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Figure 4-6 Percentage of GFP positive pollen in single transgene copy integrated CinH 

transgenic events.  

Loss of GFP expression served as an effective indicator for transgene excision. Each event 

including non-transgenic tobacco contained GFP positive pollen as follows. Non-transgenic 

tobacco (Xanthi) - 0.02%, CinH_Drec - 69.36%, CinH-2 - 1.94%, CinH-4 - 0.93%, CinH-9 - 

17.48%, CinH-10 - 0.47%, CinH-21 - 0.46%.  Percentage of GFP positive pollen was based on 

30,000 pollen grains analyzed. 
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5.1 Abstract 

Genetic engineering is likely to be important for enhancing crop characteristics and other traits. 

The potential of transgene flow from genetically engineered crops to non-transgenic crop 

populations or wild relatives, important environmental and regulatory considerations, must be 

carefully addressed and prevented. Therefore, it is important to develop efficient and reliable 

biocontainment strategies. Since most transgene flow occur through pollen dispersal, a novel 

approach for selective male sterility in pollen was developed and evaluated as a biocontainment 

strategy. This system is composed of an expression of EcoRI restriction endonuclease driven by 

a tomato pollen-specific promoter (LAT52) in a proof-of-concept transgenic tobacco system to 

enable transgenic pollen ablation and/or infertility through the destruction of pollen genome. 

Overexpression of the EcoRI restriction endonuclease caused pollen ablation and/or infertility in 

tobacco, but did not negatively affect other parts of the plant. Transgenic EcoRI events 

overexpressing the EcoRI restriction endonuclease exhibited normal phenotypes when compared 

to non-transgenic tobacco. Three EcoRI events produced 0 % GFP positive pollen, while GFP 

control plants contained 64% GFP positive pollen based on 9,000 pollen grains analyzed by flow 

cytometry-based transgenic pollen screening method. However, seven EcoRI events appeared to 

have 100% efficiency on selective male sterility based on the test-crosses. Transgenic pollen was 

successfully ablated and/or infertile when the EcoRI restriction endonuclease was overexpressed 

in pollen. The results suggested that this selective male sterility could be used as a highly 

efficient and reliable biocontainment strategy for genetically engineered crop cultivation.  
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5.2 Introduction 

Developing containment strategies has been considered as a crucial step for genetically 

engineered (GE) crop cultivation. Most physical containment strategies including building fences, 

setting isolation distances, and manually removing flowers appeared to have very limited use 

(Moon et al., 2010). Biological strategies have been considered as more efficient and reliable 

methods to contain unwanted transgene escape from GE crops. Male sterility has been most 

extensively studied among many other biocontainment strategies and commercially utilized. 

Male sterility was initially used in plant breeding for the production of F1 hybrids. In the 

reproductive cycles of higher plants, viable pollen is required for successful pollen germination, 

tube growth, and eventual double-fertilization via transmission of the sperm cells to the ovule. 

Transgene escape and introgression through pollen could be completely prevented if pollen were 

rendered nonviable. Multiple methods have been used to decrease pollen fertility via genic or 

cytoplasmic male sterility. Disrupting pollen development through genetic engineering has been 

suggested for suppressing transgene escape and introgression (Daniell, 2002; Feil et al., 2003). 

For example, many male sterile plants have been genetically engineered using constructs that 

disrupt the tapetum, a layer of cells found within the pollen sac, essential for pollen development 

(reviewed in Daniell, 2002). The first transgenic male sterile plant was generated by genetic 

engineering of tobacco plants with the chimaeric ribonuclease gene (Mariani et al., 1990). Most 

genic male sterile plants have been achieved by using tapetum-specific promoters to drive the 

expression of toxic bacterial genes (e.g. Barnase from Bacillus amyloliquefaciens, diphtheria 

toxin A), resulting in no pollen formation (Hird et al., 1993; Koltunow et al., 1990; Lee et al., 

2003). Since then, several genetic engineering efforts have been aimed at developing genic male 

sterility in plants. These include using cytotoxic barnase gene expression in pollen or anthers of 
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poplar (Populus) trees and Kalanchoe blossfeldiana (Wei et al., 2007; García-Sogo et al., 2010). 

Since genic male sterility strategies inhibit development of anther or pollen, the lack of pollen 

could create negative ecological impacts on pollen-feeding insects (Mlynárová et al., 2006). 

