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Development of an Efficient Transient Gene Expression
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Abstract

Optimization of direct DNA delivery into tobacco ((Nicotiana tabacum var.
Xanthi) male gametophytes was devised together with development of an
efficient transient expression system to study gene expression under controlled
conditions. Use of a GFP gene driven by strong promoter and enhancer
sequences allowed an efficient non-lethal transient gene expression assay with an
overall transient gene expression frequency of > 4% for uninucleate microspores
and between 10 and 20% for binucleate pollen. The technique demonstrated its
suitability for analysis of developmental stage-specific gene expression. The
assay allowed observation of real-time transgene expression during microspore
maturation proving useful for in vitro pollen selection. We have also used this
protocol to determine the recombination potential of tobacco male gametic cells
by assessing the frequency of extra-chromosomal homologous recombination
events after co-delivery of two loss-of-function GFP genes. No increase of
extrachromosomal recombination was observed in assays for transient
transformation.

Introduction

The microspores of higher plants, isolated and cultured under controlled
conditions, represent a unique experimental material in the form of a large
population of autonomous, almost synchronously developing haploid cells. On
further in vitro culture in an appropriate medium, microspores can develop into
fertile mature pollen grains capable of pollination in vivo (Benito Moreno et al.
1988, Stauffer et al. 1991). The ‘gametophytic pathway’, closely resembles that of
the natural pollen development in vivo. Thus in vitro pollen maturation is an
attractive system to study developmental processes during gametogenesis,
pollen selection, plant transformation and the rescue of sterile or self-
incompatible pollen for self-pollination (Touraev and Heberle-Bors 1999).
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As the pathway of pollen development appears to be well conserved among
angiosperms, it was suggested that many basic developmental processes and the
genes controlling them are also shared (Twell 1994). Study of pollen
development and function in 28 different plant species has led to the
characterization of more than 150 microspore- or pollen-expressed genes,
preferentially activated at particular stages of development (Twell 2002). There
are two broadly-defined groups of pollen genes: the 'early genes' activated soon
after meiosis and the 'late genes' which are activated after microspore mitosis
(Mascarenhas 1990). Study of pollen-specific gene expression is important for the
understanding of the mechanisms associated with pollination, fertilization, self-
incompatibility and male-sterility as the concerned genes encode proteins
thought or known to be involved in pollen development, pollen germination and
pollen tube growth, as well as in interaction with the stigma, the transmitting
tissue or the female gametophyte (Becker et al. 2003). It is suggested that
products of some of the early genes may participate in cell wall loosening
associated with pollen expansion after microspore mitosis and that the products
of the late genes may play a role in cell expansion during pollen germination
(Hruba et al. 2005).

Late pollen genes are also associated with the production of major pollen
allergens (Alché et al. 2004). It would be useful to develop a system that will
allow study of these sequentially expressed genes in the gametophyte. Recently,
two groups have found large overlap of the pollen transcriptome with that of the
sporophyte in Arabidopsis (Becker et al. 2003, Honys and Twell 2003), signifying
the applicability of a system based on the male gametophyte to the study other
fundamental mechanisms of plant cell and developmental biology.

The production of stable transgenics is a well-established method for the
characterization of gene function. However, this approach is time consuming
and slow. Alternatively, a fast and convenient way of studying gametophytic
gene expression is their transient expression after direct delivery into different
developmental stages of the male gametophyte. Gene expression after biolistic
transformation has been shown to resemble pollen-specific expression in planta
(Schreiber and Dresselhaus 2003, Bate and Twell 1998, Eyal et al. 1995, Hamilton
et al. 1992, Twell et al. 1989). Earlier a very low frequency of transient expression
(~ 0.1% using a GUS gene) was reported (Twell et al. 1989). More recently,
Barinova et al. (2002) observed 0.01 - 0.2% transient expression for GFP, 5.0 - 7.0%
for dsRFP and 5.0 - 7.0% for GUS in tobacco and Antirrhinum male gametic cells.
Later, up to 21% transient expression of the hygromycin resistance gene, aph(4) in
bombarded tobacco microspores after in vitro maturation and their germination
was reported by Aziz and Machray 2003.
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Although both stable and transient expression can be used efficiently to
study gene expression, the most precise manipulations of gene function can only
be done through targeted gene modifications. Gene targeting is well established
in lower eukaryotes like yeast and in the moss, Physcomitrella patens, where
exogenous DNA integrates into the genome by homologous recombination (HR)
(Schaefer and Zryd 1997). It is applicable to higher plant diploid tissues only
under a powerful negative selection system capable of detecting rare HR events
(Terada et al. 2002). The rate of HR in P. patens comprising, the haploid cells has
been reported to be between 4 and 95% (Schaefer 2001) compared to from 103 to
10¢ in flowering plants (Hanin et al. 2001). Based on the observations on
P. patens and lower eukaryotic cells, Schaefer and Zryd (1997) suggested a
possible correlation between efficient gene targeting and haplophase in
eukaryotes.

