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Abstract

The eastern oyster Crassostrea virginica provides a commercially valuable industry along
the eastern and Gulf coasts of the United States. Recently this industry has been damaged
by disease problems, creating an interest in the use of gene transfer (transfection) to improve
disease resistance. We transfected adult oysters with two genes, red-shifted green fluorescent
protein (7sGFP), commonly used as a reporter gene, and the lytic peptide cecropin B (cepB),
known to have antimicrobial properties. Oysters were transfected by injecting DNA mixed
with SuperFect™ reagent (Qiagen Inc.) into the adductor muscle sinus. Oysters were assigned
to three groups of 15: the first was injected with rsGFP complexed with transfecting reagent;
the second was injected with cepB complexed with transfecting reagent; and the third was
injected with saline (control group). Hemolymph was collected at 4 and 10 d after injection.
DNA was extracted for analysis by polymerase chain reaction (PCR), and hemocytes were
examined by flow cytometry and fluorescence microscopy for detection of green fluorescence
due to rsGFP expression. The rsGFP gene was detected by PCR in hemocytes from 14 of 15
oysters at day 4, and in 15 of 15 oysters at day 10. The cepB gene was detected by PCR in
12 of 15 oysters at day 4 and in 14 of 15 oysters at day 10. No oysters from the control group
were positive for either gene at days 4 or 10. Green fluorescence was detected by flow cytom-
etry at significantly higher levels (P < 0.05) in oysters injected with rsGFP than in other
oysters at day 4, but not at day 10. This report indicates the ability to introduce DNA into
adult eastern oysters with subsequent gene expression. Future work will involve developing
these techniques for enhanced disease resistance in oysters.

The eastern oyster Crassostrea virginica
supports a valuable commercial industry
along the Atlantic and Gulf Coasts of the
United States. In 1997 Louisiana oysters
had a dock-side value in excess of US$51
million (Louisiana Cooperative Extension
Service 1998), and in 1992 over 120,000
ha of bottom area in that state were farmed
for eastern oyster production (Keithly et al.
1993). Recently, disease problems from
protozoan parasites have plagued the indus-
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try (Ford and Tripp 1996; Paynter 1996).
Another concern to the industry is the trans-
fer of human pathogens (such as Vibrio vul-
nificus) from oysters to human consumers
(Jackson et al. 1997). To address these
problems, research is underway on selective
breeding, ploidy manipulation, and gene
transfer, with a long-term goal of producing
disease-resistant oysters also capable of
eliminating human pathogens.

To evaluate the potential for gene transfer
and expression in adult oysters, two genes
were tested in this study: red-shifted green
fluorescent protein (rsGFP) and cecropin B
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(cepB). The use of various forms of green
fluorescent protein (GFP), originally isolat-
ed from the jellyfish Aequorea victoria, as
reporter molecules is well characterized
(Chalfie et al. 1994; Higashijima et al.
1997). A modified form of the original GFP
isolate, rsGFP, absorbs blue light at a peak
of 490 nm and emits green light at a peak
of 510 nm (Heim et al. 1995). Because this
protein does not require any substrates, co-
factors, or enzymes for fluorescence, it can
be detected in living cells in real time, mak-
ing it a useful indicator of successful trans-
fection. Cecropin B is a lytic peptide from
the giant silkworm moth Hyalophora cec-
ropia (Xanthopoulos et al. 1988). Cecro-
pins are a class of lytic peptides known to
have antimicrobial and antiprotozoal capa-
bilities (Hultmark et al. 1982; Gwadz et al.
1989). Previous studies have shown that
Iytic peptides may be useful as therapeutic
agents in aquaculture for fish (Kelly et al.
1993) and shellfish (Morvan et al. 1997).
Research on gene transfer has been com-
monly conducted on gametes or embryonic
stages of organisms, but recently there has
been increased research interest in gene de-
livery to adult organisms. Successful gene
delivery and expression in adult organisms
through injection of DNA complexed with
cationic lipids (Felgner et al. 1987, 1994;
Gershon et al. 1993) has become a standard
technique, with the majority of research
confined to mice (Zhu et al. 1993; Liu et
al. 1995). Although transfection has been
documented by the injection of DNA only,
the injection of DNA complexed to cationic
lipids greatly improved transfection effi-
ciency (Liu et al. 1995). There has been lit-
tle published on the use of such techniques
in commercially important aquatic species,
in which work with adults has been limited
to reports of injection of naked DNA into
fish muscle with subsequent gene expres-
sion localized to the injection site (Rahman
and Maclean 1992: Anderson et al. 1996).
Although in vivo gene delivery with cation-
ic lipids has become relatively routine,
there has been no work done with the use
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of activated polyamidoamine dendrimers
(Tang et al. 1996; Tang and Szoka 1997) to
deliver genes to whole organisms. The only
similar report has been the use of polyam-
idoamines to transfect murine cardiac skin
grafts (Qin et al. 1998). Activated polyam-
idoamine dendrimers have been shown in
vitro to deliver genes at increased efficiency
over naked DNA, and to possess advantag-
es over cationic lipids for gene delivery,
such as increased transfection efficiency
and lower toxicity (Kukowska-Latallo et al.
1996; Tang et al. 1996; Albritton 1997).

