyzed
were pollenless. Under field conditions, 16 of 17 transgenic events produced pollenless
cones over a four-year study. Cone dissection revealed that one transgenic event produced
pollen, but the pollen was non-viable. Additionally, vegetative growth and development
were normal for both transgenic pine and eucalyptus. Barnase was also expressed in
poplar hybrids (Populus tremula x Populus tremuloides) under the control of the tapetum-
specific promoter TA29 [39]. Throughout a four-year field study, two of six transgenic
trees were completely pollenless and four transgenic trees released approximately six
pollen grains per catkin (a flower cluster found in certain tree species) during the first
two years of the study. Transgenic pollen production was significantly less compared
to nontransgenic trees which produced approximately 73,000 to 85,000 pollen grains per
catkin during the same period. In the final two years of the study, no pollen was produced
in transgenic trees whereas 775,000 to 2,700,000 pollen grains per catkin were produced in
nontransgenic controls. Unfortunately, plant growth was negatively affected as determined
by stem volume (height x diameter?) measurements. Of 18 transgenic poplar events,
17 were significantly smaller compared to nontransgenic controls. Because growth of
transgenic poplar expressing the 3-glucuronidase (GUS) reporter gene was similar to that
of nontransgenic controls, this phenotype was attributed to off-target barnase expression
and possibly worsened by field conditions.

In summary, the targeted expression of barnase yields pollenless flowers or sterile
pollen production and may be an effective strategy to prevent transgene flow with little
to no negative effects on plant growth and development. Although examples of off-target
expression were observed in few transgenic events, the use of barnase for bioconfinement
is applicable across many crop species, stable across several generations, and can effectively
confer male sterility. Nonetheless, this bioconfinement system can be further optimized
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through the use of synthetic promoters that provide increased sterility gene expression to
targeted tissues for enhanced efficacy in a wide array of plant species.

2.1.2. Diphtheria Toxin A-Chain-Induced Male Sterility

Another well-characterized cytotoxic gene used for engineered male sterility is Diph-
theria toxin A-chain (DTA) (from Corynebacterium diphtheriae). When expressed in cells,
DTA catalyzes ADP-ribosylation and inactivation of elongation factor 2 [40]. This action
inhibits protein synthesis resulting in cell death. Targeted DTA expression has been used
for cell—cell interaction and functional analysis studies [41,42]. The characterization of
tapetum- and pollen-specific promoters through the expression of DTA in transgenic plants
was found to yield pollenless and pollen-sterile plants with minimal to no effects on plant
growth [41,42]. For this reason, targeted DTA expression has been adopted as a biocon-
finement strategy through male sterile plant production. Male fertility can be restored by
crossing with transgenic lines engineered to express a diphtheria toxin repressor (DTxR)
(also from Corynebacterium diphtheriae) [43].

Tapetum-specific expression of DTA by the promoter TA29 was analyzed in seven
transgenic tobacco plants, all of which contained a single T-DNA copy [42]. From these
transformants, anther development was identical to that of nontransgenic control plants ex-
cept for the destruction of the tapetum and collapse of the pollen sac resulting in pollenless
plants. No off-target expression or negative effects on growth were reported suggesting
TA29 promoter activity is localized to tapetum cells.

Another study used the pollen-specific promoter Lat52 derived from tomato (Solanum
lycopersicum L.) to drive the expression of DTA in 20 transgenic tobacco events [41]. Of
the 20 events, 16 were male-sterile and displayed one of two phenotypes. Half of the
events displayed a pollenless phenotype, whereas the other half had a significant reduction
in pollen grains of which 50% were nonviable. Two transgenic events that produced
46.3% and 50.9% nonviable pollen were selected for further analyses, and the pollen-sterile
phenotype was stably inherited through four generations of self-pollination. Additionally,
two of the 20 transgenic events displayed off-target expression which resulted in decreased
flower size.

Both tapetum- or pollen-DTA expressing plants are phenotypically similar to barnase
expressing male-sterile plants. Tapetum- and pollen-specific expression of DTA yielded
male-sterile tobacco with few to no off-target affects [41,42]. However, concerns may arise
in regard to the use of DTA in crops. Although a single molecule of DTA can induce cell
death, diphtheria toxin B chain is required to transport DTA into cells [40,44]. The use of
DTA in this manner may raise concerns regarding potential pollen-feeding insects and
human health effects even though DTA is not highly toxic alone. Despite its potential, these
concerns may create roadblocks when used as a bioconfinement strategy.

2.1.3. EcoRI Endonuclease-Induced Male Sterility

Another gene studied for bioconfinement purposes is the EcoRI endonuclease (from Es-
cherichia coli) which has been expressed in pollen to confer selective male sterility in tobacco
(Figure 1b) [45]. EcoRI endonuclease is a well-characterized type II restriction endonuclease
that creates a double-stranded break at the 5'-GAATTC-3’ recognition sequence [46]. The
expression of EcoRI in pollen causes repeated double-stranded breaks in the pollen nuclear
genome which induces cell death [45].

Pollen-specific expression of EcoRI endonuclease by the Lat52 promoter conferred selec-
tive male sterility in tobacco, and all transformants displayed over 99% and up to 100% bio-
confinement efficacy when used as the pollen donor source and crossed to nontransgenic
tobacco plants under greenhouse and field conditions [45]. Additionally, bioconfinement
efficacy was stable across generations and transgenic plants were indistinguishable from
nontransgenic plants in regard to growth and vegetative morphology. Thus far, this ap-
proach has been characterized in tobacco, but more research is needed in other species
since recognition-site frequency of restriction endonucleases and promoter activity can
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vary. Furthermore, this approach is advantageous for pollen-feeding insects since it permits
pollen production, whereas other male-sterility approaches may be food-source limiting.

2.2. Conditional Seed Sterility

Conditional seed sterility is another promising bioconfinement approach that was
originally designed to protect intellectual property in genetically engineered plants [47-49].
Such approaches are referred to as genetic use restriction technologies (GURTs). GURTs
are often designed as an inducible system that activates sterility gene expression under
specific conditions [19,50]. One of the earliest GURTs, termed Genesafe technology, was
originally developed in the 1990’s to prevent the unauthorized use of transgenic seeds by
inducing seed sterility in the next generation [47-49,51]. Although promising, Genesafe
was never commercialized. This was partially due to public opposition since growers could
not save and reuse seeds [19,50,52]. However, this approach holds great potential as a
bioconfinement system specifically for vegetatively or clonally propagated crops such as
switchgrass, certain hemp cultivars (Cannabis sativa L.), and poplar.

GURT designs often require activation by an external stimulus, such as a chemical or
temperature treatment, which would activate an engineered genetic circuit and inhibit seed
germination in the subsequent generation (Figure 2). These GURTs are comprised of four
components: (i) a genetic switch which is inducible and can activate or repress the trait
switch; (ii) a trait switch which is typically a recombinase gene responsible for removing a
blocker sequence; (iii) a blocker sequence flanked by recombinase recognition sites (located
between the seed-specific promoter and sterility gene); and (iv) a sterility gene controlled
by a seed-specific promoter [50,53]. Altogether, the application of a stimulus activates
the genetic switch, which amplifies the trait switch and removes a blocker sequence to
bring the seed-specific promoter and sterility gene in close proximity [50,52]. Seed-specific
expression of the sterility gene renders transgenic seeds sterile.