Here we describe the biolistic DNA delivery into tobacco male gametophytes
using the non-lethal GFP reporter gene for the development of an efficient
transient gene expression assay. Male gametophytes can be considered as the
representatives of the haploid phase in the life cycle of higher plants. Using this
high level of transient expression assay, we have also examined their
recombination potential by assessing the frequency of extra-chromosomal HR
events after co-delivery of two loss-of-function GFP genes into tobacco male
gametic cells.

Materials and Methods

Tobacco (Nicotiana tabacum var. Xanthi) plants were grown in the glasshouse,
under ambient conditions and supplemental lighting, and in a controlled
environment growth room at 25°C and 70% humidity. Developmental stages of
the microspores were determined using DAPI staining (Vergne et al. 1987).
Stained microspores were observed under an epifluorescence microscope
(Olympus BH2) with Ultra-Violet excitation filter U (UG-1) and barrier filter
L-435. Based on microscopic observations, the developmental stages of
microspores were correlated with bud length. Media preparation and microspore
isolation were done essentially as described by Touraev and Heberle-Bors (1999)
with some modifications. All media were filter-sterilised and stored at 4°C in the
dark. The temperature of the media was allowed to equilibrate to room
temperature (23 - 25°C) prior to use. Microspores were isolated from five flower
buds in B medium and the pellet re-suspended in 5 ml of T1 medium. One ml
aliquots of this suspension (approximately 2.5 x 10° microspores, i.e. the
equivalent of one flower bud) were each distributed into a 30 ml clear plastic
Petri dish with triple vent (BIBBY Sterilin) sealed with Nescofilm. The plates
were kept in an incubator for the indicated time and temperature in the dark for
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maturation. After the maturation period, 1 ml P medium was added to each of
the cultures to induce dehydration of the microspores. After one day, another ml
of P medium was added to the cultures and the cultures were incubated under
the same conditions for another day. Observations were taken from sealed Petri
dishes with an inverted microscope to check the progression of maturity over the
culture period. The percentage of matured pollen in total microspores cultured
was calculated by counting 200 - 500 cells from each of at least three different
culture plates. Maturation of the microspores into pollen grains was verified by
microscopic observation and their viability was tested by staining with FDA. The
stock was diluted 1 : 50 with medium P and one drop was added to in vitro
matured pollen grains, viewed after 5 min under an epifluorescence microscope,
Olympus BH2 using excitation filter V (BP-405) and barrier filter Y-475. Later,
their viability was also confirmed by culture in wvitro in PEG8000 pollen
germination medium.

Vector construction: Plasmid pRTL2mGFP5-ER contains the gene mGFP5-ER
(U87974.1), a codon-optimized stable version of the green fluorescent protein
(GFP) gene (Haseloff et al. 1997, Siemering et al. 1996) with a CaMV 355
promoter having dual enhancer, a leader sequence (for increased expression)
from TEV, a C-terminal HDEL amino acid sequence and the 35S poly(A) signal
from CaMV. Two other plasmid constructs M1 and M2 having two mutant
versions of the gene were made using site-directed mutagenesis (QuickChange™
Site-Directed Mutagenesis Kit, Stratagene). Three consecutive stop codons were
created at the beginning (version M1) and near the end (version M2) of the gene
(Fig. 1) by changing three nucleotides in each and the mutations confirmed by
DNA sequencing. The original plasmid pRTL2mGFP5-ER and the two mutant
versions of it, pPRTL2M1mGFP5-ER and pRTL2M2mGFP5-ER, respectively, were
transformed into E. coli XL1-Blue cells from which plasmid DNA was prepared.

