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GFP ± expression ± Paramecium ± transformation

In this paper we describe the expression of green fluoresent
protein (GFP) as a reporter in vivo to monitor transformation
in Paramecium cells. This is not trivial because of the limited
number of strong promoters available for heterologous
expression and the very high AT content of the genomic
DNA, the consequence of which is a very aberrant codon
usage. Taking into account differences in codon usage we
selected and modified the original GFP open reading frame
(ORF) from Aequorea victoria and placed the altered ORF
into the Paramecium expression vector pPXV. Injection of the
linearized plasmid into the macronucleus resulted in a
cytoplasmic fluorescence signal in the clonal descendants,
which was proportional to the number of copies injected.
Southern hybridization indicated the establishment and repli-
cation of the plasmid during vegetative growth. Expression
was also monitored by Northern and Western analysis. The
results indicate that the modified GFP can be used in
Paramecium as a reporter for transformation as an alternative
to selection with antibiotics and that it may also be used to
construct and localize fusion proteins.

Abbreviations. APH-3'-II Aminoglycoside 3'-phosphotransferase-II/neor

gene. ± CAM Calmodulin from wild-type Paramecium. ± GFP Green
fluorescent protein. ± GFPmut1 Green fluorescent protein with F64L and
S65T substitutions. ± ORF Open reading frame. ± pPXV Paramecium
expression vector. ± pPXV-GFP Paramecium expression vector with the
open reading frame of green fluorescent protein. ± pPXV-NEO Para-
mecium expression vector with the open reading frame of aminoglycoside
3'-phosphotransferase-II/neor gene. ± Wt Wild-type.

Introduction

Paramecium tetraurelia is a unicellular organism which is used
as a model system for many basic cellular processes. Many
mutants are available and its size of about 100 mm allows for
easy manipulation and observation. It can be transformed not
only by microinjection, but also by electroporation (Fraga
et al., 1998; Boileau et al., 1999) or by bioballistic particle
bombardment (Boileau et al., 1999). So far, the only method of
selecting transformed wild-type Paramecium cells is by an
antibiotic resistance marker (Haynes et al., 1995). This marker
has the disadvantage that successful transformation can be
monitored only after several days when transformed cells have
grown for five or six generations to produce enough descen-
dants which subsequently can be checked for drug resistance.

An alternative is to positively select cells with reporter
systems like the green fluorescent protein (GFP) from
Aequorea victoria (reviewed by Tsien, 1998). The GFP gene
has been cloned and expressed successfully in many organisms
ranging from E. coli to mammals and plants (Prasher et al.,
1992; Chalfie et al., 1994; Inouye and Tsuji, 1994; Cubitt et al.,
1995). While the entire 27-kDa monomer consisting of 238
amino acids is required for fluorescence, the active chromo-
phore of GFP is only a tripeptide found in the middle of the
protein (Cody et al., 1993). Upon excitation with blue or UV-
light this tripeptide undergoes a cyclization reaction which
does not appear to be enzymatic but requires molecular
oxygen and causes the protein to emit bright green light (Heim
et al., 1994; Inouye and Tsuji, 1994).

Although there are many commercially available chromo-
phore variants with specific amino acid substitutions that
enhance fluorescence and alter emission spectra of GFP
(Heim et al., 1995; Tsien, 1998), most of them have had a
substantial number of silent mutations introduced to efficient-
ly express the jellyfish gene in mammalian and plant cells.
Since the codon usage in Aequorea victoria is closer to that in
ciliates, wild-type GFP was selected for expression in Para-
mecium. Two amino acid substitutions were made at positions
F64L and S65T because earlier studies of the gene showed that
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these substitutions produce a higher extinction coefficient,
cyclize the tripeptide more efficiently to form the chromo-
phore, and subsequently cause the protein, referred to as
GFPmut1, to fluoresce up to 35-fold more intensely than wild-
type GFP when excited at 488 nm (Cormack et al., 1996; Yang
et al., 1996). In addition, a TGA stop codon was introduced at
the 3'-end of the GFP ORF because the original TAA found in
the Aequorin gene codes for glutamine in Paramecium (Preer
et al., 1985; Prescott, 1994).