Promoter Sequence gene

Site Site

Recombinase expression results in
excision of the blocker sequence

100% sterile
transgenic seed

Figure 2. Conditional sterility via inducible system activation of sterility genes. Within the left
(LB) and right borders (RB) of the T-DNA located in the plant genome, an inducible promoter is
located upstream of a recombinase gene and terminator (T). An external stimulus is applied to
induce recombinase gene expression. The recombinase enzyme subsequently excises the blocker
sequence by cutting DNA segments at flanking recognition sites. The tissue-specific promoter (ex.
seed-specific) is moved into close proximity of the sterility gene and transcription can occur. The
sterility gene product leads to cell death. In this theoretical example, a homozygous tobacco line
with a seed-specific promoter driving sterility gene expression leads to 100% sterile transgenic seeds.
Figure created with Biorender.com, accessed on 18 January 2023.

The original Genesafe prototype was a repressible system and required hybridization
of two parent plants (P1 and P2) to produce inactive, inducible seeds carrying the entire
Genesafe system [47,53]. P1 carried the seed-specific promoter and sterility gene divided
by the blocker sequence that produces a repressor protein. P2 carried a recombinase gene
that, without application of a stimulus, was repressible by the blocker sequence in P1 when
hybridized. After hybridization, a stimulus treatment would release the repressor, and
the recombinase would excise the blocker sequence. As a result, the sterility gene would
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be expressed in the next generation of seeds. This design was tested in tobacco using late
embryo-specific promoters LEA4A and LEA14 derived from cotton (Gossypium herbaceum L.)
to drive expression of the sterility gene saporin (from Saponaria officinalis), a ribosome-
inactivating protein that inhibits protein synthesis when expressed in plant cells [54].
The blocker sequence was successfully excised using the recombinase system Cre/loxP;
however, seed-sterility was not observed [55]. This was attributed to the inefficient activity
of the cotton-derived promoter in tobacco, as well as insufficient saporin production. This
design was not further tested because a new and simpler design was created which used
a single parent to carry the Genesafe system. The new design was chemically inducible,
where application of a stimulus would permit expression of the recombinase gene and
excise the blocker sequence [47,53]. As a result, the seed-specific promoter would express
the sterility gene and was expected to produce non-germinable seeds in the following
generation. This design can be altered to use other components to make up the chemically-
inducible system but was described with the Cre/loxP recombinase system, LEA promoters,
and the saporin gene. However, no data were provided for seed sterility.

Although Genesafe was not previously commercialized for its original purpose, it could
be immensely useful for bioconfinement if used in clonally or vegetatively propagated crops.
Improved tools and system components are available that can be used to optimize the
system. Specifically, efficient recombinase systems can be employed such as gene-deletor
technology (described in Section 3) which has displayed up to 100% transgene excision from
pollen and/or seeds [56]. Improved inducible- and tissue-specific synthetic promoters are
available which have been optimized for strong inducible and highly specific spaciotemporal
expression [57-60]. With optimized components and new designs, Genesafe holds promise as
a bioconfinement system that can be incorporated into a wide array of crops.

3. Transgene Excision

Transgene excision has been proposed as a strategy to eliminate transgene flow. This
strategy utilizes inducible- or tissue-specific promoters to express a site-specific recombi-
nase. The DNA targeted for excision is flanked by site-specific recombinase recognition sites
during design and cloning of the transformation construct. Depending on the placement
of the recognition sites, this strategy can be used to remove transgenes such as selectable
marker genes (SMGs) or entire T-DNA cassettes. The excised DNA is degraded by non-
specific nucleases within the cell, and components that were not located between the
recognition sites would remain in the genome including the left and right T-DNA borders
and one recombinase recognition site (Figure 3a) [61,62].

3.1. Transgene Excision via Cre/loxP Recombinase

The most studied and best characterized bidirectional recombinase systems include
Cre-loxP (from bacteriophage P1), FLP-FRT (from Saccharomyces cerevisiae), and R-RS (from
Zygosaccharomyces rouxii) [63—65]. Tyrosine recombinases that recognize relatively short
sequences (34-58 base pairs) are used in these systems to mediate DNA cleavage [63-65].
Dependent on the orientation of the recognition sites relative to each other, integration,
excision, or inversion of targeted sequences of DNA can occur [66]. Although all of these
outcomes have been observed, excision and degradation of the targeted DNA is observed
most often since it is kinetically favored [66].

The Cre-loxP recombinase system has been studied in Arabidopsis (Arabidopsis thaliana L.) [67]
and tobacco [67-70] studies, where pollen was targeted for transgene excision to prevent pollen-
mediated gene flow [67,70]. In Arabidopsis and tobacco greenhouse experiments, the microspore-
specific promoter NTM19 (derived from tobacco) was used to drive Cre expression and produce
transgene-free pollen [67]. Transgenic Arabidopsis and tobacco plants were used in self- and cross-
pollination experiments, followed by backcross experiments. Backcross experiments displayed
100% transgene excision in three Arabidopsis lines. In transgenic tobacco, over 99% transgene
excision was observed in five lines. In addition to high transgene excision efficiency, plants
displayed normal growth and development. Another study used the Cre/loxP recombinase
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Figure 3. Transgene excision by site-specific recombinase and CRISPR/Cas9 gene editing. (a) Recom-
binase expression is controlled by a pollen-specific promoter. In pollen, the recombinase recognizes
sites flanking the gene of interest (GOI) or selectable marker gene (SMG) and the recombinase ex-
pression cassettes and removes the DNA between the recognition sites. One recognition site and
left (LB) and right (RB) borders remains while the DNA removed is degraded within the plant cell.
(b) CRISPR/Cas9 excision utilize cleavage target sites (CTSs) that flank the guideRNA (gRNA),
Cas9 enzyme, and SMG expression cassettes. The CTSs are comprised of identical DNA sequences.
Expression of a single gRNA and Cas9 enzyme excises the T-DNA between the CTSs. In this example,
cleaved DNA ends are repaired by non-homologous end joining, leaving behind one CTS and left
and right borders and the DNA removed is degraded within the plant cell. Figure created with
Biorender.com, accessed on 22 February 2023.
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Seed-specific expression of the Cre/loxP recombinase system was also studied to
prevent seed-mediated transgene flow. In tobacco (Nicotiana benthamiana L.), the seed-
specific promoter napin (derived from canola) was used to drive Cre expression and
determine the efficiency of SMG excision from seeds [69]. Tobacco was co-transformed with
two plasmids, the first of which contained the SMG flanked by the loxP recognition sites
and the second construct contained Cre driven by the napin promoter. A total of 10 lines
were co-transformed, self-pollinated, and the progeny were subjected to analysis. Excision
of the SMG occurred in all 10 lines, eight of which displayed 100% excision efficiency and
two lines displayed 76.8% and 93.1% excision efficiency. Additionally, all transgenic lines
were normal in regard to vegetative and reproductive morphology. The expression of the
Cre/loxP recombinase system was also studied in tobacco (Nicotiana tabacum L.) under the
control of the seed-specific promoter BEANA1 (derived from canola) to remove the SMG [68].
Eight transgenic lines were obtained and self-pollinated, and progeny were subjected to
a germination assay on selection media to determine whether excision had occurred. In
four of the transgenic lines, 100% excision was observed. In the remaining transgenic lines,
excision occurred at a rate of 25.4%, 29.9%, 59.6%, and 71.8%. Additionally, all transgenic
lines appeared normal in regard to plant growth and fertility. In transgenic canola, Cre
expression was driven by the embryo-specific promoter USP88 (derived from Vicia faba L.)
to excise the SMG and produce SMG-free progeny [71]. Progeny from eight transgenic lines
were analyzed and an average of 32.7% excision efficiency was observed, none of which
were reported to have adverse morphological features. Although these lines were able
to produce SMG-free progeny, the average excision rates were relatively low compared
to other studies. To improve this system, stronger and more tightly-controlled promoters
should be selected to drive Cre expression.