In vitro assays for GFP activity in tobacco protoplasts: To check the functionality
of proteins coded by the constructs, tobacco (Nicotiana tabacum var. Xanthi)
protoplasts were transfected with the original pRTL2mGFP5-ER plasmid and the
two mutant versions and, after an overnight culture in the dark at 25°C, RNA
extracted as described by Simpson et al. (1996). To detect expression from the
constructs, RT-PCR was done using two gfp sequence-specific primers (0391F: 5'-
CCC TTA AAT TTA TTT GCA CTA C-3' and 0392: 5'-CCA TAA GAG AAA
GTA GTG AC-3') according to Simpson et al. (2000). Labelled RT-PCR products
were separated on a 4% polyacrylamide denaturing gel on an ABI 377 DNA
analyser. Expression of GFP protein was monitored under a fluorescence
microscope (Olympus BH2, excitation filter BP-490, and barrier filter O-515).

Biolistic® transformation of microspores: DNA was delivered into microspores
using a PDS-1000/He Biolistic™ Particle Delivery System (BIO-RAD). Basic
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bombardment parameters were as described by Aziz and Machray (2003). The
gap distance between rupture disk retaining cap and microcarrier launch
assembly was maintained at 11 cm and 900 psi rupture disks were used.
Chamber vacuum was kept at 28 mm of Hg.
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Fig. 1. Schematic representation of the reporter gene cassettes used for bombardment (not to scale).
Portion of pRTL2 plasmid containing the mGFP5-ER gene driven by a CaMV 35S promoter with
dual (2x) enhancer and CaMV Poly(A) terminator sequence (A); mutant versions of the gene-
M1mGFP5-ER (B) and M2mGFP5-ER (C). CaMV 35S- promoter; Poly(A)-CaMV poly(A) terminator
sequence. Wild type nucleotides are shown in small boxes above the mutated sequences where
stop codons were created. mGFP5-ER- bases 1 to 818/CDS 21 to 812 (Accession: U87974.1) includes,
TEV- leader sequence from Tobacco Etch Virus, Signal peptide and HDEL- sequences for ER
localisation (Hasseloff et al. 1997). Respective primer positions for amplification and sequencing are
shown with arrows.

Assay for transient mGFP5-ER expression in microspores: After in wvitro
maturation of the bombarded microspores, they were analyzed for normal
development and for the transient expression of the transgene. Observations
were taken under a fluorescence microscope (Olympus BH2, excitation filter BP-
490, and barrier filter O-515) once each day after bombardment with plasmid
PRTL2mGFP5-ER and the two mutant versions along with non-bombarded
control cultures for the expression of GFP. Observations were also taken after
germination in the medium PEG8000. For the confirmation and localization of
the mGFP5-ER expression, observations were taken with a Leica SP2 Laser
Scanning Confocal Microscope (LSCM) using 488nm excitation and 502-520nm
emission wavelengths. To ensure the homogeneity of the cultured cells, contents
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of separate culture plates were pooled together and aliquots were taken for
further analysis and microscopic observation from at least three fields of view.
Alternatively, observations were taken from at least three different plates.

Results and Discussion

Microspore isolation and culture: The basic protocol for microspore isolation and
culture was based on that reported by Touraev and Heberle-Bors (1999) but
modified to make the procedure simpler and more efficient. Reports of in vitro
maturation of tobacco microspores are limited in number and from only a few
laboratories (Kyo and Harada 1986, Touraev and Heberle-Bors 1999, Tupy et al.
1991). The aim of the present study was to develop an optimized protocol for in
vitro maturation of tobacco gametic cells isolated before and after the first mitotic
division. This required the optimization of the existing in vitro maturation
protocol for isolated late-uninucleate microspores and its adaptation for the
culture of early-binucleate pollen, allowing the transient expression study of
‘early’ and 'late’ pollen genes.

Table 1. Germination of pollen grains matured from late uni- and early bi-nucleate
microspores under different culture conditions.