To our knowledge at the time of construction of this
reporter, the only available vector for heterologous expression
in Paramecium was pPXV (Haynes et al., 1995). Once
introduced into pPXV, the GFP ORF will be flanked by cis-
acting transcriptional elements from the endogenous cal-
modulin (CAM) gene, and when the plasmid is linearized
telomeric sequences from Tetrahymena help to stabilize the
injected fragment in the macronucleus (Gilley et al., 1988;
Kanabrocki et al., 1991; Haynes et al., 1995).

Here, we now describe the successful adaption and expres-
sion of GFP in Paramecium tetraurelia.

Materials and methods

Stocks and cell culturing
P. tetraurelia, nd6/nd6 with 51S background (Lefort-Tran et al., 1981)
and wild-type strain 7S (Sonneborn, 1975), was cultured at 22 8C in a
growth medium of buffered wheat-grass extract inoculated with
Enterobacter aerogenes (Sonneborn, 1970). Single cells were isolated
and grown for more than twenty fissions before each clone was starved
to induce autogamy (Berger, 1986). Autogamy was monitored by
fluorescence microscopy after fixing and staining with DAPI (4',6-
diamidino-2-phenylindole) (Haynes et al., 1995). Autogamous cells
were then fed and used for transformation between the third and sixth
post-autogamous divisions.

Construction of pPXV-GFP
To amplify and modify wild-type GFP, several PCR steps were
performed using plasmid pGFP-C1 (EMBL accession number
U19280, Clontech Laboratories, Inc. Palo Alto, CA, USA) as a
template and primer pair combinations as follows: For the first primer
pair, 5'-oligonucleotide 1 at position 580 ± 598 (numbers refer to
U19280) 5'CCGTCAGATCCGCTAGCGC3', which has an internal
Nhe I restriction site (italic), was paired with 3'-oligonucleotide 2 (pos.
816 ± 790) 5'AACACCATAAGTTAACGTAGTGACAAG3', which
carries nucleotides for a F64L and S65T substitution (bold) and an
additional Hinc II restriction site (underlined). For the second primer
pair, 5'-oligonucleotide 3 (pos. 790 ± 816) 5'CTTGTCACTACGT-
TAACTTATGGTGTT3', which is the exact complement of 3'-oligo-
nucleotide 2, was combined with 3'-oligonucleotide 4 (pos. 1352 ± 1318)
5'GCTTGAGCTCGAGATCTGAGGCCTCACTTGTATAG3', which
contains nucleotide exchanges (bold characters) for an additional Stu I
restriction site (underlined) and a stop codon in the reverse sense
strand (double underlined, complementary). The italic characters
indicate the Xho I restriction site used for cloning. PCRs were
performed using 2.5 U cloned Pfu DNA polymerase (Stratagene, La
Jolla, CA, USA). Cycling started with an initial denaturation step for
5 min at 95 8C, followed by 35 cycles with 45 s 95 8C, 30 s 56 8C, 3 min
30 s 72 8C and a final extension of 20 min at 72 8C. Amplification
products were purified and either reused as template for PCR or cut by
restriction endonucleases and cloned into pPXV (Haynes et al., 1995).
The construct was then confirmed by sequencing the complete
GFPmut1 ORF.

For transformation pPXV-GFP was cleaved with Sfi I to release a
linearized fragment containing the calmodulin promoter, GFP ORF,
and calmodulin 3' untranslated region flanked by vector and telomeric
sequences.

Transformation by microinjection
Serial dilutions were made of Sfi I-linearized pPXV-GFP (0.58 ng/ml ±
5.8 mg/ml). Five to ten picoliters of each dilution were microinjected into
the macronucleus as previously described (Haynes et al., 1995; Haynes
et al., 1996). Injected or non-injected control cells were isolated and
grown for at least three days at room temperature in bacterized wheat
grass medium diluted 1 : 1 with double-distilled water, before they were
analyzed for GFP expression.

Transformation by bioballistic particle
bombardment
Cells were washed twice in Hepes buffer (5 mM Hepes-HCl, 5 mM
KCl, 1 mM CaCl2, pH 7.2), before 0.5-ml aliquots (2500 ± 7500 cells)
were bombarded with gold particles (1.6 mm diameter) coated with 2 ±
4� 104 Sfi I-linearized pPXV-GFP molecules as previously described
(Boileau et al., 1999). Cells were immediately transferred into bacter-
ized wheat grass media, cultured for 3 days and then examined for GFP
expression.

