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Abstract The Yangtze finless porpoise (Neophocaena
phocaenoides asiaeorientalis), as the sole freshwater
subspecies of N. phocaenoides, is endemic to the Yangtze
River and its adjacent lakes. Its population has declined
significantly over recent decades. In this study, we
established a skin-derived finite fibroblast cell line of the
Yangtze finless porpoise, named YFP-SF1, using primary
cell culture methods, and an immortalized cell line, T-YFP-
SF1, through co-transfection (GFP and SV40 T antigens)
techniques. YFP-SF1 proliferated continuously with a
minimum population doubling time of 31 h and exhibited
age-dependent changes in growth rate. T-YFP-SF1 cells
exhibited fibroblast morphology and were characterized by
a shorter doubling time, higher attachment efficiencies,
colony formation at a low seeding density, and growth in
low serum concentrations. Anchorage independence and
foci formation in the cell monolayer were observed from
passage 36. The chromosome number of YFP-SF1 and T-
YFP-SF1 remained stable at 2n=44 in the early passages,
and the viability of thawed cells remained above 90% after
cryopreservation in liquid nitrogen. Taken together, we

have established fibroblast cell lines of Yangtze finless
porpoise for the first time, which might assist as an in vitro
model for this endangered mammal.
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Introduction

The Yangtze River is the third longest river in the world.
Two different freshwater cetacean species exist in the
middle and lower reaches of the river and its adjacent
lakes: the Yangtze River dolphin (Lipotes vexillifer, Baiji in
Chinese) and the Yangtze finless porpoise (Neophocaena
phocaenoides asiaeorientalis) (Gao and Zhou 1995). They
have been described as sentinels for the health of a river
ecosystem (Stone 2010), allowing the early recognition of
adverse impacts (Bossart 2006).

Both species have been dramatically affected by human
activities and are facing an acute and severe situation
(Wang 2009). Most recently, the Yangtze River dolphin (L.
vexillifer), an obligate freshwater odontocete known only
from the Yangtze River system, has been declared as “likely
extinct” (Dalton 2006; Guo 2006; Turvey et al. 2007). The
Yangtze finless porpoise, the sole freshwater subspecies of
N. phocaenoides, has been listed as an endangered species
(EN C2b) in the IUCN Red Data Book since 1996 (Baillie
and Groombridge 1996) and has now been listed in the
First Order of the National Key Protected Wild Aquatic
Animals List in China. Its population has been decreasing
annually at a rate of 5% or more (Zhao et al. 2008). An
exhaustive survey conducted in 2006 by experts from seven
countries found that the population of the Yangtze finless
porpoise in the main river stem was approximately
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1,000∼1,200 individuals, which was less than half of the
population size estimated from the surveys from the year
1984 to 1991, and that the distribution is becoming more
fragmented (Zhao et al. 2008; Wang 2009). Immediate,
proactive, and effective measures must be taken to prevent
the Yangtze finless porpoise from following the fate of the
Baiji (Wang et al. 2006).

Extinction, being the irreversible loss of species, can
profoundly jeopardize an ecosystem, which is one of the
most alarming symptoms of the ongoing biodiversity crisis
(He 2009). Maintaining and, if necessary, increasing
biodiversity is the prime aim of conservation research
(Leon-Quinto et al. 2009; Sutherland et al. 2009). Three
conservation measures (in situ, ex situ conservation, and
captive breeding) have been adopted to maintain and
restore porpoise populations since the early 1990s by a
Research Team of Conservation Biology of Aquatic
Animals at the Institute of Hydrobiology, Chinese Academy
of Sciences (Wang 2009). As a complementary supporting
program to reinforce these three strategies, it is of
significant scientific importance to establish a biological
resources bank (Wiidt 1992; Holt and Pickard 1999;
Comizzoli et al. 2000; Leon-Quinto et al. 2009), such as,
the preservation of individual animals, semen, embryos,
blood, tissue, cells, genomic libraries, and cDNA libraries.
One of the most effective approaches is the establishment
of somatic cell lines using cryopreservation (Shi 1989; Li et
al. 2009). It provides a viable, practical, and timely
backup of genetic material while it also overcomes the
limitations of animal experiments. Moreover, the estab-
lished cell lines will provide a promising tool for
conservation research, including virological, toxicologi-
cal, and epidemiological studies, as well as allowing
future opportunities through different reproductive tech-
niques, such as animal cloning.