Both pollen- and seed-specific expression of the Cre/loxP recombinase system have
displayed up to 100% transgene excision in multiple transgenic lines. However, significantly
lower efficiency has been observed in several lines. To reduce variability among lines, it is
apparent that design changes, specifically for promoters that drive recombinase expression,
as well as further testing and optimization are needed to ensure high and consistent
levels of transgene excision in all transgenic lines. If consistency is achieved, the Cre/loxP
recombinase system may be a useful bioconfinement tool.

3.2. Transgene Excision from Pollen via CinH-RS2

Other well-characterized recombinase systems are CinH-RS2 (from Acinetobacter plas-
mids pKLH2 and pKLH204) and ParA-MRS (from the broad host range plasmid RK2),
which are unidirectional recombinase systems and use serine recombinases to irreversibly
excise targeted sequences of DNA [72-74]. Recombinases of the CinH-RS2 and ParA-MRS
recombinase systems recognize 113 and 133 base pair sequences, respectively, which are
much longer than the tyrosine-derived recombinase systems previously described and are
expected to decrease potential off-target DNA cleavage [75,76].

Transgene excision from pollen has been studied in tobacco using the CinH-RS2
recombinase system [61]. In transgenic tobacco, the pollen specific Lat52 promoter (derived
from tomato) was used to drive expression of CinH recombinase. The RS2 recognition
sites flanked all transgenes in the construct and were within the T-DNA borders. A green
fluorescent protein (GFP) visual marker gene was located in this region and expression
was driven by the Lat59 pollen-specific promoter (derived from tomato). In this design,
successful excision would prevent expression of GFP in pollen. Pollen grains from five
transgenic lines with a single T-DNA copy were collected and analyzed, three of which
displayed less than 1% GFP-expressing pollen and the other two lines displayed 1.94%
and 17.48% GFP-expressing pollen. Furthermore, transgenic plants were phenotypically
indistinguishable from nontransgenic controls in regard to plant growth and reproduction.
Thus, the authors concluded that highly efficient transgene excision is possible, and this
approach holds promise for transgene bioconfinement.
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Based on these results, the CinH-RS2 recombinase system can effectively excise trans-
genes from pollen without negatively impacting plant growth. The pollen analysis showed
promising results. However, cross-pollination experiments should be performed to confirm
that transgenes are not present in the progeny. Further research is also needed to evaluate
design and system components for improvements to achieve a 100% excision efficiency as
observed in other designs.

3.3. Transgene Excision from Pollen and/or Seeds via Fused loxP-FRT Recombinase System

Gene-deletor technology is a term used to describe a site-specific recombinase system
that uses fused loxP-FRT recognition sites on either side of the transgene (s), along with
expression of either Cre or FLP recombinase genes [56]. Cre and/or FLP recombinases
were driven by pollen-specific promoters Lat52 (derived from tomato) or BGP1 (derived
from Brassica campestris), or pollen- and seed-specific promoter PAB5 (derived from Ara-
bidopsis) to remove transgenes from pollen and/or seeds of GE tobacco. Gene-deletor
technology displayed 100% transgene excision in pollen and seeds from multiple transgenic
tobacco events. Specifically, analysis of progeny produced from self- and cross-pollination
experiments revealed that constructs with fused loxP-FRT recognition sequences and pro-
moter:recombinase combinations BGP1:FLP, PAB5:FLP, and Lat52:Cre displayed 100%
excision efficiency in multiple lines. Additionally, no deleterious effects on vegetative
or reproductive growth were reported. In the same study, the promoter:recombinase
combination BGP1:FLP was used with only the FRT recognition site and displayed 99%
excision efficiency, a slightly lower rate than when both loxP-FRT recognition sites were
present (100%). The study also examined how the simultaneous expression of Cre and FLP
recombinases driven by Lat52 affected transgene excision in the presence of fused loxP-FRT
recognition sites. This design produced up to 45% transgene excision, a significantly lower
rate from Cre expression alone.

These studies suggest gene-deletor technology increased excision efficiency and can
effectively eliminate transgene flow in tobacco without negatively impacting plant growth
and development. The promoter:recombinase combinations with high performance should
be tested in other crop species to determine if efficacy is comparable.

3.4. CRISPR/Cas9-Mediated Transgene Excision

In recent years, type Il clustered regularly interspaced short palindromic repeat/CRISPR-
associated protein 9 (CRISPR/Cas9) has been utilized for transgene excision. It requires
two Cas9 cleavage target sites (CTS) on either side of the target DNA and a guide RNA
(gRNA)-Cas9 assembly that recognizes and cleaves the CTSs. The excised DNA is degraded
by non-specific nucleases in the cell. Plasmid construct components that were not located
between the CTSs would remain in the genome (Figure 3b) [77].

In one study, CRISPR/Cas9 transgene excision efficacy was examined for the excision
of SMGs in transgenic rice [78]. To do so, callus of transgenic rice that constitutively
expressed GUS was transformed with a CRISPR/Cas9 construct. The cleavage target
sites were located at the ends of the 1.6 kb GUS gene. Since the GUS gene is expected to
be removed from the genome, successful excision would be determined by lack of GUS
expression. In this experiment, a total of 34 plants were produced from 12 transgenic
events. Three of these events displayed 100% transgene excision. Despite high excision
efficiency, the authors report that normal vegetative growth was observed in four of
34 transgenic plants and only two plants produced a small quantity of seeds. No specific
details were provided for the adverse phenotypes and off-target Cas9 activity. While
this study displayed 100% transgene excision from multiple transgenic events, reports
of no phenotypic and off-target effects are necessary to eliminate concerns of potential
negative outcomes.

Another study also aimed to excise SMGs from rice through CRISPR/Cas9-mediated
transgene excision [79]. The promoter Pssi (derived from rice) was expected to express
strongly in stem, shoot tip, and inflorescence tissue, and was therefore selected to drive Cas9
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nuclease expression. Transgenic rice was generated to constitutively express GUS; however,
the GUS gene was separated into two segments denoted as ‘GU’ and “US’, interrupted
by a CRISPR/Cas9 cassette and a selectable marker gene that acted as a blocker sequence
flanked by CTSs. Additionally, both ‘GU’” and “US’ carried a 1027 bp ‘U’ sequence as a
homologous region, inducing CRISPR/Cas9-mediated homology-directed repair following
excision of the blocker sequence resulting in a functional GUS reporter gene if excision
was successful. Transgene excision occurred in 11 of 15 transgenic lines. In lines where
excision was observed, Ty lines were produced and three were randomly selected for further
analysis. In one line, 6.7% homozygous excision and 66.7% heterozygous excision was
observed. Another displayed 73.3% homozygous excision and 13.3% heterozygous excision,
and the last line displayed 86.7% homozygous excision. In contrast to the study previously
described, no adverse effects were observed in regard to plant growth and reproduction.