Monitoring of GFPmut1 fluorescence
Transformants were analyzed with a Nikon Diaphot 300 inverted
microscope using a Plan 20�DL, 0.5 NA objective and a High Q
Endow GFP longpass emission filter set (Chroma Technology Corp.,
Brattleboro, VT, USA). Images were projected for 2 s onto a CH250
slow scan, cooled CCD camera (Photometrics Ltd., Tucson, AZ, USA).
Digitized 16 bit images at 0.5 mm/pixel were collected using Meta-
morph imaging software (Universal Imaging Corp., Westchester, PA,
USA). In some cases images were rescaled to a 256 greyscale using NIH
image software. 20 independent cytosolic measurements of 25 square
pixels were averaged (avoiding vacuoles, nuclei, or the oral region) and
background values obtained from areas with no cells were subtracted.

Analyses of DNA, RNA and protein from clonal
descendants of pPXV-GFP injected cells
Wild-type transgenic 7S cells were grown after transformation for
about 18 ± 20 fissions to obtain clones containing about 400000 cells in
325 ml bacterized wheat grass media. Cultures were checked for GFP
fluorescence before harvest. Cells were washed twice in Pipes-KOH
buffer (5 mM Pipes, 1 mM KCl, 0.1 mM CaCl2, pH 7.0) and kept for
4 hours in the same buffer to allow complete digestion of the bacteria
present in food vacuoles. Genomic DNA was prepared from about
70000 cells according to Godiska et al. (1987). For Southern blot
analysis 10 mg of genomic DNA were digested with BamH I and blotted
onto Qiabrane (Qiagen, Hilden, Germany). Blots were hybridized with
a probe obtained by PCR using 5'-oligonucleotide 1 and 3'-oligonu-
cleotide 4 as primers and pGFP-C1 as a template (see above). The
probe was labeled with [a-32P]dCTP. Blots were hybridized at 42 8C in
50% formamide according to Sambrook et al. (1989). Total RNA was
prepared from�130000 cells using the RNAgents total RNA Isolation
System from Promega (Madison, WI, USA). For Northern blot analysis
20 mg of total RNA were loaded per lane and blotted onto Qiabrane.
Probe and hybridizing conditions were the same as for Southern
analysis. For Western analysis, a 100000 g supernatant and pellet
fraction was prepared from about 200000 cells and processed according
to Kissmehl et al. (1998) using a monoclonal antibody against GFP
(Clontech Laboratories GmbH, Heidelberg, Germany).

For controls genomic DNA, total RNA and protein fractions were
also analyzed from non-transformed wild-type 7S cells.

Results

Choice of the green fluorescent protein
Like other ciliates P. tetraurelia employs a divergent genetic
code by using the universal stop codons TAA and TAG for
glutamine (Preer et al., 1985; Prescott, 1994). Together with
the ciliate-specific codon usage (Martindale, 1989) this should
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be considered when an appropriate GFP gene has to be
selected for heterologous expression in Paramecium. In a
preliminary study, we estimated the preferred codons in
Paramecium by combining data from a previous evaluation
of surface variant antigens (Martindale, 1989) with those from
our own analysis of more recently published Paramecium
genes, like the plasma membrane Ca2�-ATPase (Elwess and
Van Houten, 1997), the phosphoprotein PP63 (Hauser et al.,
1997), centrin (Madeddu et al., 1995), and dihydrofolate
reductase-thymidylate synthase (Schlichtherle et al., 1996).
When used in a subsequent comparison with codons found in
the various commercially available GFP variants, only the
original GFP wild-type gene from Aequorea victoria revealed
an almost identical codon usage as Paramecium (data not
shown), which therefore was selected for modification and
expression.