Cetacean cells have historically been difficult to grow in
culture (Andrews et al. 1973; Smith et al. 1987). Currently,
only a few cetacean cell culture systems have been
described, such as those derived from the beluga whale
(Delphinapterus leucas) (Nielsen et al. 1989) and Atlantic
bottlenose dolphin (Tursiops truncatus) (Carvan et al. 1994;
Pine et al. 2004; Yu et al. 2005). In vitro somatic cell
cultures have been applied in toxicological (Carvan et al.
1995; Pine et al. 2007; Wise et al. 2008), epidemiological
(Kadoi et al. 1992; Buck et al. 1993), and cytogenetic
studies (Walen and Madin 1965; Duffield et al. 1991;
Heinzelmann et al. 2008). With the exception of success-
fully cultured lines, such as DKN1 (Pine et al. 2004) and
DS1 (Yu et al. 2005), continuous cell strains have not yet
been obtained, which may restrict the use in long-term
studies. To our knowledge, no reports describing a
successful cell line from freshwater cetaceans have been
published.

In this study, a primary cell line YFP-SF1 (a skin
fibroblast cell culture from a porpoise) and an immortalized
cell line T-YFP-SF1 (a transfected cell strain derived from
YFP-SF1) were established from the tail fluke skin of a
Yangtze finless porpoise, using primary explants and the
co-transfection of plasmids (pEGFP-N3 and pW2-Tt). The
expression of transfected exogenous genes was detected and
the growth property, karyotype, and cytological characteristics
of the cell line were evaluated, as well as the detection of
microorganisms.

Materials and Methods

Micro-invasive tissue collection. A tail fluke skin sample
was obtained on 3rd April 2008 from a healthy male adult
porpoise during a capture–release health assessment project
in the ShiShou Tian-E-Zhou Nature Reserve (29°46′71″–
29°51′45″ N, 112°31′36″–112°36′90″ E). For the skin
biopsy, the sample site of the fluke margin was surgically
scrubbed and sterilized. The strip sample (approximately
1.5×0.5 cm in size) was sheared off aseptically from the
margin of the fluke close to the median notch and placed
into a prepared tube containing Dulbecco’s modified
Eagle’s medium (DMEM) with penicillin (2×100 U/ml),
streptomycin (2×100 μg/ml), and amphotericin B (5 μg/
ml). The incision on the fluke was surgically scrubbed with
surgical cotton containing povidone iodine and a haemo-
static and anti-inflammatory ointment. The porpoise was
released and observed after homeostasis was achieved. The
sample was transferred to the tissue culture laboratory
within 12 h.

Primary cell culture. The skin specimen was rinsed and
then finely chopped into approximately 1 mm3 pieces.
During dissection, adipose, vascular, and necrotic tissues
were removed. Approximately 30 fragments were distrib-
uted uniformly into 25 cm2 tissue culture flasks. The flasks
were inverted and then turned over after 2 h at room
temperature to allow cellular attachment. The tissue pieces
were fed with 5 ml of growth medium (DMEM and Ham’s
F12 in a 1:1 ratio supplemented with 20% fetal bovine
serum (FBS), 100 U/ml penicillin, 100 μg/ml streptomycin,
and 2 mM L-glutamine), adjusting the medium osmolality
approximately at the level of 310∼320 mOsm/l (in the
range of the plasma osmolality of Yangtze finless porpoise)
and the pH to approximately 7.4. The flasks were incubated
at 37°C (rectal temperature of the porpoise) in a 5% CO2,
full humidity atmosphere and cell growth were monitored
daily by an inverted microscope (Olympus CKX41). After
the formation of a cell monolayer, the tissue fragments were
dislodged from the flasks and attached to new flasks. The
confluent cells were rinsed twice with phosphate-buffered
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saline (PBS) to remove all traces of trypsin inhibitors.
Trypsin solution (0.25%) was added to the side of the flasks
until the cell monolayer was completely covered. The flasks
were incubated, with the flasks lying flat, until the cells
rounded up. The flasks were shaken gently to detach the
cells, and 2 ml growth medium were added to each flask to
block trypsinization. Cells were counted with a cytometer,
diluted to the appropriate seeding concentration, and seeded
into new flasks. Subsequent subcultures were performed
according to above procedure every 7∼9 d at a cell split
ratio of 1:2∼3. The primary cell line was named YFP-SF1.