CRISPR/Cas9-mediated transgene excision displayed high excision efficiency in rice.
However, there are limited studies that have used CRISPR/Cas9 for transgene excision,
one of which resulted detrimental effects on plant morphology and reproduction. The
use of tissue-specific promoters to drive Cas9 expression, such as those that target pollen
or seeds, may help reduce potential off-target effects in vegetative tissues. We believe
CRISPR/Cas9-mediated transgene excision can be a useful bioconfinement system, but
further optimization is needed.

4. Delayed Flowering

The transition from vegetative to flowering phase is a complex regulatory system
controlled by microRNAs (miRNAs), transcription factor (TF) genes, and floral identity
genes. miRNAs are a class of small regulatory RNAs that regulate gene expression and RNA
silencing through RNA degradation or translational inhibition [80,81]. The overexpression
of certain miRNAs can silence floral identity genes that may result in shifts in flowering
time or reduced flower production. This approach has the potential to shift flowering
time to prevent complete or partial overlap with the flowering time of sexually compatible
plants, thus preventing or limiting transgene flow [82,83].

Owerexpression of miR156 Delayed Flowering

miRNA 156 (miR156) is one of several miRNAs responsible for regulating the flo-
ral transition in the shoot apical meristem [84]. miR156 expression is regulated by the
age-dependent pathway, and expression is high in seedlings and declines as the plant
matures. It has been characterized to repress transcripts of the SQUAMOSA PROMOTER
BINDING PROTEIN-LIKE (SPL) TF family that upregulate floral identity genes SUPPRES-
SOR OF OVEREXPRESSION OF CONSTANS1 (SOC1) and LEAFY (LFY) [84]. Thus, the
overexpression of miR156 is expected to prevent the upregulation of SOCI and LFY as
the plant matures, which consequently inhibits/delays the transition from the vegetative
to flowering phase. For this reason, the overexpression of miR156 has been studied in
switchgrass under greenhouse and field conditions to determine its potential for transgene
bioconfinement via delayed flowering [85,86].

In a greenhouse study, switchgrass plants engineered to overexpress miR156 (from
rice) were categorized as low, moderate, and high based on transgene expression levels [85].
Transgenic switchgrass with low expression of miR156 flowered at the same time and
displayed normal reproductive growth compared to nontransgenic controls. These plants
also displayed an increase in tiller number and vegetative biomass. Plants considered to
have moderate expression of miR156 did not flower after 360 days and were also observed
to have an increase in tiller number and vegetative biomass. However, these lines had
several notable defects when compared to nontransgenic controls, including reduced plant
height, decreased internode diameter, leaf blade width, and leaf sheath length. Similar to
the plants categorized as moderate expression, transgenic switchgrass with high expression
of miR156 did not flower after 360 days. Additionally, high expression of miR156 led to
an increase in tiller number and severe defects including a reduction in plant height and
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biomass, as well as significantly decreased internode diameter and length, leaf sheath
length, and leaf blade length and width compared to nontransgenic switchgrass [85].

Subsequently, a two-year field study was conducted using low and moderate miR156
overexpression lines to determine flowering time and biomass production under field
conditions [86]. Compared to nontransgenic controls, low overexpression lines were
highly variable in flowering time during the first year of establishment post-transplanting.
Once these lines were established, there was no delay in flowering during the second
year. Reduced biomass was observed in some plants, and fewer flowers and seeds were
observed in all low expression lines. However, when flowering was monitored for moderate
overexpression lines, many plants did not flower in either year of the field study. Of the
plants that did flower, timing was delayed by 12 weeks in the first year and two weeks in
the second year. Also, some plants displayed reduced biomass production whereas others
were unaffected. Additionally, decreased flower and seed production was observed in all
moderate overexpression plants.

The overexpression of miR156 in switchgrass results in delayed and decreased flower-
ing. Several phenotypes observed in some of the low and moderate overexpression lines
are desirable, including significantly delayed flowering. To optimize this system, miR156
expression levels may be fine-tuned through promoter selection that yields expression
levels high enough to delay flowering without a negative impact on plant fitness. Delayed
or decreased flowering could also be achieved by downregulating the SPL gene (s) that
are targets of miR156, including SPL 2/10 and SPL 3/4/5 [86]. Temporal downregulation
of these genes individually or in combination prior to floral transition could be achieved
through RNA interference (RNAi) or CRISPR interference (CRISPRi) and result in delayed
flowering without negatively affecting plant biomass production. Additionally, expression
of other miRNAs known to regulate floral development can be altered to confer delayed
flowering [87]. For example, miR172 expression is negatively correlated with miR156
expression, and overexpression of miR172 has been observed to accelerate flowering time
in Arabidopsis [88]. Downregulation of miR172 could also confer similar phenotypes to
those of miR156 overexpression and be useful for bioconfinement purposes.

5. Perspectives

GE crops that have been approved for commercial release are considered low risk
of transgene flow and generally safe [17]. It is likely that regulatory bodies will require
new GE crops with a high risk of gene flow or those that contain novel transgenic traits
be put through lengthy and costly biosafety assessments before nonregulated status is
approved. These crops would benefit from the inclusion of a bioconfinement system that
significantly limits or eliminates transgene flow. In this review, we have highlighted the
most prospective bioconfinement designs and many of these approaches have been tested
in several plant species. Several designs have shown promise with nearly 100% bioconfine-
ment efficacy. Should a system be adopted, the design must meet several key criteria. First,
the system should be highly reliable, consistently reaching near 100% efficiency to reduce
transgene exposure to unintended hosts. In addition, system components should not pose
biosafety concerns regarding ecological risks, human health, or non-target organisms that
may be exposed such as pollen-feeding insects. Lastly, it is vital that the bioconfinement
system have no negative impact on crop yield, whether that is vegetative biomass, seed,
or fruit yield. Many of the strategies reviewed here meet most of these criteria yet further
improvements are needed for more robust and targeted gene expression. Indeed, the
future is bright for this area of research and we expect advances in synthetic biology to
be leveraged so new tools, such as inducible synthetic promoters, can be fine-tuned for
robust gene expression in target tissue as well as improved efficiency of recombinases and
CRISPR/Cas9-based methods. Although no technology is without risks, we are optimistic
that several bioconfinement systems will soon be adopted that reduce biosafety concerns of
stakeholders, regulators, and the public.



Plants 2023, 12, 1099 13 of 16

Author Contributions: Conceived and conceptualization the manuscript, R].M. and ].N.S.; writing—original
draft preparation, ].N.S.; and writing, review and editing, RJ.M. and J.N.S. All authors have read and agreed to
the published version of the manuscript.

Funding: This work was supported through funding from the USDA NIFA Biotechnology Risk
Assessment Research Grant Program (2019-33522-29989) and the University of Tennessee.

Data Availability Statement: Data sharing not applicable.

Acknowledgments: We would like to thank Neal Stewart for his mentorship. We also thank Rob
Sears and Bryce Trull for their suggestions and support.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  ISAAA. Global Status of Commercialized Biotech/GM Crops in 2019: Biotech Crops Drive SocioEconomic Development and Sustainable
Environment in the New Frontier; ISAAA Brief No. 55; ISAAA: Ithaca, NY, USA, 2019.