Construction of pPXV-GFP
In the first step, a DNA fragment which contains the complete
coding region of wild-type GFP with an F64L and S65T
substitution in the chromophore (previously described as
GFPmut1; Cormack et al., 1996) and a functional TGA stop
codon at the end of the open reading frame was amplified by
PCR (Fig. 1a). In a next step, this DNA molecule was digested
with Nhe I and Xho I and ligated into Spe I/Xho I double-
digested pPXV, which represents the only expression vector
available for P. tetraurelia (Haynes et al., 1995). Since Spe I and
Nhe I produce compatible cohesive ends this cloning step

allows the modified GFP gene to be located behind the
constitutive promoter of the P. tetraurelia calmodulin (CAM)
gene, which was already demonstrated to ensure successful
expression of homologous and heterologous genes in Para-
mecium (Haynes et al., 1995, Haynes et al., 1996). The new
construct was referred to as pPXV-GFP (Fig. 1b).

Expression of GFPmut1 in P. tetraurelia
In order to create a DNA fragment, in which telomeric
sequences were exposed on both ends of the gene-bearing
fragment, pPXV-GFP was linearized by Sfi I (Fig. 1b). When
5� 106 to 1� 107 copies in a volume of approximately 5 ± 10 pl
of linearized pPXV-GFP molecules were injected into the
macronucleus of P. tetraurelia cells, GFP fluorescence could
easily be observed already 12 h after injection, although clonal
descendants were usually analyzed at a later stage, mainly after
5 ± 7 fissions. Such a GFP-derived fluorescent signal is shown in
Figure 2a. With the exception of several vacuoles and several
bright spots the signal is generally distributed throughout the
cell including the macronucleus. Since descendants from non-
injected control cells (Fig. 2a) or from those injected with only
Sfi I linearized pPXV vector sequence (data not shown) do not
show any fluorescence above background, this strongly
indicates successful expression of GFPmut1. When clonal
descendants were allowed to undergo autogamy (�20 fis-
sions), the GFP fluorescence signal was lost (data not shown).

Fluorescence of GFPmut1 depends on copy
number
In order to evaluate the critical copy number for detectable
GFPmut1 fluorescence, cells were injected with decreasing
copy numbers of linearized plasmids (106, 105, or 104 copies/pl)
and compared to a cell from a non-injected control clone. A
strong dose-dependent decrease in cytoplasmic GFP fluores-
cence was observed (data not shown) which has been
corroborated in a semi-quantitative analysis (Fig. 2b). Micro-
injection of less than 104 copies/pl did not result in any signal
above background (data not shown). The relative fluorescence
signal at the critical concentration of 104 copies/pl was
analyzed in more detail (Fig. 2c). Data were retrieved from a
picture (not shown), in which cells from several independently
injected clones were placed together and compared with a non-
injected control cell. Again, semi-quantitative evaluation was
based on the fluorescence signal only from the cytosolic
compartment, although fluorescence was also observed in the
macronucleus (Fig. 2a). Furthermore, we also avoided mea-
surements in other (visible) subcellular compartments, such as
vacuoles or the oral region. At this concentration, values
obtained from all transformants still demonstrated a GFP-
derived fluorescence signal above background (Fig. 2c).

GFPmut1-derived fluorescence in
bioballistically transformed cells
Descendants of cells transformed with Sfi I-digested pPXV-
GFP by bioballistic particle bombardment showed GFPmut1
fluorescence, well above the critical concentration analyzed in
Figure 2c for microinjected cells (data not shown). However,
transformation efficiency was below 0.1% due to the relative
high amount of GFPmut1 molecules necessary for monitoring
fluorescence in Paramecium (see also ªDiscussionº section).
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Fig. 1. Construction of pPXV-GFP. (a) PCR strategy for mutation of
wt GFP into GFPmut1. With pGFP-C1 as a template two PCRs were
performed using either oligonucleotides 1 and 2 or olignucleotides 3
and 4 as primers. The resulting two PCR products were purified and
used as templates for a subsequent PCR step with oligonucleotides 1
and 4 as primers. This resulted in a DNA fragment containing the
complete coding region for wt GFP with mutations in the chromophore
(F64L and S65T substitutions) and a TGA stop codon at the end of the
ORF. (b) Schematic map of Sfi I-digested pPXV-GFP. Nhe I (Spe I) and
Xho I restriction sites were used for cloning into the P. tetraurelia
expression vector pPXV. The new construct is named pPXV-GFP. (amp
ampicillin resistance, kanr kanamycin resistance, ori origin of replica-
tion, CAM 5' Paramecium calmodulin promoter, CAM 3' Paramecium
calmodulin termination sequences, GFP ORF coding region of
GFPmut1, telomer Tetrahymena telomer sequences)



Analysis of the injected transgene GFPmut1 on
DNA, RNA and protein level
Descendants from pPXV-GFP injected cells (5 ± 10� 106

copies of Sfi I-linearized plasmid) or from non-injected control
cells were grown for almost twenty generations to allow
preparation of sufficient DNA, total RNA and protein.