Transfection of five fluorescent protein genes in YFP-SF1.
Five fluorescent proteins (pEGFP-C1, pEGFP-N3, pECFP-
N1, pEYFP-C1, and pDsRed2-N1; Clontech) were trans-
fected into YFP-SF1 cells mediated by Lipofectamine2000
following the protocol provided by the manufacturer.
The transfection efficiencies were estimated with the use
of a laser scanning microscope (Zeiss, LSM 510 META)
after 24 h.

Cell immortalization. The plasmids, pEGFP-N3 and
pEGFP-C1, and the pW2-Tt plasmid were co-transfected
into the primary cell line YFP-SF1 using the method
described above. The pEGFP-N3, pEGFP-C1 and pW2-Tt
plasmids were mixed at a ratio of 8:1 and a total of
4∼4.5 μg DNA was used for the initial transfection. Cells
expressing the transfected genes became visible as foci or
clones. Several clones were picked and propagated in a
selective medium. Each individual cell population was
cultured continuously at a split ratio of 1:10. During this
time, cryopreservation was carried out and the immortalized
cell line (named T-YFP-SF1) was obtained.

The ability of YFP-SF1 and T-YFP-SF1 to withstand
freezing in liquid nitrogen was determined in the cell
growth state and freezing medium according to a previously
described technique (Freshney 2005).

Karyotype analysis. The metaphase preparations were
made from the second passage fibroblast of YFP-SF1.
Colcemid was added to subconfluent cells at a concentra-
tion of 0.05 μg/ml for 2 h, before the cells were harvested
for chromosomal analysis. After incubation, the cells were
detached from the flask through trypsinization and sub-
jected to hypotonic treatment with 0.075 M KCl for
10∼15 min. Subsequently, the cells were fixed three times
using Carnoy’s fixative (3:1 of methanol:glacial acetic acid)
and slides were prepared by standard air drying technique.
G-banding was performed according to the trypsin/Giemsa
staining procedure (Seabright 1972) and was modified to
facilitate specific identification of all homologs. Slides were
kept at 60∼65°C for 3 h and were trypsinized for 3∼8 min
in a 1:50 (2.5% trypsin/PBS) trypsin solution at room

temperature and rinsed twice with PBS. Finally, the slides
were stained with Giemsa stain diluted 1:50 with Gurr’s
buffer (pH 6.8) for 2∼5 min, washed with tap water, and air
dried.

Detection of SV40 large T and small t. To determine
whether larger T (LT) and small t (ST) proteins were
expressed in T-YFP-SF1, a reverse transcription PCR was
employed. Total RNA was extracted from T-YFP-SF1 cells
(passage 10 and passage 40), COS-7 cells (SV40-trans-
formed simian kidney cells, positive control) and YFP-
SF1cells (negative control) by using an RNAprep pure cell/
bacteria kit (Tiangen Biotech, Beijing, China), according to
the manufacturer’s protocol. RNA quality control was
conducted using gel electrophoresis in a 1.5% agarose-
denaturing gel and optical density measurements were
made with a NanoDrop ND-1000 Spectrophotometer.
First-strand cDNA was synthesized from total RNA using
a First-Strand cDNA Synthesis Kit (Fermentas, Hanover
United States). The cDNA served as a template for PCR
amplification, using the primers in Table 1.

PCR cycling conditions were melting at 94°C for 5 min
followed by 30 cycles of 94°C for 30 s, 48°C for 30 s, and
72°C for 1 min, followed by one cycle of 72°C for 5 min.

Western blot for the detection of SV40 LT antigen and ST
antigen. Samples were prepared from controls (COS-7cells
as a positive control, non-transfected cells as negative control)
and T-YFP-SF1 cells (passage 14 and passage 45). Proteins
were separated by SDS polyacrylamide gel electrophoresis
and transferred onto a polyvinylidine fluoride membrane
using a semi-dry blotting technique. The primary monoclonal
antibody SV40 TAg Pab108 (Santa Cruz Biotechnology, Inc.,
Santa Cruz, CA) and the secondary antibody goat anti-mouse
IgG-HRP polyclonal (Santa Cruz Biotechnology, Inc., Santa
Cruz, CA) were applied for the detection of LT and ST.