Developmental Culture Number of Number of Germination
stage temperature daysin T1 days with P percentage
(°C) medium? mediumP (Mean + SE)°
Late uninucleate 25 4 2 69.2+79
3 2 13315
Early binucleate 25 4 2 3.6+0.5
3 2 29.8+3.3
2 2 20.7+2.4
20 3 2 60.5+0.4

aNumber of days cultured in 1 ml T1 medium; "Number of days in culture after T1
medium was supplemented with 1 ml P medium each day; ‘Mean of observations taken
from three different culture plates + standard error.

Touraev and Heberle-Bors (1999) reported that, depending on the
developmental stage and synchrony of the starting population (ratio of
unicellular to early-bicellular microspores), the incubation time in T1 medium
required for maturation can vary from three to four days. In our experiments,
four days of culture in T1 yielded the higher germination frequency (~ 70%) for
late-uninucleate microspores (Table 1). Shortening the culture duration in T1
medium to three days for early uninucleate microspore reduced the germination
frequency while four days culture of early binucleate pollen at 25°C resulted in
over maturation and subsequent rupture of the cells. Reduction of culture
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duration for binucleate pollen improved the germination frequency (~ 30%) but
not to the same level achieved with late-uninucleate microspores. The highest
germination frequency (>60%) for the early-binucleate pollen was achieved when
the culture temperature was reduced to 20°C. This was observed under a culture
regime of three days in Tl medium accompanied by two days of
supplementation with P medium each day. This culture combination was used in
all subsequent experiments for the maturation of early-binucleate pollen. The
time required for in vitro maturation was similar to that required for maturation
in vivo under glasshouse conditions. Control by temperature regulation of the
duration of in vitro microspore maturation may be useful in future studies of
gene expression and pollen development.

Choice of plasmid vectors: Transient gene expression requires a gene product
that can be easily and rapidly monitored (Southgate et al. 1995). The GUS
reporter system has been wused successfully for tobacco microspore
transformation previously (Aziz and Machray 2003; Barinova et al. 2002, Touraev
et al. 1997). To circumvent the cytotoxic problem associated with the GUS
reporter system, the GFP gene has been successfully used for screening
transformed barley microspores (Carlson et al. 2001) and to study transient gene
expression of microprojectile-bombarded Antirrhinum majus (Barinova et al.
2002) and Brassica napus L. (Nehlin et al. 2000) microspores. The advantage of
using GFP is that it is a non-toxic fluorescent reporter and does not require any
exogenous substrates or co-factors for fluorescence, allowing real-time
monitoring of its expression. Moreover, the ability of GFP to emit green
fluorescence is preserved in N-terminal or C-terminal fusion proteins making it
an ideal reporter system for the study of gene expression and function (Bellucci
et al. 2003).

Another important component in the vector construction is the promoter to
drive the expression of the introduced genes. The CaMV 355 promoter effectively
drives expression of a downstream gene, escaping regulatory control by the host
genome (Yoo et al. 2005). This promoter has been extensively used with various
degrees of success in many plant species and tissues. Previously this promoter
has successfully been used to express uidA (GUS), gfp, and hygromycin-
resistance (hpt) genes in microspores (Aziz and Machray 2003, Kasha et al. 2001,
Touraev et al. 1997). Some authors have observed very low to no expression of
biolistically-delivered genes in pollen when driven by a CaMV 35S promoter
(Hamilton et al. 1998, Eyal et al. 1995, Twell et al. 1989). However, previous
work using two pollen specific promoters did not consistently show any
significant improvement over 35S, especially with GFP and RFP (Barinova et al.
2002). The 355 promoter includes a strong enhancer sequence (Benfey et al.
1990a, Benfey et al. 1990b) which can even trans activate genes away from the
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integration site (Yoo et al. 2005). In order to increase the possibility of strong
transient expression of the reporter gene, we chose the construct based on the
plasmid pRTL2 with CaMV 35S promoter having a dual enhancer sequence
followed by a translational enhancer sequence from Tobacco Etch Virus (TEV) to
drive the mGFP5-ER gene which was codon optimised and modified for its
optimal expression in plant tissues (Hasseloff et al. 1997, Siemering et al. 1996)
producing a stable version of the protein localised in the endoplasmic reticulum
(ER).