Another way to generate male sterile plants is cytoplasmic male sterility (CMS) (Chase, 2006). 

CMS that blocks the production of functional pollen resulted from mutations in plant 

mitochondrial genome (Hanson & Bentolila, 2004). CMS plants are thought to have utility for 

limiting transgene flow via pollen dispersal (Feil et al., 2003). More recently, genetically 

engineered CMS has been developed for transgene biocontainment (Ruiz & Daniell, 2005). This 

started with the successful genetic engineering of the tobacco (Nicotiana tabacum L.) chloroplast 

genome with the phaA gene coding for ß–ketothiolase, which is known to confer cytoplasmic 

male sterility (Ruiz & Daniell, 2005). A potential drawback of using CMS as a biocontainment 

tool is the potential for transmission of the transgene from the cytoplasm to the nucleus. 

Transmission of paternal plastids and mitochondria in crosses involving parents with an alien 

cytoplasm occurs at low frequency (10-4 to 10-5), and even less frequent transmission is expected 

under field conditions (Svab & Maliga, 2007). Also the loss of fertility in a CMS breeding plant 

population could eventually be restored under natural conditions (Schnable & Wise, 1996). 

Plastid transformation is a method of male sterility using maternal inheritance feature. 

Maternally inherited plant plastid genome in most crop species provides several advantages in 

genetic engineering such as high level of transgene expression and express of multiple operons in 

the genome (Maliga, 2004). Since plastids are not maternally inherited in some plant species, the 

use of plastid-based male sterility may be limited to certain plant species (Hagemann, 2004). 

Despite its potential for biocontainment, plastid transformation has only been successfully 

established in limited numbers of plant species.  
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Pollen ablation has been demonstrated by expression of the diphtheria toxin gene under 

the control of the LAT52 pollen-specific and putative pectin esterase promoter in tobacco (Twell, 

1995; Uk et al., 1998). Transgenic events containing single copy of the diphtheria toxin A-chain 

(DTx-A) gene have shown 50% aborted pollen and 50% normal pollen as expected (Uk et al., 

1998). However, there could be concerns about the expression of such toxin genes that might 

negatively affect the pollinators or even human consumers.  

Restriction endonucleases are typically classified into three classes (I, II, and III) based 

on their enzymology and cofactor requirements (Wilson, 1988). Type II restriction 

endonucleases are the best understood, but unique among the classes in that they consist of 

separate endonuclease and methylase enzymes. For decades, molecular biologists have relied on 

the utility of type II restriction endonucleases for routine DNA manipulation in the laboratory. 

Among the type II systems, the EcoRI restriction endonuclease is one of the most studied and 

well characterized. This restriction enzyme recognizes the nucleotide sequence 5’-GAATTC-3’, 

requires Mg2+, functions as a homodimer, and creates a double-strand break at the site (Wilson, 

1988). Barnes and Rine (1985) demonstrated nuclear entry and the resultant cell death associated 

with EcoRI expression in yeast, Saccharomyces cerevisiae. Induced expression of the EcoRI 

restriction endonuclease was lethal to transformed Escherichia coli containing a plasmid 

carrying the EcoRI gene and suppressed the growth of the cells (Gholizadeh et al., 2010). The 

expression of any type II restriction endonucleases in plants has not been reported. Here, we 

report first overexpression of the EcoRI restriction endonuclease in plants, particularly in pollen, 

resulting in pollen ablation and/or infertility. This pollen ablation and/or infertility by 

overexpression of the EcoRI could be used as a biocontainment strategy to prevent pollen-

mediated transgene escape and introgression.  
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5.3 Materials and methods 

5.3.1 Vector constructs and tobacco transformation 

A vector carrying a translational fusion of the EcoRI restriction endonuclease and G3GFP gene 

under the control of the pollen-specific LAT52 promoter was constructed with a R4 Gateway 

Binary Vector (Nakagawa et al., 2008) by using a site-specific multisite Gateway® cloning 

strategy. The pollen-specific promoter LAT52 derived from tomato has shown to direct high 

levels of pollen-specific transgene expression with undetectable levels of expression in all other 

tissues in several dicotyledonous plants including tobacco (Twell et al., 1990). A plasmid vector 

carrying the EcoRI restriction endonuclease gene was kindly provided by Linda Jen-Jacobsen at 

the University of Pittsburg. The EcoRI gene was cloned into TOPO vector (pcr8-GW-TOPO, 

Invitrogen, Carlsbad, CA, USA) without the stop codon to enable a reporter gene fusion 

construct. The LAT52 promoter was cloned into Multisite Gateway® vectors pENTR P4-P1r 

(Invitrogen, Carlsbad, CA, USA). All cloned DNA fragments were confirmed for correct 

orientation using restriction digests and sequence confirmed at the University of Tennessee 

molecular biology core facility. Tobacco was transformed with Agrobacterium tumefaciens 

strain EHA105 using an existing tobacco transformation protocol (Horsch et al., 1985). 