Research on gene delivery to aquatic
species is needed and is currently underway
in fish and shellfish (Mialhe et al. 1995; Sin
1997), however, there are no reports of gene
delivery directly to adult shellfish. As part
of a project to develop techniques for gene
delivery to oysters, the goal of this study
was to deliver genes to adult eastern oysters
by injection of DNA complexed with acti-
vated polyamidoamine dendrimers and to
examine transient gene expression. The ob-
jectives of this study were to determine the
effectiveness of this technique by: 1) detec-
tion of a transgene in eastern oyster cells
by polymerase chain reaction (PCR); 2) de-
tection of transgene expression in cells by
flow cytometry: and 3) detection of trans-
gene expression in cells by microscopic ob-
servation. This study is the first documen-
tation of gene delivery and expression to
adults of a shellfish species.

Materials and Methods
Oyster Collection

Oysters were collected from Hackberry
Bay, Louisiana (29°40'00"N, 90°02'30"W)
in July 1998. Oyster meat weights were 3.0
+ 0.9 g (mean * standard deviation) with
shell lengths of 7.0 = 0.6 cm. Oysters were
held at the Louisiana State University
Aquaculture Research Station in recirculat-
ing systems with artificial seawater (Ha-
waiian Marine Mix. Hawaiian Marine Im-
ports, Houston, Texas. USA) at 15 ppt with-
out feeding for 3 d before use.
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DNA Preparation

Two plasmids were used, pS65T-Cl1
(Clontech Laboratories Inc., Palo Alto, Cal-
ifornia, USA) which contains a gene encod-
ing a modified form of green fluorescent
protein (rsGFP) (Heim et al. 1995) under
control of the human cytomegalovirus im-
mediate early promoter (CMYV), and pPC-6
(produced in our laboratory), which con-
tains the cecropin B gene (cepB) from Hy-
alophora cecropia with its native promoter
(Xanthopoulos et al. 1988).

Escherichia coli strain DHS5a trans-
formed with the plasmids of interest were
grown overnight in Luria-Bertani (LB)
broth at 37 C. Plasmid DNA was extracted
and purified using an anion exchange col-
umn (QIAFilter Plasmid Maxiprep kit, Qia-
gen Inc., Valencia, California, USA), and
DNA was dissolved in distilled, deionized
water (ddH,O) for use. Concentration and
purity of DNA were estimated by spectro-
photometry (GeneQuant RNA/DNA Cal-
culator, Pharmacia Biotech, Piscataway,
New lJersey, USA) and agarose gel electro-
phoresis.

Transfection

Eastern oysters were transfected by in-
jection using a sterile 1-mL syringe with a
25-gauge needle. The day before injection,
notches were made in the shell along the
dorsal margin which allowed access to the
adductor muscle sinus and the circulatory
system. To deliver DNA to adult oysters, a
transfection solution of plasmid DNA com-
plexed with SuperFect™ (Qiagen Inc., Va-
lencia, California, USA) was prepared.
SuperFect®™ is a commercially available so-
lution of activated polyamidoamine dendri-
mers (Tang et al. 1996), and the ratio of
DNA (jrg) to SuperFect®™ volume (uL) has
been shown to influence transfection effi-
ciency in cell culture (Qiagen SuperFect™
Reagent Handbook). For oysters injected
with transfection solution, three ratios of
DNA to SuperFect® (ug to pL) were used:
1 to2,1to4, and 1 to 8. For each oyster
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to be transfected, 10 pg of plasmid DNA
were diluted in oyster saline solution (0.48
g/l CaCl,, 145 g/LL MgSO,, 2.18 g/L.
MgCl,-6H,0, 0.31 KCl g/L, 11.61 g/L
NaCl, 0.35 g/IL. NaHCO;) and mixed with
20, 40 or 80 pL of SuperFect™ for a total
volume of 200 uL. The solution was incu-
bated for 10 min at room temperature be-
fore injection. A 100-pL volume of hemo-
lymph was removed from the adductor
muscle sinus followed by injection of 200
pl of transfection solution into the sinus.
Control oysters were injected with 200 pL
of oyster saline solution only. Injected oys-
ters were held in air at room temperature
for 6 h before they were returned to the
recirculating holding system.