Transient expression after bombardment of microspores: The amount of DNA
delivered into the cell is an important factor for efficient transformation.
Increasing the concentration of DNA to coat the microprojectiles should
theoretically increase the transformation frequency in a linear manner. However,
high dosages of DNA have been shown to result in aggregation of the
microprojectiles, reducing transformation frequencies. (Oard 1991). Conse-
quently, it is important to employ a DNA concentration that combines minimum
particle aggregation with maximum potential transformation efficiency
(Southgate et al. 1995).

Table 2. Effect of DNA concentration on maturation and GFP expression after bom-
bardment of early-binucleate pollen with various amounts of pRTL2mGFP5-ER
plasmid and 3mg/shot gold.

DNA conc. Maturation % % GFP expression
(ng/shot) (Mean + SE) (Mean + SE)?
Non-bombarded 71.5+8.6 0

2.5 322+23 27+04

5.0 371+1.6 57+0.1

10.0 30.7+5.6 10.6 + 0.6

15.0 322+21 48+0.6

 Mean of observations taken from three different culture plates + standard error. Maturation percentage - as per
cent of total cells counted which matured; GFP expression - as per cent of matured pollen expressing GFP.

Several concentrations of the plasmid pRTL2mGFP5-ER were used in the
first experiment for bombardment of early-binucleate pollen keeping the gold
concentration constant (3.0mg/shot). While maturation percentages were similar
in all bombarded samples, the highest level (>10%) of GFP expression was
obtained at a concentration of 10ug of DNA was used (Table 2). However, a
lower frequency of expression (~4%) was observed in pollen (arrowed in Fig. 2A)
after 6 days of maturation. Higher amounts of DNA caused visible clumping of
the particles similar to that reported by Oard (1991). Other studies have also
shown that varying the amount of gold and DNA and the DNA/gold preparation
procedure have a significant effect on the transient expression of GUS gene and
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also on the variability of gene expression between individual shots (Harwood et
al. 2000). Barinova et al. (2002) also observed differences in transient gene
expression among different gene constructs in Antirrhinum male gametic cells.

Previous studies have indicated that the frequency of transient expression
increases gradually over several days after bombardment and then decreases
after reaching a peak. In barley microspores, the transient expression of GFP was
detectable as a faint-green fluorescence within 2 hr of bombardment. Between
two and three days after bombardment the number of fluorescing microspores
reached a maximum; at 14 day post-bombardment the number declined to about
5% of the maximum number observed (Carlson et al. 2001). Barinova et al. (2002)
observed a twofold reduction in the transient expression in bombarded
Antirrhinum microspores during in vitro maturation over eight days.

Fig. 2. Transient expression (arrowed) of mGFP5-ER gene in in vitro matured pollen
bombarded at late-uninucleate (A) and early-binucleate stage (B). A confocal
photomicrograph showing localisation of GFP in the ER (C). GFP expression in in vitro
matured pollen co-bombarded at early-binucleate stage with two non-functional
versions of the mGFP5-ER gene (D). Smaller elliptical structures fluorescing bright are
microspores which did not mature. Bar ~ 50 pum.
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In the second experiment, both uni- and binucleate microspores were
bombarded with pPRTL2mGFP5-ER DNA and observations were taken every day
from an aliquot of the bombarded cells. After one day of bombardment only
sporadic expression was observed in both uni- and binucleate microspores:
binucleate microspores showing a marginally higher expression level. Expression
in uninucleate cells continued to be low, reaching a peak (2.8 + 0.9%) Five - six
days after bombardment, later dropping again to sporadic (a few cells per plate)
level. In binucleate pollen, the expression level started to increase from the 2nd
day after bombardment reaching its peak (9.5 + 0.1%) on days four - five
(arrowed in Fig. 2B) before decreasing again. The mGFP5-ER gene used in these
experiments contains an N-terminal signal peptide derived from an Arabidopsis
vacuolar basic chitinase and the C-terminal amino acid sequence HDEL to ensure
secretion and retention of the gene product within the lumen of the (ER. A
detailed study with laser-scanning confocal microscopy revealed that the GFP
expression was consistent with the localization in the ER (Fig. 2C).