Regenerated events were grown in the greenhouse and T1 seeds were collected from self-

fertilized events. Collected T1 seeds were surface-sterilized and screened on the medium 

containing hygromycin 50 mg l-1.  
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5.3.2 Polymerase chain reaction (PCR) 

Positive	
  T1	
  seedlings	
  for	
  hygromycin	
  selection	
  were	
  transplanted	
  in	
  soil	
  and	
  grown	
  in	
  the	
  

greenhouse.	
  Two	
  individual	
  plants	
  were	
  grown	
  per	
  each	
  independent	
  event.	
  Genomic DNA 

was extracted from leaf tissue samples using an existing protocol (Stewart &Via, 1993). The 

EcoRI gene was amplified with a set of primers (Forward: 5’-

ATGTCTAATAAAAAACAGTCAAATA-3’; Reverse: 5’-CTTCTTAGATGTAAGCTGTTC-

3’) to confirm transgenicity of selected individuals. The reactions were repeated through 40 

cycles of 94 °C for 1 min, 50 °C for 30 s, and 72 °C for 1 min.  

 

5.3.3 Microscopic analysis 

Pollen samples from each EcoRI T1 event were visualized to estimate the frequency of GFP 

positive pollen. Pollen grains from two plants of each EcoRI T1 event were collected for visual 

confirmation under an epifluorescence microscopy. Pollen was directly collected from flowers 

by tapping into a 1.5 ml microfuge tube and was then suspended in sterile water. The microfuge 

tubes were immediately shaken in	
  a	
  mixer	
  (Eppendorf	
  5432	
  mixer)	
  for	
  10	
  min	
  to	
  minimize	
  

clumping	
  of	
  pollen.	
  The	
  pollen	
  suspension	
  was	
  taken	
  from	
  the	
  tube	
  and	
  placed	
  on	
  a	
  slide	
  

glass	
  and	
  covered	
  with	
  a	
  glass	
  cover	
  slip.	
  Pollen	
  screening	
  was	
  performed	
  under	
  an	
  

epifluorescence	
  (FITC	
  filtered)	
  microscopy	
  (Olympus	
  BX51	
  model)	
  with	
  blue	
  light	
  

excitation	
  at	
  200x	
  magnification.	
  QCapture	
  software	
  (Qimaging,	
  Surrey,	
  BC,	
  Canada)	
  was	
  

used	
  to	
  acquire	
  pollen	
  images.	
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5.3.4 Pollen viability analysis 

Pollen	
  viability	
  was	
  analyzed	
  by	
  potassium	
  iodide-­‐iodine	
  (IKI)	
  stain	
  method	
  (Mulugeta	
  et	
  

al.,	
  1994).	
  One	
  gram	
  of	
  potassium	
  acetate	
  and	
  0.5	
  g	
  of	
  iodide	
  were	
  dissolved	
  in	
  sterile	
  H2O	
  

to	
  make	
  IKI	
  staining	
  solution.	
  Fresh	
  pollen	
  grains	
  were	
  collected	
  as	
  previously	
  described.	
  

IKI	
  staining	
  solution	
  was	
  added	
  into	
  a	
  1.5	
  ml	
  tube	
  containing	
  collected	
  pollen	
  grains.	
  After	
  

30	
  minutes,	
  50	
  µl	
  of	
  pollen	
  grains	
  were	
  sampled	
  on	
  a	
  slide	
  glass	
  and	
  covered	
  with	
  a	
  glass	
  

cover	
  slip.	
  Pollen	
  viability	
  was	
  determined	
  under	
  a	
  microscopy	
  (Olympus	
  BX51	
  model)	
  

with	
  white	
  light	
  at	
  100x	
  magnification.	
  