Forty-five eastern oysters were used in
this experiment, divided into three groups
of 15. The first group was injected with
rsGFP in plasmid pS65T-C1. Within this
treatment were three subtreatments of five
oysters transfected at the three ratios of
DNA (p.g) to SuperFect® (pL). The second
group was injected with cepB in plasmid
pPC-6 using the three DNA to SuperFect®
ratios. Oysters in the third group were in-
jected with oyster saline solution as a con-
trol treatment.

Opysters were held in a recirculating sys-
tem, fed a mixture of the marine algae Is-
ochrysis galbana and Chaetoceros calci-
trans, and sampled at 4 and 1O d after trans-
fection. At each sampling, 300 to 600 wL
of hemolymph were withdrawn from the
adductor muscle sinus of each oyster with
a 25-gauge needle and 1-mL syringe. He-
molymph samples were immediately placed
on ice and stored chilled until use (to limit
hemocyte clumping). Samples were not
washed or pelleted. From each sample, 100
pL was immediately used for flow cytom-
etry, and at least 150 pL was stored frozen
at —120 C (in liquid nitrogen vapor) for
subsequent DNA extraction. Oyster meats
were removed from the shell and weighed
after sampling on day 10.
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PCR Analysis

DNA was extracted from ~150 pL of
each hemolymph sample (QIAmp Blood
and Tissue Kit, Qiagen Inc., Valencia, Cal-
ifornia, USA). From each sample, DNA
was eluted into 30 pL of sterile ddH,O and
stored at —20 C. Each PCR reaction re-
ceived 5 to 10 pL of extracted DNA as tem-
plate. Primers were designed for PCR using
the PC/Gene software package (Intellige-
netics, Mountain View, California, USA).
Appropriate positive and negative controls
were included with all PCR assays.

Polymerase chain reaction amplification
of a native oyster gene from the DNA for
each sample was used to indicate that DNA
extraction was successful (oyster DNA was
present in the PCR reaction) and that PCR
inhibitors were not evident in that sample.
Primers for PCR were designed to target the
28s tTRNA gene of the eastern oyster (Lit-
tlewood 1994). The primer sequences were
GCT-AAA-TAC-TTC-CCG-AGT-CCG-
ATA-GC and GCA-CCT-TCC-TCC-AGC-
TCT-TCT-GAC (5’ to 3'). Each reaction
volume was 100 pL. and contained 0.5 pM
of each primer. 200 pM of each deoxynu-
cleotide triphosphate (ANTP), 1.0 mM
MgCl,, 1 uL of DMSQO. 2.5 U of AmpliTaq
DNA polymerase (Perkin Elmer Inc., Foster
City, California. USA). and 1-X AmpliTag
buffer (Perkin Elmer Inc.). After heating to
95 C for 2 min, PCR reaction conditions
were 35 cycles at 95 C for 30 sec. 52 C for
30 sec, and 72 C for 1 min. Reaction prod-
ucts were separated by electrophoresis on a
1% agarose gel. stained with ethidium bro-
mide, and visualized with an ultraviolet
transilluminator. The primers described
above were designed to amplify a 286 base
pair (bp) DNA fragment from DNA of east-
ern oysters. The presence of such a band
after PCR on a sample (a positive reaction)
indicated the presence of oyster DNA in the
sample.