Extra chromosomal recombination of plasmid DNA after delivery: Based on the
highest gene expression in the previous experiments, we designed an experiment
to study whether the haploid phase of higher plants can increase the HR
efficiency. Previously, deletion mapping of GFP expression constructs revealed
that amino acid (aa) residues 2 - 232 of a total of 238 aa in the native protein were
required for the characteristic emission and absorption spectra of native GFP
(Dopf and Horiagon 1996). Two mutant versions of the mGFP5-ER gene were
generated by incorporating three contiguous stop codons either at the beginning
or at the end of the coding region (within the reported disruption zone for the
native gfp gene) to render the genes non-functional (Fig. 1). The mGFP5-ER is a
modified version of the native gene with 264 aa residues including sequences
that code for ER localization signal peptides (Hasseloff et al. 1997). Hence the
functionality of the mutant versions of the gene was studied in the tobacco
protoplast transient expression system along with the non-mutated functional
version of the gene as control.

Twenty-four hours after transfection with the plasmids, GFP fluorescence
localized on the ER was observed only in protoplasts with the functional version
of the plasmid but not with either of the mutated versions indicating that the
introduced stop codons at either end of the gene are sufficient for its loss of
function. RNA from the transfected protoplasts was isolated and sequence-
specific amplification products were generated by RT-PCR (data not shown) for
the mGFP5-ER gene as well as for the two non-functional ones. The mutated
genes were transcribed to mRNA but no functional protein was produced at
translation due to the presence of the inserted stop codons.
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Early-binucleate pollen were bombarded with the functional pRTL2mGFP5-
ER plasmid, the two non-functional versions independently and also co-
bombarded with the two non-functional versions. Any GFP fluorescence
observed in the co-bombarded microspores could signal a recombination event
between the two non-functional plasmids. No GFP expression was detected after
a five-day maturation period in microspores bombarded with the mutated non-
functional versions of the gene compared to 19.5% expression with the functional
one (Table 3).

Table 3. In vitro maturation and gene expression in early-binucleate pollen bombarded
with plasmids containing different versions of mGFP5-ER gene.

Plasmid used for Maturation percentage  Percentage of GFP
bombardment (Mean + SE)? expression (Mean + SE)
Control without bombardment 51.7+0.8 0c

pRTL2mGFP5-ER 104 +1.1 19.5+0.1°
pRTL2M1mGFP5-ER 16.7 £2.8 0c
pRTL2M2mGFP5-ER 13.8+0.8 0c

Co-bombarded with 13.8+3.2 2 pollen out of ~10°
pRTL2M1mGFP5-ER + bombarded pollen (4
pRTL2M2mGFP5-ER flower buds)*

aMaturation percentage- as per cent of total cells which matured; mean of observations
taken from three different culture plates + standard error. "GFP expression- as per cent of
matured pollen expressing GFP; mean of observations taken from three different culture
plates + standard error. ‘Observation taken from all bombarded cells.

Only two fluorescent pollen grains were detected (Fig. 2D) among the co-
bombarded pollen from a total of four flower buds (~10¢ pollen grains) indicating
that recombination did occur between the two non-functional plasmids inside
the maturing microspores. This frequency is, however, low, similar or lower than
the extrachromosomal recombination frequency observed previously in somatic
cells (De Groot et al. 1992, Baur et al. 1990, Offringa et al. 1990). In the present
study the overall transient expression of the delivered GFP gene in the
uninucleate microspores was slightly over 4% whereas, in case of binucleate
pollen the frequency ranged from 10 and 20%. This number is much higher than
that reported before (Barinova et al. 2002, Carlson et al. 2001). Optimization of
DNA delivery and the use of a CaMV 35S promoter with a dual enhancer in
combination with a TEV translational enhancer sequence might have contributed
to this high expression (Carrington and Freed 1990). Some variations were
observed between the experiments during the course of this study. However,
similar fluctuations in transformation efficiency were observed previously from
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day to day and month-to-month and also from one microcentrifuge tube (i.e.
precipitation event) to another (Sanford et al. 1993).

Use of the non-lethal GFP reporter gene allowed observation of transgene
expression during microspore maturation, which in the future might also be
used for pollen selection. The protocol described here could be used to study
developmental stage-specific gene expression in pollen by isolating male gametic
cells and delivering DNA into them at various stages of development under
controlled conditions. However, using male gametophytes as the haploid
equivalent in higher plants, no increase of extrachromosomal recombination was
observed in assays for transient transformation indicating that the haploid state
itself may not be the sole factor influencing HR.
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