2. Chandler, S.; Dunwell, ].M. Gene flow, risk assessment and the environmental release of transgenic plants. Crit. Rev. Plant Sci.
2008, 27, 25-49. [CrossRef]

3.  Ellstrand, N.C. Current knowledge of gene flow in plants: Implications for transgene flow. Philos. Trans. Biol. Sci. 2003, 358,
1163-1170. [CrossRef]

4.  Rizwan, M.; Hussain, M.; Shimelis, H.; Hameed, M.U.; Atif, RM.; Azhar, M.T.; Asif, M. Gene flow from major genetically
modified crops and strategies for containment and mitigation of transgene escape: A review. Appl. Ecol. Environ. Res. 2019, 17,
11191-11208. [CrossRef]

5. Lu, B.R. Transgene escape from GM crops and potential biosafety consequences: An environmental perspective. Collect. Biosaf.
Rev. 2008, 4, 66-141.

6. Chang, H.; Snow, A.A.; Mutegi, E.; Lewis, EM.; Heaton, E.A.; Miriti, M.N. Extent of pollen-mediated gene flow and seed
longevity in switchgrass (Panicum virgatum L.): Implications for biosafety procedures. Biomass Bioenergy 2018, 109, 114-124.
[CrossRef]

7. Kesoju, S.R;; Kramer, M.; Brunet, J.; Greene, S.L.; Jordan, A.; Martin, R.C. Gene flow in commercial alfalfa (Medicago sativa subsp.
sativa L.) seed production fields: Distance is the primary but not the sole influence on adventitious presence. PLoS ONE 2021,
16, €0248746. [CrossRef]

8. Millwood, R.; Nageswara-Rao, M.; Ye, R.; Terry-Emert, E.; Johnson, C.R.; Hanson, M.; Burris, ].N.; Kwit, C.; Stewart, C.N., Jr.
Pollen-mediated gene flow from transgenic to non-transgenic switchgrass (Panicum virgatum L.) in the field. BMC Biotechnol.
2017, 17, 40. [CrossRef] [PubMed]

9.  Arriola, PE; Ellstrand, N.C. Crop-to-weed gene flow in the genus Sorghum (Poaceae): Spontaneous interspecific hybridization
between johnsongrass, Sorghum halepense, and crop sorghum, S. bicolor. Am. J. Bot. 1996, 83, 1153-1159. [CrossRef]

10. Cao, QJ.; Xia, H.; Yang, X,; Lu, B.R. Performance of hybrids between weedy rice and insect-resistant transgenic rice under field
experiments: Implication for environmental biosafety assessment. J. Integr. Plant Biol. 2009, 51, 1138-1148. [CrossRef] [PubMed]

11.  Ellstrand, N.C. “Born to run”? Not necessarily: Species and trait bias in persistent free-living transgenic plants. Front. Bioeng.
Biotechnol. 2018, 6, 88. [CrossRef]

12.  Bauer-Panskus, A.; Miyazaki, ].; Kawall, K.; Then, C. Risk assessment of genetically engineered plants that can persist and
propagate in the environment. Environ. Sci. Eur. 2020, 32, 32. [CrossRef]

13. Zapiola, M.L.; Campbell, C.K.; Butler, M.D.; Mallory-Smith, C.A. Escape and establishment of transgenic glyphosate-resistant
creeping bentgrass Agrostis stolonifera in Oregon, USA: A 4-year study. J. Appl. Ecol. 2007, 45, 486—494. [CrossRef]

14. Greene, S.L.; Kesoju, S.R.; Martin, R.C.; Kramer, M. Occurrence of transgenic feral alfalfa (Medicago sativa subsp. sativa L.) in
alfalfa seed production areas in the United States. PLoS ONE 2015, 10, €0143296. [CrossRef]

15.  Reichman, ].R.; Watrud, L.S.; Lee, E.H.; Burdick, C.A.; Bollman, M.A.; Storm, M.].; King, G.A.; Mallory-Smith, C. Establishment of
transgenic herbicide-resistant creeping bentgrass (Agrostis stolonifera L.) in nonagronomic habitats. Mol. Ecol. 2006, 15, 4243-4255.
[CrossRef] [PubMed]

16. Schafer, M.G.; Ross, A.A.; Londo, ].P; Burdick, C.A.; Lee, E.H.; Travers, S.E.; Van de Water, PK,; Sagers, C.L. The establishment of
genetically engineered canola populations in the US. PLoS ONE 2011, 6, €25736. [CrossRef] [PubMed]

17. NASEM. Genetically Engineered Crops: Experiences and Prospects; NASEM: Washington, DC, USA, 2016.

18. Ellstrand, N.C.; Rieseberg, L.H. When gene flow really matters: Gene flow in applied evolutionary biology. Evol. Appl. 2016, 9,
833-836. [CrossRef]

19. Stewart, C.N., Jr. Controlling transgene flow from engineered crops to unintended hosts by molecular approaches. In Gene Flow:
Monitoring, Modeling and Mitigation; Wei, W., Stewart, C.N., Eds.; CABI: Wallingford, UK, 2021; pp. 118-124.

20. Warwick, S.I; Beckie, H.J.; Hall, L.M. Gene flow, invasiveness, and ecological impact of genetically modified crops. Annu. N. Y.
Acad. Sci. 2009, 1168, 72-99. [CrossRef]

21. Ding, J.; Duan, H.; Deng, Z.; Zhao, D.; Yi, G.; McAvoy, R.; Li, Y. Molecular strategies for addressing gene flow problems and their

potential applications in abiotic stress tolerant transgenic plants. Crit. Rev. Plant Sci. 2014, 33, 190-204. [CrossRef]


http://doi.org/10.1080/07352680802053916
http://doi.org/10.1098/rstb.2003.1299
http://doi.org/10.15666/aeer/1705_1119111208
http://doi.org/10.1016/j.biombioe.2017.12.016
http://doi.org/10.1371/journal.pone.0248746
http://doi.org/10.1186/s12896-017-0363-4
http://www.ncbi.nlm.nih.gov/pubmed/28464851
http://doi.org/10.1002/j.1537-2197.1996.tb13895.x
http://doi.org/10.1111/j.1744-7909.2009.00877.x
http://www.ncbi.nlm.nih.gov/pubmed/20021561
http://doi.org/10.3389/fbioe.2018.00088
http://doi.org/10.1186/s12302-020-00301-0
http://doi.org/10.1111/j.1365-2664.2007.01430.x
http://doi.org/10.1371/journal.pone.0143296
http://doi.org/10.1111/j.1365-294X.2006.03072.x
http://www.ncbi.nlm.nih.gov/pubmed/17054516
http://doi.org/10.1371/journal.pone.0025736
http://www.ncbi.nlm.nih.gov/pubmed/21998689
http://doi.org/10.1111/eva.12402
http://doi.org/10.1111/j.1749-6632.2009.04576.x
http://doi.org/10.1080/07352689.2014.870414

Plants 2023, 12, 1099 14 of 16

22.

23.

24.

25.
26.

27.

28.

29.
30.

31.
32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.
53.