Oysters injected with rsGFP were as-
sayed for the presence of this gene with
primers designed from the pS65T-C1 se-
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quence (Clontech Inc.) for rsGFP. Primer
sequences were GTC-AGT-GGA-GAG-
GGT-GAA-GGT-GAT-GCA-AC and GAA-
AGG-GCA-GAT-TGT-GTG-GAC-AGG-
TAA-TG (5’ to 3’). Each reaction volume
was 100 pL and contained 0.2 pM of each
primer, 100 pM of each dNTP, 1.5 U of
Vent polymerase (New England Biolabs,
Inc., Beverly, Massachusets, USA), and 1-
X Thermpol PCR buffer (New England
Biolabs). After heating to 95 C for 2 min,
PCR reaction conditions were 30 cycles at
95 C for 1 min, 63 C for 1 min, and 72 C
for | min. Reaction products were separated
by electrophoresis on a 1% agarose gel,
stained with ethidium bromide, and visual-
ized on an ultraviolet transilluminator. The
primers described above were designed to
amplify a 539 bp product from rsGFP. The
presence of such a band after PCR indicated
the presence of rsGFP in the sample tested.
Oysters injected with cepB were assayed
for the presence of this gene with primers
designed from the cepB sequence (Xantho-
poulos et al. 1988). The primer sequences
were AGA-CTT-GAC-TCC-GCT-GCA-
TAA-GTG and TAC-CGT-TTC-TGA-
TGT-TGC-GAC-C (5 to 3"). Each PCR re-
action volume was 100 pL and contained
0.5 pM of each primer, 200 pM of each
dNTP, 1.5 mM MgCl,, 0.5 pL of Biolase
DNA Polymerase (ISC Bioexpress. Kays-
ville, Utah, USA), and 1-X Biolase PCR
buffer. After heating to 95 C for 2 min,
PCR reaction conditions were 35 cycles at
95 C for 30 sec, 52 C for 30 sec, and 72 C
for | min. Reaction products were separated
by electrophoresis on a 1% agarose gel.
stained with ethidium bromide, and visual-
ized with a transilluminator. The primers
described above were designed to produce
and amplify an 863 bp product from the
cecropin B gene. The presence of such a
band after PCR indicated the presence of
the cecropin B gene in the sample tested.
Hemolymph samples from oysters inject-
ed with saline only were assayed by PCR
for the presence of the 28s rRNA, GFP and
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cecropin genes using the above primers and
optimized conditions.

Flow Cytometry Analysis

To prepare samples for flow cytometry,
100 pL of fresh hemolymph were suspend-
ed in 500 pL of ice-cold modified Alsever’s
solution (8.82 g/L. C,HsNa;0,-2H,0, 3.80
g/L ethylene diamine tetraacetic acid-2H,0O
(EDTA), 20.72 g/L C/H,O,, 5.00 g/L
NaCl). This solution has been shown to in-
hibit hemocyte clumping of oysters (Bach-
ere et al. 1988). Analysis was performed
using a FACSCalibur® flow cytometer
(Becton Dickinson, San Jose, California,
USA) equipped with a 488-nm argon laser,
which excites rsGFP to emit green fluores-
cence. Hemocytes from oysters successfully
transfected with and expressing rsGFP
would be expected to exhibit green fluores-
cence above background autofluorescence
values of cells. Hemocytes from oysters in-
jected with cepB or saline would not be ex-
pected to exhibit green fluorescence above
that of autofluorescence levels. The collec-
tion of 10,000 events was attempted for
each sample, with the green fluorescence
intensity measured for each cell. Data were
analyzed with CellQuest™ software (Becton
Dickinson). Fluorescence intensity for each
cell was reported as a channel number, with
increasing brightness of fluorescence yield-
ing increasing channel numbers. Because
all cells have some background level of
green fluorescence from cell constituents
(autofluorescence), it was necessary to
count the number of cells with green fluo-
rescence intensities greater than back-
ground levels to measure any differences
among oysters. Thus, the percentage of
cells from each sample with green fluores-
cence greater than a specific value (channel
100 on a log scale) was used as a conser-
vative measure of rsGFP expression for
that sample. Cells with green fluorescence
intensities in this region were referred to as
positive cells. Samples with less than
10,000 events were discarded from analy-
sis. The values for each treatment (rsGFP,
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cecropin B, oyster saline) were averaged
and compared statistically for day 4 and day
10. For data analysis, samples transfected
at the different DNA to SuperFect™ ratios
(1:2, 1:4, 1:8) were pooled.