Presence or absence of GFPmut1-specific DNA sequences
in injected and non-injected clones was investigated by
Southern hybridizations in which 10 mg of isolated total
DNA was cleaved with BamH I before being used as a sample
(Fig. 3). BamH I cuts Sfi I digested pPXV-GFP into two
fragments of 2206 bp and 2578 bp (lane 3). The 2206 bp
fragment contains the complete GFPmut1 ORF, which, there-
fore, was recognized by a probe specific for GFPmut1 (lane 2).
This band had a fuzzy appearance and was similar to diffuse
signals seen in association with telomere elongation (McCor-
mick-Graham et al., 1997). However, there were also two
minor signals at 5.6 kb and 4.8 kb which were not expected, but
which might result from incomplete digestion with Sfi I prior to
transformation (lane 4) or with BamH I after transformation
(lane 5). Specificity was guaranteed since no signal could be
detected in DNA from non-injected control cells (lane 1).

Expression of GFP was also monitored by Northern and
Western analysis, in which a mRNA transcript of �840 bp and
a newly synthesized soluble protein of about 27 kDa were
found exclusively in GFPmut1-transformed cells (data not
shown). This also reflects successful expression of GFP in
Paramecium tetraurelia.

Discussion
The only marker previously available for transformation of
wild-type cells of Paramecium tetraurelia was based on the
heterologous expression of the bacterial antibiotic, aminogly-
coside 3'-phosphotransferase-II gene (APH-3'-II or neor),
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Fig. 3. Southern hybridization analysis of pPXV-GFP transformants.
For Southern hybridizations 10 mg of BamH I-digested Paramecium
DNA from either non-injected control cells (lane 1) or from clones
injected with 5 ± 10� 106 copies of Sfi I-linearized pPXV-GFP (lane 2)
were probed with the complete ORF of GFPmut1 and compared in
control hybridizations with 200 pg of pPXV-GFP, double-digested with
Sfi I/BamH I (lane 3) or single-digested with either Sfi I (lane 4) or
BamH I (lane 5).

Fig. 2. Cytoplasmic fluorescence in Paramecium cells after injection
of pPXV-GFP. (a) right panel, the fluorescent signal from a descendent
cell three days after injection with Sfi I-digested pPXV-GFP (106

copies/pl) compared with a non-injected cell strongly indicates GFP
expression. With the exception of several vacuoles and several bright
spots the signal is generally distributed throughout the cell including
the macronucleus. The corresponding phase micrograph is shown in the
left panel. Bars� 20 mm. (b) The relative cytoplasmic fluorescent signal
from each of four cells injected with 106, 105, 104 and 0 copies/pl
respectively, was estimated by averaging 20 independent cytosolic
measurements (mean value of 25 square pixels) followed by subtraction
of a mean background value (off-cell) and normalizing to the
fluorescence value obtained from the non-injected control cell. (c)
The signal from descendent cells from several independent injections of
pPXV-GFP at the lowest concentration detected (104 copies/pl; A ± E)
are compared to a single uninjected cell by relative fluorescence. Each
data point is a mean �SD (n� 20).



which, upon microinjection (Haynes et al., 1995) or transfor-
mations en masse (Boileau et al., 1999), confers resistance to
the drug G-418. However, this antibiotic selection has the
disadvantage that unequivocal transformations can be ascer-
tained only after several days of incubation in the selection
medium under conditions that probably are not optimal for
growth, even for transformed cells. Therefore, there was a need
for a marker that could be expressed and detected rapidly at
the level of a single cell and if possible, without significantly
altering the physiological conditions.