Pilson, D.; Prendeville, H.R. Ecological effects of transgenic crops and the escape of transgenes into wild populations. Annu. Rev.
Ecol. Evol. Syst. 2004, 35, 149-174. [CrossRef]

Haygood, R.; Ives, A.R.; Andow, D.A. Consequences of recurrent gene flow from crops to wild relatives. Proc. R. Soc. London. B
Biol. Sci. 2003, 270, 1879-1886. [CrossRef]

Kausch, A.P.;; Hague, J.; Oliver, M.].; Li, Y.; Daniell, H.; Mascia, P.; Watrud, L.S.; Stewart, C.N., Jr. Transgenic perennial biofuel
feedstocks and strategies for bioconfinement. Biofuels 2010, 1, 163-176. [CrossRef]

Daniell, H. Molecular strategies for gene containment in transgenic crops. Nat. Biotechnol. 2002, 20, 581-586. [CrossRef]
Sandhu, S.; Blount, A.R.; Quesenberry, K.H.; Altpeter, F. Apomixis and ploidy barrier suppress pollen-mediated gene flow in field
grown transgenic turf and forage grass (Paspalum notatum Fliiggé). Theor. Appl. Genet. 2010, 121, 919-929. [CrossRef]

Faisal, S.; Guo, Y.; Zang, S.; Cao, B.; Qu, G.; Hu, S. Morphological and genetic analysis of a cleistogamous mutant in rapeseed
(Brassica napus L.). Genet. Resour. Crop Evol. 2018, 65, 397—403. [CrossRef]

Fargue, A.; Colbach, N.; Pierre, J.; Picault, H.; Renard, M.; Meynard, ]. M. Predictive study of the advantages of cleistogamy in
oilseed rape in limiting unwanted gene flow. Euphytica 2006, 151, 1-13. [CrossRef]

Klocko, A.L. Strategies to facilitate containment of genetically engineered crops. CABI Rev. 2020, 15, 1-11. [CrossRef]

Mariani, C.; Beuckeleer, M.D.; Truettner, J.; Leemans, J.; Goldberg, R.B. Induction of male sterility in plants by a chimaeric
ribonuclease gene. Nature 1990, 347, 737-741. [CrossRef]

Echlin, P. The role of the tapetum during microsporogenesis of angiosperms. Pollen 1971, 41-61. [CrossRef]

Goldberg, R.B.; Beals, T.P.; Sanders, PM. Anther development: Basic principles and practical applications. Plant Cell 1993, 5,
1217-1229. [CrossRef] [PubMed]

Hartley, R.W. Barnase and barstar: Expression of its cloned inhibitor permits expression of a cloned ribonuclease. J. Mol. Biol.
1988, 202, 913-915. [CrossRef]

Mariani, C.; Gossele, V.; Beuckeleer, M.D.; Block, M.D.; Goldberg, R.B.; Greef, W.D.; Leemans, J. A chimaeric ribonuclease-inhibitor
gene restores fertility to male sterile plants. Nature 1992, 357, 384-387. [CrossRef]

Block, M.D.; Debrouwer, D.; Moens, T. The development of a nuclear male sterility system in wheat. Expression of the barnase
gene under the control of tapetum-specific promoters. Theor. Appl. Genet. 1997, 95, 125-131. [CrossRef]

Luo, H.; Kausch, A.P; Hu, Q.; Nelson, K.; Wipff, ].K,; Fricker, C.C.R.; Owen, T.P.; Moreno, M.A.; Lee, ].Y.; Hodges, T.K. Controlling
transgene escape in GM creeping bentgrass. Mol. Breed. 2005, 16, 185-188. [CrossRef]

Hague, ].P; Dellaporta, S.L.; Moreno, M.A.; Longo, C.; Nelson, K.; Kausch, A.P. Pollen sterility—A promising approach to gene
confinement and breeding for genetically modified bioenergy crops. Agriculture 2012, 2, 295-315. [CrossRef]

Zhang, C.; Norris-Caneda, K.H.; Rottmann, W.H.; Gulledge, J.E.; Chang, S.; Kwan, B.Y.H.; Thomas, A.M.; Mandel, L.C,;
Kothera, R.T.; Victor, A.D.; et al. Control of pollen-mediated gene flow in transgenic trees. Plant Physiol. 2012, 159, 1319-1334.
[CrossRef]

Elorriaga, E.; Meilan, R.; Ma, C.; Skinner, ].S.; Etherington, E.; Brunner, A.; Strauss, S.H. A tapetal ablation transgene induces
stable male sterility and slows field growth in Populus. Tree Genet. Genomes 2014, 10, 1583-1593. [CrossRef]

Pappenheimer, A.M.,, Jr. Diphtheria toxin. Annu. Rev. Biochem. 1977, 46, 69-94. [CrossRef]

Twell, D. Diphtheria toxin-mediated cell ablation in developing pollen: Vegetative cell ablation blocks generative cell migration.
Protoplasma 1995, 187, 144-154. [CrossRef]

Koltunow, A.M.; Truettner, J.; Cox, K.H.; Wallroth, M.; Goldberg, R.B. Different temporal and spatial gene expression patterns
occur during anther development. Plant Cell 1990, 2, 1201-1224. [CrossRef]

Fourel, G.; Phalipon, A.; Kaczorek, M. Evidence for direct regulation of diphtheria toxin gene transcription by an Fe>*-dependent
DNA-binding repressor, DtoxR, in Corynebacterium diphtheriae. Infect. Immun. 1989, 57, 3221-3225. [CrossRef]

Yamaizumi, M.; Mekada, E.; Uchida, T.; Okada, Y. One molecule of diphtheria toxin fragment A introduced into a cell can kill the
cell. Cell 1978, 15, 245-250. [CrossRef] [PubMed]

Millwood, R.; Moon, H.S.; Poovaiah, C.R.; Muthukumar, B.; Rice, J.H.; Abercrombie, J.M.; Abercrombie, L.L.; Green, W.D.;
Stewart, C.N., Jr. Engineered selective plant male sterility through pollen-specific expression of the EcoRI restriction endonuclease.
Plant Biotechnol. ]. 2016, 14, 1281-1290. [CrossRef] [PubMed]

Wilson, G.G. Type Il restriction—Modification systems. Trends Genet. 1988, 4, 314-318. [CrossRef]

Oliver, M.].; Quisenberry, ].E.; Trolinder, N.; Keim, D.L. Control of Plant Gene Expression. U.S. Patent No. 5,723,765, 3 March 1998.
Oliver, M.].; Quisenberry, ].E.; Trolinder, N.; Keim, D.L. Control of Gene Expression. U.S. Patent No. 5,925,808, 20 July 1999.
Oliver, M.].; Quisenberry, J.E.; Trolinder, N.; Keim, D.L. Control of Gene Expression. U.S. Patent No. 5,977,441, 2 November 1999.
Sang, Y.; Millwood, R.; Stewart, C.N., Jr. Gene use restriction technologies for transgenic plant bioconfinement. Plant Biotechnol. ].
2013, 11, 649-658. [CrossRef] [PubMed]

FAO. Potential Impacts of Genetic Use Restriction Technologies (GURTs) on Agricultural Biodiversity and Agricultural Production Systems;
FAO: Rome, Italy, 2001.