Data were analyzed statistically with the
General Linear Models procedure (SAS
Inc., Cary, North Carolina, USA). A one-
way analysis of variance (ANOVA) was
used to compare mean values for the per-
centage of positive cells for each treatment.
To better approximate a normal distribution,
all data were arcsine square root trans-
formed before ANOVA (Zar 1984). A Dun-
can’s Multiple Range Test was used to sep-
arate sample means. A significance level of
P < 0.05 was used in all statistical analyses.

Analysis by Fluorescent Microscopy

All hemolymph samples were examined
with an inverted fluorescent microscope
(Zeiss Axiovert 25, Carl Zeiss Inc., Thorn-
wood, New York, USA) for expression of
rsGFP at 100X or 200X with standard fluo-
rescein isothiocyanate (FITC) filters. He-
mocyte samples were examined in blind
fashion and were independent of the flow
cytometric analysis. As with flow cytome-
try, hemocytes from oysters expressing
rsGFP would be expected to fluoresce
green. Hemocytes from oysters injected
with cepB or saline would not be expected
to exhibit green fluorescence brighter than
background autofluorescence. Between 50
and 100 plL. of each hemolymph sample
were placed in 24-well tissue culture plates
(Falcon, Becton Dickinson, Franklin Lakes,
New Jersey) for observation.

Results
PCR Analysis

The presence of rsGFP was detected in
oyster hemocytes at day 4 and at day 10,
only in oysters injected with rsGFP (Fig.
1). At day 4, 14 of 15 oysters injected with
rsGFP were positive for the presence of the
oyster 28S rRNA gene after PCR (Table 1),
indicating successful DNA extraction. Of
those 14, all were positive for the presence
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FIGURE 1.
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Agarose gel depicting representative results of PCR using DNA extracted from eastern oyster he-

mocytes 4 d after transfection. Samples in lanes 2-3 and 6-7 were from oysters injected with pS65T-C1
(rsGFP) complexed with SuperFect™. Samples in lanes 4-5 and 8-9 were from control oysters injected with
saline. Lanes 1 and 12 were loaded with a 100-base pair (bp) ladder DNA marker. Lanes 2-5 contained
results from PCR to detect the 28s rRNA gene (286 bp product) which served as a control to verify the
presence of analyzable oyster DNA. Lanes 6-9 contained results from PCR to detect rsGFP (539 bp product).
Lane 10 was loaded with a positive control (plasmid pS65T-C1l added to PCR reaction). Lane 11 was loaded
with a negative control (no DNA added to PCR reaction). Bands less than 100 bp were PCR artifacts.

of rsGFP. Presence or absence of rsGFP
was not related to the ratio of DNA to
SuperFect®™ delivered to the oysters. At day
10, all 15 oysters were positive for both the
28s rRNA gene and rsGFP (Table |).

The presence of cepB was detected in
oyster hemocytes at day 4 and day 10, and
only in oysters injected with cepB (Fig. 2).
At day 4, 12 of 15 oysters injected with
cepB were positive for the presence of the
oyster 28s rRNA gene after PCR (Table 1).
Twelve oysters of this group were also pos-

itive for cepB; however, two oyster samples
positive for the 28s rRNA gene were not
positive for cepB, and two oyster samples
not positive for the 28s rRNA gene were
positive for cepB (Table 1). Presence or ab-
sence of cepB was not related to the ratio
of DNA to SuperFect®™ delivered to the
oysters. At day 10, 14 of the 15 oysters
were positive for both the 28s rRNA gene
and cepB (Table 1).

For oysters injected with saline only, at
day 4, 12 of the 15 oysters were positive
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TaBLE 1.
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Results of polymerase chain reaction (PCR) at 4 d and 10 d after injection of eastern oysters with

genes and SuperFect™ or saline. Ratio indicates the ratio of DNA (pg) to SuperFect™ (L) injected per
oyster. Oysters receiving DNA were injected with 10 pg DNA and a corresponding amount of SuperFect.
Genes injected were red-shifted green fluorescent protein (rsGFP) and cecropin B (cepB).

Positive for

Positive for Positive for

28s rRNA GFP cecropin

Treatment Ratio Number 4d 10d 4d 10d 4d 10d
RsGFP 1:2 5 5 5 5 5 nt? nt
RsGFP 1:4 5 5 5 5 5 nt nt
RsGFP 1:8 5 4 5 4 5 nt nt
Total — 15 14 15 14 {5 nt nt
CepB 1:2 5 5 5 nt nt 4 5
CepB 1:4 5 3 5 nt nt 4 5
CepB 1:8 5 4 4 nt nt 4 4
Total — 15 12 14 nt nt 12 14
Saline only 0:0 15 12 11 nt nt 0

ant, not tested.

for the oyster 28s rRNA gene (Table 1). At
day 10, 11 of the 15 oysters were positive
for the oyster 28s TRNA gene. No control
samples were positive for rsGFP or the
cepB gene (Figs. 1, 2).