	
  

5.3.5 Flow cytometry (FCM)-based transgenic pollen screen 

All	
  plant	
  types	
  including	
  EcoRI	
  T1	
  events,	
  non-­‐transgenic	
  Xanthi,	
  and	
  GFP	
  control	
  

(CinH_Drec	
  event	
  in	
  Moon	
  et	
  al.,	
  2001b)	
  were	
  grown	
  in	
  the	
  greenhouse.	
  Two	
  individual	
  

plants	
  per	
  each	
  event	
  were	
  grown	
  with	
  2	
  m	
  distance	
  from	
  other	
  plant	
  types	
  to	
  prevent	
  

potential	
  cross-­‐contamination.	
  Pollen	
  collections	
  were	
  conducted	
  for	
  10	
  days	
  during	
  

flowering	
  period.	
  Collected	
  pollen	
  samples	
  were	
  immediately	
  frozen	
  in	
  liquid	
  nitrogen	
  and	
  

stored	
  at	
  -­‐80°C.	
  At	
  the	
  time	
  of	
  assay,	
  1	
  ml	
  of	
  sterile	
  water	
  was	
  added	
  into	
  each	
  tube	
  

containing	
  pollen	
  grains	
  and	
  the	
  tubes	
  were	
  shaken	
  in	
  a	
  mixer	
  (Eppendorf	
  5432	
  mixer)	
  for	
  

10	
  min.	
  Pollen	
  suspensions	
  were	
  filtered	
  with	
  a	
  132	
  µm	
  pore	
  nylon	
  mesh	
  (Sefar	
  Nitex	
  03-­‐

132/43,	
  Sefar	
  filtration	
  Inc.,	
  Depew,	
  NY,	
  USA)	
  to	
  remove	
  non-­‐pollen	
  debris	
  such	
  as	
  anthers	
  

and	
  clumps	
  of	
  pollen	
  that	
  may	
  clog	
  the	
  fluidic	
  system	
  of	
  the	
  flow	
  cytometer.	
  Filtered	
  pollen	
  

suspension	
  was	
  transferred	
  into	
  5	
  ml	
  polystyrene	
  round	
  bottom	
  tubes	
  (BD	
  Falcon,	
  San	
  Jose,	
  

CA,	
  USA)	
  for	
  FCM	
  analysis.	
  FCM-­‐based	
  transgenic	
  pollen	
  analysis	
  was	
  performed	
  using	
  an	
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existing	
  method	
  described	
  in	
  Moon	
  et	
  al.	
  (2011b).	
  Data	
  were	
  obtained	
  by	
  counting	
  3,000	
  

pollen	
  grains	
  with	
  3	
  technical	
  replicates.	
  Acquired	
  data	
  were	
  analyzed	
  using	
  DiVa	
  software	
  

(BD	
  Biosciences,	
  San	
  Jose,	
  CA,	
  USA)	
  and	
  CyflogicTM	
  software	
  (CyFlo	
  Ltd,	
  Finland).	
  	
  

	
  

5.3.6 Test-cross with male sterile tobacco 

Male	
  sterile	
  (MS)	
  tobacco	
  cv.	
  TN90	
  seeds	
  were	
  planted	
  as	
  pollen	
  recipient	
  individuals	
  for	
  

test-­‐cross.	
  Two	
  individual	
  plants	
  per	
  each	
  EcoRI	
  event	
  were	
  selected	
  on	
  the	
  medium	
  

containing	
  hygromycin	
  50	
  mg	
  l-­‐1	
  and	
  transplanted	
  in	
  soils.	
  Non-­‐transgenic	
  Xanthi	
  and	
  GFP	
  

control	
  tobacco	
  were	
  also	
  planted.	
  When	
  the	
  EcoRI	
  events	
  and	
  MS-­‐TN90	
  were	
  flowering,	
  

nine PCR-confirmed EcoRI events were crossed with male-sterile tobacco (cv. TN-90). Non-

transgenic Xanthi and GFP control were also crossed with male-sterile tobacco. Manual crosses 

between the EcoRI events and MS-TN90 were performed to produce seeds. When	
  seed	
  pods	
  on	
  

MS-­‐TN90	
  were	
  mature,	
  seeds	
  were	
  separately	
  harvested	
  from	
  respective	
  MS-­‐TN90	
  and	
  

cleaned.	
  Cleaned	
  seeds	
  were	
  surface-­‐sterilized	
  with	
  10	
  %	
  bleach	
  and	
  70	
  %	
  EtOH.	
  Seeds	
  

were	
  plated	
  on	
  the	
  medium	
  containing	
  hygromycin	
  50	
  mg	
  l-­‐1.	
  Fourteen days after plating the 

seeds, numbers of total germinated, hygromycin positive and negative seedlings were recorded.	
  