Preliminary studies, where recombinant GFP molecules
were microinjected into the cytoplasm, showed that the
physiological conditions prevailing in the Paramecium cell
allowed for the protein to fluoresce (data not shown). While
the common commercial varieties of the GFP gene have been
adapted for optimal expression in mammalian cells (Haas
et al., 1996), the original gene from Aequorea victoria has a
codon usage similar to that observed in Paramecium. Injection
of the expression plasmid, with the three modifications in the
GFP ORF, into the macronucleus resulted in a clear green
fluorescent signal from the cytoplasm, when excited with the
appropriate wavelength. This signal could clearly be distin-
guished from autofluorescence in control cells (Fig. 2), even
when the signal was derived from clonal descendants after 18
to 20 fissions.

The intensity of GFP fluorescence strongly depends on the
number of copies of pPXV-GFP injected (Fig. 2b ± c). The
lowest copy number which resulted in a visible fluorescence
signal above autofluorescence, was about 5 ± 10� 104 copies
injected per cell which is similar to that required for antibiotic
resistance with pPXV-NEO. However, the fluorescent signal
from GFP is directly proportional to the number of molecules
expressed, which therefore can be used to approximate the
amount of protein produced by the calmodulin cassette.

Since it is difficult to assess the number of plasmids retained
in the macronucleus after injection and because there is a
tendency to loose plasmid (Haynes et al., 1996) we will make
the estimates derived from the number of injected plasmids,
which might overestimate their actual concentration at later
clonal stages. Previous studies have shown that EGFP
(GFPmut1) has a half-life of more than 24 h (Li et al., 1998)
and that the mutations in the chromophore reduce photo-
bleaching (Patterson et al., 1997). Taking advantage of these
characteristics, Patterson and co-workers showed, in a variety
of mammalian cell types, that a cytoplasmic concentration
around 200 nM was needed for detection above the back-
ground autofluorescence (Patterson et al., 1997). Although the
autofluorescence from Paramecium is significantly higher than
in mammalian cells, we can assume the same minimum
concentration of 200 nM GFPmut1 is required. Together
with an estimation of a cell volume at about �75 pl for P.
tetraurelia (Erxleben et al., 1997), about 9� 106 GFP mole-
cules must be present in a cell. This number is 102 to 103-fold
higher than that needed for mammalian cells (Patterson et al.,
1997; Tsien, 1998), but this is consistent with their smaller size.
While the requirement for such extraordinary amounts of
protein on the one hand may explain the low level of
detectable bioballistic-based transformation, on the other
hand this demonstrates the effectiveness of the calmodulin
cassette for heterologous expression. Using the estimations of
the minimum number of protein molecules needed to detect a
fluorescent signal above background and the maximum
number of plasmids that could be retained in the macronu-

cleus, a number of �102 protein molecules for every injected
plasmid is derived. This is actually much lower than an
estimation of native expression levels for calmodulin (>106

protein molecules per endogenous gene assuming a minimum
level of 0.5% of total protein). This is not surprising since
episomal expression is known to be well below the levels
derived from endogenous genes. Perhaps this is why transfec-
tion of GFP markers in mammalian cells typically uses either
strong non-native viral promoters to drive expression (Tsien,
1998), or viral replication origins to amplify the plasmid to
levels of up to 104 copies per transfected cell (Kaufman, 1997).
It is not clear whether this is required to produce the minimum
amount of protein (between 103 ± 105 molecules) needed to
detect fluorescence above background (Patterson et al., 1997;
Tsien, 1998; Mazo et al., 1999) or because of the instability of
the transformation. However, in the case of the episomal
calmodulin promoter in Paramecium, we have demonstrated
that it is easy to achieve protein levels substantially higher than
the minimum number (�107 molecules) required for detection
(Fig. 2), which is maintained for at least 18 to 20 fissions.

Clearly, the ability of using a molecule like GFPmut1 not
only for detection of transformation and expression, but also as
a tag on specific molecules for monitoring physiological
processes by in situ or in vivo studies, will be very important
for future studies. Furthermore, GFPmut1 represents a FACS
(fluorescence activated cell sorting)-optimized mutant GFP
molecule (Cormack et al., 1996) and might be used to sort
transformed populations of Paramecium. In conclusion, the
establishment of GFP expression in Paramecium provides a
useful tool for investigating a variety of questions that
previously could not be addressed in this and some other
related organisms.
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