Extraction of amplifiable DNA was not
successful from every sample (79 of 90
possible for days 4 and 10). However, of
the 55 samples from oysters injected with
DNA for which DNA extraction was suc-
cessful, 54 were positive for the presence
of a transgene. Sampling at day 4 or day 10
had no effect on transgene detection.

Flow Cytometry Analysis

At day 4, although the total percentage
of positive cells was low for all samples
(=5%). analysis of the three treatments re-
vealed significant differences (P = 0.016)
in green fluorescence (Fig. 3). Oysters in-
jected with rsGFP had a significantly high-
er mean percentage of positive cells (1.0 *
0.4%) than those injected with the cepB
(0.3 = 0.1%) or oyster saline (0.2 = 0.1%)
(Fig. 4). There was variability associated
with green fluorescence in the samples, and
not all oysters in the rsGFP group exhibited
levels of green fluorescence noticeably dif-
ferent from oysters in the cepB or saline-
injected groups. However. no cepB or sa-
line-injected samples had greater than 1%

positive cells. Four rsGFP-injected samples
had greater than 1% positive cells, with the
highest observed value at 5%.

At day 10, although the mean number of
positive cells for rsGFP treatment was three
times greater than the number of positive
cells in cepB or saline-injected treatments,
there was no statistical difference among
the treatments (P = 0.2027) (Fig. 4). As
with the day 4 samples, there was variabil-
ity associated with green fluorescence in the
samples. and not all oysters in the rsGFP
group exhibited levels of green fluorescence
noticeably different from oysters in the
cepB or saline-injected groups. Again, no
cepB or saline-injected samples had greater
than 1% positive cells. Four rsGFP-injected
samples had greater than 1% positive cells,
with the highest observed at 7%.

Analysis by Fluorescent Microscopy

Detection of rsGFP was possible in oys-
ter hemocytes at day 4 and day 10 (Fig. 5).
At day 4, two samples contained more
bright green cells than did the other samples
upon observation with an inverted fluores-
cent microscope. Correspondingly, these
two oysters (#2 and #13) had the highest
percentage of positive cells from flow cy-
tometric analysis. According to our exper-
imental design, these data sets were col-



TRANSFECTION OF OYSTERS

1000 bp

500 bp

Ficure 2.

293

Same as Figure 1 except hemocytes were collected 10 d after transfection and treated oysters were

injected with pPC-6 (cecropin) and lanes 6-9 contained results from PCR to detect the cecropin B gene (863

base pair product).

lected independently and comparison of re-
sults was not made until after data collec-
tion. Cells expressing rsGFP were detected
rarely in other rsGFP-injected samples, but
none were detected in cecropin B or saline-
injected samples.

Results were similar at day 10, although
only hemocytes from one oyster (#13) were
obviously brighter than all other samples
with observation using an inverted fluores-
cent microscope. Correspondingly, this oys-
ter had the highest percentage of green fluo-
rescent cells from flow cytometric analysis
(these data were also collected in blind
fashion). Cells expressing rsGFP were de-

tected rarely in other rsGFP-injected sam-
ples. but none were detected in cecropin B
or saline-injected samples.

Discussion

In most reports, techniques for transfec-
tion involve gene delivery to gametes or
embryos; however, there are potential ben-
efits to transfection of adult organisms. The
ability to efficiently transfect large numbers
of somatic cells in adults would provide a
rapid and reproducible source of animals
for study of the expression of transferred
genes in vivo. Additionally, determination
of gene expression in adult organisms
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(P > 0.05).