	
  

5.4 Results 

5.4.1 Transgenic tobacco generation and phenotype 

A transformation vector with a translational fusion of the EcoRI restriction endonuclease and 

G3GFP gene under the control of the pollen-specific LAT52 promoter was constructed by using 
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a site-specific multisite Gateway® cloning strategy (Fig. 5-1). Nine independent transgenic 

EcoRI events were generated via Agrobacterium-mediated transformation method. Transgenicity 

of T0 and selected T1 events were confirmed by PCR (Fig. 5-2). Selected transgenic seedlings on 

the medium containing hygromycin 50 mg l-1 were transferred to the greenhouse and grown in 

soil. Non-transgenic tobacco Xanthi and GFP control plants were grown along with the 

transgenic events. Throughout the life cycles of the plants, no phenotypic differences between 

non-transgenic Xanthi and transgenic EcoRI events were observed (Fig. 5-3). Transgenic EcoRI 

events had normal flowers including petals, sepals, stamens, and carpels (Fig. 5-3C,D). All T0 

EcoRI events produced their T1 progeny seeds through self-fertilization.  

 

5.4.2 Pollen viability 

Pollen viability was tested by IKI staining method. Freshly collected pollen grains were stained 

and screened under an epifluorescence microscopy with 100x magnification. The pollen viability 

of transgenic EcoRI events was not significantly different from non-transgenic Xanthi and GFP 

control, except EcoRI-2 event (Fig. 5-4). Only the EcoRI-2 event had statistically different 

pollen viability compared to non-transgenic Xanthi.  

 

5.4.3 Microscopic and FCM analyses 

Visual confirmation of transgenic pollen ablation and/or infertility was performed by 

microscopic analysis. Based on the microscopic pollen images, EcoRI events had significantly 

less or no GFP positive pollen grains compared to the GFP control (Fig. 5-5). To accurately 

analyze large numbers of pollen grains, FCM-based transgenic pollen screening method was 
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used. All EcoRI events had less that 0.5% of GFP positive pollen grains, while GFP control had 

64% of GFP positive pollen (Fig. 5-6). Since GFP control plants were mixed population of 

hemizygous and homozygous for GFP transgene, it was expected to have over 50% of GFP 

positive pollen grains. Non-transgenic Xanthi contained 0% of GFP positives as expected. Three 

EcoRI events, EcoRI-5, 7, and 8, had 0% of GFP positives (Fig. 5-6). This result suggests that 

these events could have perfect selective male sterility.  

 

5.4.4 Test-cross 

Theoretically, if transgenic pollen were successfully ablated or infertile, there would be no 

homozygous lines produced in T1 generation. Positive T1 seedlings of each EcoRI event were 

selected on hygromycin selection medium and grown in soils. No seeds were produced from 

MS-TN90 plants that have not been crossed with other tobacco. Except EcoRI-4 and 9 events, all 

other EcoRI events had 100% hygromycin negative seeds from the test-crosses (Table 5-1). All 

test-crossed EcoRI seeds, except the EcoRI-4 and 9 events, were dead on the selective medium 

(Fig. 5-7). This suggests that pollen from these EcoRI events excluding the EcoRI-4 and 9 events 

did not carry transgenes. This result indicates that transgenic pollen was successfully ablated 

and/or infertile by overexpression of the EcoRI restriction endonuclease in pollen. This approach 

could be used as an effective biocontainment strategy. 

 

5.5 Discussion 

Transgenic pollen was successfully ablated and/or rendered infertile by overexpression of 

the EcoRI restriction endonuclease in pollen. The type II restriction endonuclease EcoRI was 
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used to destruct nuclear genomic DNA in pollen. Pollen specific LAT52 promoter drove a 

translational fusion of the EcoRI and GFP gene. Based on the FCM-based transgenic pollen 

screening result, three events, EcoRI-5, 7, and 8 had 100% efficiency on selective male sterility. 