Lombardo, L. Genetic use restriction technologies: A review. Plant Biotechnol. ]. 2014, 12, 995-1005. [CrossRef]

Oliver, M.].; Hake, K. Seed-based containment strategies. In Plant Gene Containment; Oliver, M.]., Li, Y., Eds.; John Wiley & Sons,
Inc.: Hoboken, NJ, USA, 2013; pp. 113-124.


http://doi.org/10.1146/annurev.ecolsys.34.011802.132406
http://doi.org/10.1098/rspb.2003.2426
http://doi.org/10.4155/bfs.09.11
http://doi.org/10.1038/nbt0602-581
http://doi.org/10.1007/s00122-010-1360-3
http://doi.org/10.1007/s10722-017-0598-x
http://doi.org/10.1007/s10681-005-9005-3
http://doi.org/10.1079/PAVSNNR202015055
http://doi.org/10.1038/347737a0
http://doi.org/10.1016/B978-0-408-70149-5.50009-9
http://doi.org/10.1105/tpc.5.10.1217
http://www.ncbi.nlm.nih.gov/pubmed/8281038
http://doi.org/10.1016/0022-2836(88)90568-2
http://doi.org/10.1038/357384a0
http://doi.org/10.1007/s001220050540
http://doi.org/10.1007/s11032-005-4784-8
http://doi.org/10.3390/agriculture2040295
http://doi.org/10.1104/pp.112.197228
http://doi.org/10.1007/s11295-014-0781-6
http://doi.org/10.1146/annurev.bi.46.070177.000441
http://doi.org/10.1007/BF01280243
http://doi.org/10.2307/3869340
http://doi.org/10.1128/iai.57.10.3221-3225.1989
http://doi.org/10.1016/0092-8674(78)90099-5
http://www.ncbi.nlm.nih.gov/pubmed/699044
http://doi.org/10.1111/pbi.12493
http://www.ncbi.nlm.nih.gov/pubmed/26503160
http://doi.org/10.1016/0168-9525(88)90109-6
http://doi.org/10.1111/pbi.12084
http://www.ncbi.nlm.nih.gov/pubmed/23730743
http://doi.org/10.1111/pbi.12242

Plants 2023, 12, 1099 15 of 16

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Ferreras, J.; Barbieri, L.; Girbés, T.; Battelli, M.G.; Rojo, M.A.; Arias, FEJ.; Rocher, M.A.; Soriano, F; Mendéz, E.; Stirpe, F.
Distribution and properties of major ribosome-inactivating proteins (28 S rRNA N-glycosidases) of the plant Saponaria officinalis L.
(Caryophyllaceae). Biochim. Biophys. Acta (BBA)-Gene Struct. Expr. 1993, 1216, 31-42. [CrossRef]

Oliver, M.J.; Luo, H.; Kausch, A.P; Collins, H. Seed-based strategies for transgene containment. In Proceedings of the 8th
International Symposium on the Biosafety of Genetically Modified Organisms, Montpellier, France, 26-30 September 2004;
pp. 154-161.

Luo, K.; Duan, H.; Zhao, D.; Zheng, X.; Deng, W.; Chen, Y.; Stewart, C.N., Jr.; McAvoy, R.; Jiang, X.; Wu, Y,; et al. ‘"GM-gene-deletor”:
Fused loxP-FRT recognition sequences dramatically improve the efficiency of FLP or CRE recombinase on transgene excision
from pollen and seed of tobacco plants. Plant Biotechnol. ]. 2007, 5, 263-374. [CrossRef]

Liu, W.; Stewart, C.N., Jr. Plant synthetic promoters and transcription factors. Curr. Opin. Biotechnol. 2016, 37, 36—44. [CrossRef]
[PubMed]

Huang, D.; Kosentka, P.Z.; Liu, W. Synthetic biology approaches in regulation of targeted gene expression. Curr. Opin. Plant Biol.
2021, 63, 102036. [CrossRef]

Yang, Y.; Chaffin, T.A.; Ahkami, A.H.; Blumwald, E.; Stewart, C.N., Jr. Plant synthetic biology innovations for biofuels and
bioproducts. Trends Biotechnol. 2022, 40, 1454-1468. [CrossRef]

Ali, S.; Kim, W.C. A fruitful decade using synthetic promoters in the improvement of transgenic plants. Front. Plant Sci. 2019,
10, 1433. [CrossRef] [PubMed]

Moon, H.S.; Abercrombie, L.L.; Eda, S.; Blanvillain, R.; Thomson, J.G.; Ow, D.W,; Stewart, C.N., Jr. Transgene excision in pollen
using a codon optimized serine resolvase CinH-RS2 site-specific recombination system. Plant Mol. Biol. 2011, 75, 621-631.
[CrossRef]

Yau, Y.Y,; Stewart, C.N., Jr. Less is more: Strategies to remove marker genes from transgenic plants. BMC Biotechnol. 2013, 13, 36.
[CrossRef]

Hoess, R.H.; Abremski, K. The Cre-lox recombination system. In Nucleic Acids and Molecular Biology; Eckstein, E, Lilley, D.M.]., Eds;
Springer: Berlin/Heidelberg, Germany, 1990; Volume 4, pp. 99-109.

Senecoff, ].E,; Bruckner, R.C.; Cox, M.M. The FLP recombinase of the yeast 2-micron plasmid: Characterization of its recombination
site. Proc. Natl. Acad. Sci. USA 1985, 82, 7270-7274. [CrossRef]

Araki, H.; Jearnpipatkul, A.; Tatsumi, H.; Sakurai, T.; Ushio, K.; Muta, T.; Oshima, Y. Molecular and functional organization of
yeast plasmid pSR1. J. Mol. Biol. 1985, 182, 191-203. [CrossRef]

Gidoni, D.; Srivastava, V.; Carmi, N. Site-specific excisional recombination strategies for elimination of undesirable transgenes
from crop plants. Vitr. Cell. Dev. Biol.- Plant 2008, 44, 457-467. [CrossRef]

Mlynarova, L.; Conner, A.].; Nap, J.P. Directed microspore-specific recombination of transgenic alleles to prevent pollen-mediated
transmission of transgenes. Plant Biotechnol. ]. 2006, 4, 445-452. [CrossRef] [PubMed]

Hamzeh, S.; Motallebi, M.; Zamani, M.R. Efficient seed-specifically regulated autoexcision of marker gene (nptIl) with inducible
expression of interest gene in transgenic Nicotiana tabacum. Turk. |. Biol. 2016, 40, 1-11. [CrossRef]

Kopertekh, L.; Schulze, K.; Frolov, A.; Strack, D.; Broer, I.; Schiemann, ]. Cre-mediated seed-specific transgene excision in tobacco.
Plant Mol. Biol. 2010, 72, 597-605. [CrossRef]

Poléniova, Z.; Jop¢ik, M.; Matusikova, L; Libantova, J.; Moravéikova, J. The pollen- and embryo- specific Arabidopsis DLL
promoter bears good potential for application in marker-free Cre/loxP self-excision strategy. Plant Cell Rep. 2015, 34, 469-481.
[CrossRef] [PubMed]

Ye, X.; Vaghchhipawala, Z.; Williams, E.J.; Fu, C.; Liu, J.; Lu, F; Hall, E.L.; Guo, S.X,; Frank, L.; Gilbertson, L.A. Cre-mediated
autoexcision of selectable marker genes in soybean, cotton, canola and maize transgenic plants. Plant Cell Rep. 2022, 42, 45-55.
[CrossRef]

Liu, W.; Yuan, ].S.; Stewart, C.N., Jr. Advanced genetic tools for plant biotechnology. Nat. Rev. Genet. 2013, 14, 781-793. [CrossRef]
Sobecky, P.A.; Easter, C.L.; Bear, P.D.; Helinski, D.R. Characterization of the stable maintenance properties of the par region of
broad-host-range plasmid RK2. |. Bacteriol. 1996, 178, 2086—2093. [CrossRef] [PubMed]