would not involve introduction of DNA
into gametes or embryos and waiting for
growth to adults. Concerns with contain-
ment and prevention of the accidental re-
lease of larval or juvenile stages would be
diminished. In organisms, such as oysters,
where early life stages are difficult to main-
tain in a closed artificial environment, trans-
fection of adults would facilitate research.
Questions of promoter function, gene ex-
pression, and gene effectiveness could be

analyzed with transient gene expression in
adults and less effort than production of
generations of stably expressing transgenic
lines. Such techniques may also be useful
in the production of transgenic progeny.
Results from PCR indicated the success-
ful delivery of rsGFP and cepB to oyster
hemocytes in most (>90%) treated oysters.
At this time, it is unknown whether the
genes were delivered to other tissues as
well. It is unlikely that extracellular DNA
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FIGURE 5.  Expression of the gene for red-shifted green fluorescent protein (rsGFP) in eastern oyster hemocytes.
These cells were removed from oysters 4 d after injection of plasmid DNA containing r1sGFP complexed with
SuperFect™. Panels A and C, brightfield micrographs; panels B and D, fluorescent micrographs. Hemocytes
in panels A and B were collected from control oysters. Hemocytes in panels C and D were from eastern
oysters transfected with rsGFP. Some cells expressing rsGFP are indicated by arrows. Presented here in
grayscale, cells expressing GFP emitted noticeably brighter green light compared to controls.

molecules remaining in the oyster circula-
tory system resulted in positive PCR given
the potential for degradation after 4 or 10 d.

Detection of rsGFP expression is further
evidence that gene transfer was successful.
It should be pointed out that the gene ex-
pression detected in this study was probably
transient and is not proof of integration of
foreign DNA into the oyster genome. The
expression of rsGFP was detected with
flow cytometry and corroborated by inde-
pendent analysis with fluorescent micros-
copy. However, though the majority of oys-
ters were positive for the presence of rs-
GFP with PCR, there were variable levels
of green fluorescence observed in these he-
mocyte samples. Not all oysters injected
with rsGFP exhibited levels of green fluo-
rescence noticeably different from controls.
Background autofluorescence was a prob-

lem as well, and was probably related to
variability in hemolymph constituents, he-
mocyte cell number, and the ratios of dif-
ferent hemocyte cell types that can occur in
oysters (Ford et al. 1994; Cheng 1996). In
spite of these problems, flow cytometric
analysis detected cells with green fluores-
cence in samples injected with rsGFP as
brighter than background levels. Detection
of cepB expression was not attempted in
this study. Cecropin B transfection served
as a control for possible effects of the in-
jection of DNA and SuperFect™ on back-
ground levels of green autofluorescence,
and none were detected.

Variability in gene expression after trans-
fection is to be expected, and GFP expres-
sion at low levels could be below the
threshold of detection. Variability in GFP
expression has been reported for embryos
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of zebrafish Danio rerio after injection of
fertilized eggs with DNA containing a GFP
gene (Higashijima et al. 1997). In another
study, only one third of mice treated with
complexes of DNA and liposomes exhibit-
ed transgene expression (Alexander and
Akhurst 1995). In cell culture, even when
DNA was known to be delivered to cells at
constant amounts, levels of gene expression
varied greatly, especially among different
cell types (Tseng et al. 1997; Pollard et al.
1998). It must be noted that we sampled
only a small fraction of the circulating he-
mocytes in these oysters.

In addition to variability in gene expres-
sion, the promoter used in this study
(pCMV) may be expressed at low levels in
oyster hemocytes. Mammalian viral pro-
moters have been shown to drive gene ex-
pression in a wide variety of organisms, in-
cluding mammals, fish, insects, and mol-
luscs. In bivalves, the Rous sarcoma virus
long terminal repeat (RSV LTR) functioned
in dwarf surf clams Mulinia lateralis (LLu et
al. 1996). In the Pacific oyster C. gigas,
CMV and SV40 promoters have been
shown to drive gene expression (Boulo et
al. 1996: Cadoret et al. 1997). However, in
work with C. gigas, the CMV promoter was
shown to be inefficient compared to the
Drosophila hsp70 promoter (Boulo et al.
1996: Cadoret et al. 1997). Molluscan pro-
moters have been identified recently (Yosh-
ino et al. 1998; Cadoret et al. 1999), and
should be evaluated in future work.

This work is the first report of gene trans-
fer to an adult mollusc. Data from PCR,
flow cytometry, and fluorescent microscopy
indicated that gene delivery and expression
were successful in adult oysters. Future
work should address increasing transfection
efficiency and levels of gene expression. Of
course, the application of further advances
of this technology in the oyster industry is
uncertain and is likely years away. Appli-
cation will require assessment of ecologic
risk, economic risk, and documented safety
of modified oysters for human consump-
tion.
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