However, further confirmation with the test-cross showed that most of the EcoRI events had 

higher efficiency on selective male sterility compared to the ones from the FCM-based pollen 

analysis. Seven independent EcoRI events had 100% efficiency on selective male sterility. This 

suggests that this selective male sterility approach could result in a perfect prevention of 

transgenic pollen-mediated transgene escape. This approach could be used as a highly efficient 

biocontainment strategy. Complete genic or cytoplasmic male sterility could cause 

environmentally negative impacts on pollen-feeding insects. This selective male sterility 

approach could be considered as the most environmentally friendly strategy unlike other 

complete male sterility approaches since it could serve as a food source for pollen-feeding 

insects by producing plenty of non-transgenic pollen. There might be concerns regarding 

potential negative effects of restriction endonuclease on insect pollinators. If transgenic pollen 

were completely ablated, insect pollinators would not be exposed to restriction endonuclease. In 

case transgenic pollen rendered infertility while being formed, there might be an environmental 

safety issue. However, restriction endonuclease activity is not only related to the presence or 

absence of the respective restriction sites in chromosome (Tartarotti et al., 2000). The restriction 

endonuclease EcoRII did not attack satellite heterochromatin in cytological preparations of 

mouse chromosomes, even though it showed a capability of cleavage with extensively purified 

mouse satellite DNA (Southern, 1975). Chromatin structures of different species can be an 

important factor that affects the activity of the restriction endonucleases in eukaryotic 

chromosomes (Gosalvez et al., 1989; Petitpierre et al., 1996).  
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Cytotoxic genes were used in most male sterility studies to prevent pollen formation. 

Using these cytotoxic genes might be a concern of potential toxicity to non-targeted organisms or 

cells. This potential toxicity would not be a problem if the EcoRI restriction endonuclease that is 

not toxic to cells were used for male sterility. 

One of the most environmentally friendly strategies, transgene excision in pollen, is being 

debated on its effectiveness and sustainability because it leaves some parts of T-DNA after 

transgene excision occurs. In case of site-specific recombinased-mediated transgene excisions, 

several parts of T-DNA including left and right borders and a recognition site of site-specific 

recombinase that have been integrated into plant genome through genetic engineering would 

remain in pollen genome. Transgene excision in pollen is arguable because it technically does 

not result in completely transgene-free pollen. However, this selective male sterility would not 

produce any pollen that carries a small portion of T-DNA even if those are not functional. This 

approach could be an ideal biocontainment strategy for environmental and regulatory concerns 

on transgenic crops. 

Non-transgenic Xanthi contained 0% GFP positive pollen from the FCM-based pollen 

analysis unlike the previously reported studies (Moon et al., 2011a; 2011b). It suggested that 

GFP positive pollen contamination in non-transgenic pollen reported in the previous studies 

could come from cross-pollination between transgenic events and non-transgenic Xanthi in the 

greenhouse. 

Based on the result of test-cross, seven independent events had 100% efficiency on 

selective male sterility. While only three events demonstrated 100% efficiency from the FCM-

based transgenic pollen screening method. Since FCM-based transgenic pollen screening method 

relies on GFP positive pollen, it is possible that previously synthesized GFP was exhibited in 
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pollen, so it was considered as a GFP positive. However, it became infertile due to the 

destruction of pollen genome afterwards. In this case, FCM-based transgenic pollen screening 

method could possibly underestimate the efficiency of transgenic pollen ablation and/or 

infertility.  

Pollen recipient male-sterile (MS) tobacco was an effective tool for an initial screening 

the efficacy of events in the greenhouse. To acquire accurate progeny data for biocontainment 

strategies including transgene excision approach, emasculated tobacco plants might be required 

as pollen recipient plants (Moon et al., 2011a). No seeds were produced from male-sterile 

tobacco plants that have not been crossed with other tobacco. It assures that all produced seeds 

were resulted from a cross between respective transgenic EcoRI events and MS tobacco. 

 If transgenic pollen grains are not fertile owing to the destruction of pollen genome, 

EcoRI events should have higher percentage of non-viable pollen than non-transgenic Xanthi. 