Kholodii, G.; Mindlin, S.; Gorlenko, Z.; Petrova, M.; Hobman, J.; Nikiforov, V. Translocation of transposition-deficient (TndPKLH2-
like) transposons in the natural environment: Mechanistic insights from the study of adjacent DNA sequences. Microbiology 2004,
150, 979-992. [CrossRef] [PubMed]

Shao, M.; Blechl, A.; Thomson, J.G. Small serine recombination systems ParA-MRS and CinH-RS2 perform precise excision of
plastid DNA. Plant Biotechnol. ]. 2017, 15, 1577-1589. [CrossRef] [PubMed]

Thomson, J.G.; Ow, D.W. Site-specific recombination systems for the genetic manipulation of eukaryotic genomes. Genesis 2006,
44, 465-476. [CrossRef]

He, Y.; Mudgett, M.; Zhao, Y. Advances in gene editing without residual transgenes in plants. Plant Physiol. 2022, 188, 1757-1768.
[CrossRef]

Srivastava, V.; Underwood, J.L.; Zhao, S. Dual-targeting by CRISPR/Cas9 for precise excision of transgenes from rice genome.
Plant Cell Tissue Organ Cult. 2017, 129, 153-160. [CrossRef]

Tan, ].; Wang, Y; Chen, S.; Lin, Z.; Zhao, Y,; Xue, Y.; Luo, Y,; Liu, Y.G.; Zhu, Q. An efficient marker gene excision strategy based on
CRISPR/Cas9-mediated homology-directed repair in rice. Int. . Mol. Sci. 2022, 23, 1588. [CrossRef]


http://doi.org/10.1016/0167-4781(93)90034-B
http://doi.org/10.1111/j.1467-7652.2006.00237.x
http://doi.org/10.1016/j.copbio.2015.10.001
http://www.ncbi.nlm.nih.gov/pubmed/26524248
http://doi.org/10.1016/j.pbi.2021.102036
http://doi.org/10.1016/j.tibtech.2022.09.007
http://doi.org/10.3389/fpls.2019.01433
http://www.ncbi.nlm.nih.gov/pubmed/31737027
http://doi.org/10.1007/s11103-011-9756-2
http://doi.org/10.1186/1472-6750-13-36
http://doi.org/10.1073/pnas.82.21.7270
http://doi.org/10.1016/0022-2836(85)90338-9
http://doi.org/10.1007/s11627-008-9140-3
http://doi.org/10.1111/j.1467-7652.2006.00194.x
http://www.ncbi.nlm.nih.gov/pubmed/17177809
http://doi.org/10.3906/biy-1408-32
http://doi.org/10.1007/s11103-009-9595-6
http://doi.org/10.1007/s00299-014-1726-0
http://www.ncbi.nlm.nih.gov/pubmed/25504050
http://doi.org/10.1007/s00299-022-02935-1
http://doi.org/10.1038/nrg3583
http://doi.org/10.1128/jb.178.7.2086-2093.1996
http://www.ncbi.nlm.nih.gov/pubmed/8606188
http://doi.org/10.1099/mic.0.26844-0
http://www.ncbi.nlm.nih.gov/pubmed/15073307
http://doi.org/10.1111/pbi.12740
http://www.ncbi.nlm.nih.gov/pubmed/28421718
http://doi.org/10.1002/dvg.20237
http://doi.org/10.1093/plphys/kiab574
http://doi.org/10.1007/s11240-016-1166-3
http://doi.org/10.3390/ijms23031588

Plants 2023, 12, 1099 16 of 16

80.

81.

82.

83.

84.

85.

86.

87.

88.

Brodersen, P.; Sakvarelidze-Achard, L.; Bruun-Rasmussen, M.; Dunoyer, P.; Yamamoto, Y.Y.; Sieburth, L.; Voinnet, O. Widespread
translational inhibition by plant miRNAs and siRNAs. Science 2008, 320, 1185-1190. [CrossRef]

Jonas, S.; Izaurralde, E. Towards a molecular understanding of microRNA-mediated gene silencing. Nat. Rev. Genet. 2015, 16,
421-433. [CrossRef]

Brookes, G.; Barfoot, P.; Melé, E.; Messeguer, ].; Bénétrix, F.; Bloc, D.; Foueillassar, X.; Fabié, A.; Poeydomenge, C. Genetically
Modified Maize: Pollen Movement and Crop Co-Existence; PG Economics Ltd.: Dorchester, UK, 2004; pp. 3-20.

Ortega-Molina, J. Results of the studies into the coexistence of genetically modified and conventional maize. In Proceedings of
the COPA-COGECA Colloquy on the Co-Existence and Thresholds of Adventitious Presence on GMOs in Conventional Seeds,
Brussels, Belgium, 2004.

Luo, Y,; Guo, Z.; Li, L. Evolutionary conservation of microRNA regulatory programs in plant flower development. Dev. Biol.
2013, 380, 133-144. [CrossRef] [PubMed]

Fu, C.; Sunkar, R.; Zhou, C.; Shen, H.; Zhang, ].Y.; Matts, ].; Wolf, ].; Mann, D.G.].; Stewart, C.N., Jr.; Tang, Y.; et al. Overexpression
of miR156 in switchgrass (Panicum virgatum L.) results in various morphological alterations and leads to improved biomass
production. Plant Biotechnol. J. 2012, 10, 443-452. [CrossRef] [PubMed]

Johnson, C.R.; Millwood, R.; Tang, Y.; Gou, J.; Sykes, R.W.; Turner, G.B.; Davis, M.F; Sang, Y.; Wang, Z.Y.; Stewart, C.N., Jr.
Field-grown miR156 transgenic switchgrass reproduction, yield, global gene expression analysis, and bioconfinement. Biotechnol.
Biofuels 2017, 10, 255. [CrossRef] [PubMed]

Trumbo, J.L.; Zhang, B.; Stewart, C.N., Jr. Manipulating microRNAs for improved biomass and biofuels from plant feedstocks.
Plant Biotechnol. J. 2015, 13, 337-354. [CrossRef] [PubMed]

Aukerman, M.].; Sakai, H. Regulation of flowering time and floral organ identity by a microRNA and its APETALA2-like target
genes. Plant Cell 2003, 15, 2730-2741. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1126/science.1159151
http://doi.org/10.1038/nrg3965
http://doi.org/10.1016/j.ydbio.2013.05.009
http://www.ncbi.nlm.nih.gov/pubmed/23707900
http://doi.org/10.1111/j.1467-7652.2011.00677.x
http://www.ncbi.nlm.nih.gov/pubmed/22239253
http://doi.org/10.1186/s13068-017-0939-1
http://www.ncbi.nlm.nih.gov/pubmed/29213314
http://doi.org/10.1111/pbi.12319
http://www.ncbi.nlm.nih.gov/pubmed/25707745
http://doi.org/10.1105/tpc.016238
http://www.ncbi.nlm.nih.gov/pubmed/14555699

	Introduction 
	Engineered Reproductive Sterility 
	Male Sterility 
	Barnase-Induced Male Sterility 
	Diphtheria Toxin A-Chain-Induced Male Sterility 
	EcoRI Endonuclease-Induced Male Sterility 

	Conditional Seed Sterility 

	Transgene Excision 
	Transgene Excision via Cre/loxP Recombinase 
	Transgene Excision from Pollen via CinH-RS2 
	Transgene Excision from Pollen and/or Seeds via Fused loxP-FRT Recombinase System 
	CRISPR/Cas9-Mediated Transgene Excision 

	Delayed Flowering 
	Perspectives 
	References