On the other hand, if there is no significant difference in pollen viability between EcoRI events 

and non-transgenic Xanthi, pollen would most likely being ablated. Once transgenic pollen is 

ablated, collected pollen from EcoRI event that is assumed to be non-transgenic would not be 

apparently different from that of non-transgenic Xanthi. The result of pollen viability test 

indirectly indicates that pollen ablation might occur, since most of the events had similar 

percentage of non-viable pollen with non-transgenic Xanthi. However, direct evidence such as 

pollen count is required to more clearly address this question. From the results, it is clear that 

pollen from transgenic plants overexpressing the EcoRI restriction endonuclease in pollen would 

not carry transgenes. These results indicate that overexpression of the EcoRI restriction 

endonuclease could cause transgenic pollen ablation and/or infertility. This selective male 
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sterility could be used as an efficient and reliable biocontainment strategy to eliminate pollen-

mediated transgene escape and introgression.  
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Appendix 

Tables and Figures 

 

Table 5-1 Segregation of test-crossed progeny for hygromycin selection. Positive refers to the 

numbers of surviving seedlings on selection medium, while negative refers to the numbers of 

dead seedlings. Efficiency refers to transgenic pollen ablation or infertility ratio. 100% efficiency 

means 100% of transgenic pollen were successfully ablated or infertile, so no pollen carried the 

transgene and passed it to the progeny.  

Event Medium Germinated Positive Negative Efficiency 
(%) 

Xanthi MSO 92 N/A N/A N/A 
Xanthi MSO+Hyg 93 0 93 N/A 

GFP control MSO+Gluf 75 57 18 N/A 
EcoRI-1 MSO+Hyg 326 0 326 100 
EcoRI-2 MSO+Hyg 304 0 304 100 
EcoRI-3 MSO+Hyg 251 0 251 100 
EcoRI-4 MSO+Hyg 329 7 322 97.9 
EcoRI-5 MSO+Hyg 365 0 365 100 
EcoRI-6 MSO+Hyg 318 0 318 100 
EcoRI-7 MSO+Hyg 152 0 152 100 
EcoRI-8 MSO+Hyg 247 0 247 100 
EcoRI-9 MSO+Hyg 287 1 286 99.7 
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Figure 5-1 T-DNA of the tobacco transformation vector.  

The EcoRI restriction endonuclease was fused with the green fluorescent protein (GFP) gene for 

the purposes of monitoring expression and estimating efficacy of the pollen ablation system. The 

fused genes were under the control of the pollen-specific LAT52 promoter. LAT52: Pollen-

specific LAT52 promoter; NOS t: Nopaline synthase terminator; NOS p: Nopaline synthase 

promoter; HPT: Hygromycin phosphotransferase; LB: Left border; RB: Right border.  
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Figure 5-2 Transgenicity confirmation by polymerase chain reaction in T1 generation 

events.  

The EcoRI gene was amplified in all independently transformed events, while no amplification 

was observed in non-transgenic Xanthi. M: DNA size marker; C: non-transgenic Xanthi; 1-9: 

Transgenic events carrying the EcoRI gene; P: Tobacco transformation plasmid vector 

containing the EcoRI gene driven by the LAT52 promoter.  
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Figure 5-3 Phenotype comparison of non-transgenic Xanthi and T1 trasngenic event 

overexpressing the EcoRI gene.  

A: No phenotypic differences were observed between transgenic EcoRI event and non-transgenic 

Xanthi. B-1 and B-2: Flower buds of Xanthi and EcoRI-7, respectively. C:  Lateral view of 

flowers. D: Front view of flowers. X: Non-transgenic tobacco cv. Xanthi; E: EcoRI-7 event.  
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Figure 5-4 Viability of pollen from transgenic EcoRI events.  

Potassium iodide-iodine (IKI) stain method (Mulugeta et al., 1994) was used to evaluate pollen 

viability. Only EcoRI-2 had significantly higher percentage of non-viable pollen when compared 

to other EcoRI events and control plants. Error bars represent standard deviation of the means. 
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Figure 5-5 Microscopic images of pollen from transgenic EcoRI events.  

Transgenic EcoRI events were transformed with a vector containing the LAT52 pollen-specific 

promoter, the EcoRI gene, and GFP gene as a visual marker. All images were taken under a 

FITC filtered epifluorescence microscopy (Olympus BX51 model) with white and blue light 

excitation at 200x magnification. Exposure time was 16.7 ms and 3 s for white light and blue 

light, respectively. 
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Figure 5-6 Percentage of GFP positive pollen in transgenic EcoRI events.  

GFP positive pollen grains were detected and counted via the flow cytometry (FCM)-based 

transgenic pollen screening method. Percentage of GFP positive pollen ranged from 0 to 0.2 

among nine different transgenic events, while the GFP control had 64 % and non-transgenic 

Xanthi had no GFP positives. GFP control pollen samples were collected from a mixture of 

hemizygous and homozygous plants. GFP positive pollen percentage was acquired based on 

3,000 pollen counting for each measurement with 3 replications. Error bars represent standard 

deviation of the means. 
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Figure 5-7 Segregation of test-crossed progeny.  

(A) Non-transgenic Xanthi on MSO medium without selective agent. (B) Non-transgenic Xanthi 

on MSO medium containing hygromycin 50 mg l-1. (C) GFP control tobacco on MSO medium 

containing glufosinate as a selective agent. (D-F) EcoRI-4, 5, and 8 events, respectively, on 

MSO media containing hygromycin 50 mg l-1.  

 

 

 

 

 

 

 
 
 
 
 
 
 
 



 141 

 

 

 

 

 

 

 

Chapter 6: Conclusions 

 
 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 



 142 

Rapid detection and counting of relatively rare transgenic pollen in a mixture of predominantly 

non-transgenic pollen is necessary for efficient and reliable transgenic pollen screening and 

detection. FCM-based transgenic pollen screening is not only less laborious than other methods, 

but also extremely fast and accurate for high GFP-synthesis events. Transgene containment 

strategies and other transgene flow studies can be accurately and efficiently analyzed with this 

FCM-based method. Since high levels of expression of fluorescent marker genes would be 

expected in transgenic pollen containing a transgene removal system in the fields, the efficiency 

of the transgene removal system could be determined in a fast and accurate manner by analyzing 

large numbers of pollen using FCM. Also, if floating pollen grains in the air need to be analyzed 

for transgenic pollen tracking, collected pollen could be effectively analyzed for transgenic 

pollen detection by the FCM-based method. Even though transgenic plants do not have a built-in 

fluorescent marker for pollen, fluorescently labeled surface markers such as an antibody or 

quantum dot could possibly be employed and utilized for transgenic pollen detection.  

Transgene excision via site-specific recombination could be an effective transgene 

biocontainment strategy when gene flow from pollen is the main concern for transgenes leaving 

the field of interest (Luo et al., 2007; Moon et al., 2010). A codon optimized serine resolvase 

recombinase CinH recognizes specific 119 base sequence recombination sites and excised 

embedded functional transgenes including the eGFP gene from the pollen genome. An absence 

of GFP expression served as an indicator of transgene excision. Three independent CinH tobacco 

T1 events exhibited less than 1% GFP positive pollen, based on FCM analysis of 30,000 pollen 

grains. As compared to a control CinH_Drec event, which had GFP expression in 70% of pollen, 

CinH events had a significant decrease in percentage of GFP positive pollen. This indicated that 

transgenic events containing CinH recombinase efficiently excised transgenes from the pollen 
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genome. CinH recombinase has superior specificity by recognizing a 119 nucleic acid base 

sequence known as RS2 (NCBI ref# AF213017). As compared to Cre and FLP recombinases, 

which have 34 bp recombination sites, CinH has recombination sites of 119 bp that should 

provide high specificity to the site-specific recombination, this negating the risk of illicit 

recombination within plant genomes. One RS2 recombination site would remain in the pollen 

genome after transgene excision occurs. However, this single recombination site in the absence 

of a recombinase and another RS2 sites should not lead to recombination in pollen genome. 

Transgenic pollen was successfully ablated and/or rendered infertile by overexpression of 

the EcoRI restriction endonuclease in pollen. The type II restriction endonuclease EcoRI was 

used to destruct nuclear genomic DNA in pollen. Pollen specific LAT52 promoter drove a 

translational fusion of the EcoRI and GFP gene. Based on the FCM-based transgenic pollen 

screening result, three events, EcoRI-5, 7, and 8 had 100% efficiency on selective male sterility. 

However, further confirmation with the test-cross showed that most of the EcoRI events had 

higher efficiency on selective male sterility compared to the ones from the FCM-based pollen 

analysis. Seven independent EcoRI events had 100% efficiency on selective male sterility. This 

suggests that this selective male sterility approach could result in a perfect prevention of 

transgenic pollen-mediated transgene escape. This approach could be used as a highly efficient 

biocontainment strategy.  
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