Immunofluorescence assay. T-YFP-SF1 (passage 7 and
passage 40) cells and control cells (cos-7 cells and YFP-
SF1 cells) were grown on sterile glass cover slips in 6-well
plates overnight until cells reached 60∼80% confluence.
After fixing the cells with 4% paraformaldehyde for 10 min
at room temperature, the primary antibody SV40 T Ag
Pab108 (Santa Cruz) and the fluorescence-labeled secondary

Table 1. SV40 LT and ST primers used in the present study

Name Sequence (5′ to 3′) Position

SV40 LT-F CATGCTCCTTTAACCCACCT 4,052–4,071 bp

SV40 LT-R CATCCTGATAAAGGAGGAGATG 5,019–5,041 bp

SV40 ST-F CGAAGCAGTAGCAATCAACC 4,740–4,759 bp

SV40 ST-R CATCCTGATAAAGGAGGAGATG 5,019–5,041 bp
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antibody CY3-goat anti-mouse IgG (Invitrogen, Carlsbad,
United States) were used to identify transfected T genes. The
cover slips were rinsed with distilled water and sealed. As a
negative control, the first antibody was omitted and the
T-YFP-SF1 samples were incubated with secondary
antibodies only to check for unspecific binding or for
cross-reaction between the secondary antibodies.

Characterization of cell line properties. Growth properties
of both YFP-SF1 and T-YFP-SF1 were characterized
through a combination method, including growth curves,
serum dependency detection, population doubling time,
colony forming efficiency, anchorage-independent growth
ability, and chromosome number analysis. The growth
capacity and serum dependency of YFP-SF1 (passage 7 and
passage 20) and T-YFP-SF1 (passage 20 after transfection)
were evaluated using a 3-(4, 5-dimethylthiazol-2-yl)-2, 5-
diphenyl-tetrazodium bromide (MTT; Sigma Aldrich, St.
Louis, MO) assay (Mosmann 1983; Hansen et al. 1989;
Wilson et al. 1990). Briefly, 1,000 cells (volume, 100 μl/
well) were seeded with serum concentrations of 15%, 10%,
5%, and 1% into 96-well plates and analyzed every 24 h,
until 192 h after plating. At each time point, 20 μl of filter-
sterilized MTT (5 mg/ml in PBS) was added to each well
and incubated for 5 h at 37°C. Media was removed and
blue formazan crystals trapped in cells were dissolved in
sterile DMSO (100 μl) by incubating at 37°C for 30 min.
Each analysis was carried out in triplicates. The absorbance
was read on a multi-well scanning spectrophotometer
(ELISA reader) at 570 nm as test wavelength and 690 nm
as reference wavelength. Growth curves were plotted from
the means of each treatment as optical density (OD,
570 nm) against the culture time (h). The population
doubling times (PDT) of these three cell strains were
calculated during the exponential growth phase of the cells
according to the growth curve. Meanwhile, comparative
analysis of the serum dependency and the attachment
efficiency of these cells were also assessed. Differences
in proliferation as response to the effect of serum
concentration between the three cell cultures were
assessed by two-way ANOVA followed by a post hoc
test with Bonferroni correction, using the SPSS16.0
software package. A one-way ANOVA was used when
one influencing factor had been selected (p<0.05 was
considered significant).

Low density cell colony formation, or platting efficiency,
was tested according to the protocol (Freshney 2005).
Single cell suspensions of YFP-SF1 (passage 10) and T-
YFP-SF1 (passage 20) were prepared, and about 100 cells
were plated in each well of 6-well plates (about ten cells/
cm2, three replicates at each cell line). The plates were
incubated until colonies were visible under an inverted
microscope (Olympus CKX41).

A soft agar colony assay was conducted according to the
method of Pavelic et al. (1980) (Pavelic et al. 1980), to test
whether T-YFP-SF1 cells had transformed activity. T-YFP-
SF1cells (passage 3, passage 20, and passage 42) and
control cells (COS-7 and YFP-SF1) were resuspended in
0.34% low melting point agarose (LMP agarose, Promega,
Madison, United States) in DMEM/F12 supplemented with
20% FBS and were plated in triplicates in a 6-well plate
coated with 0.6% LMP agarose in DMEM/F12 plus 20%
FBS at a cell number of 2.5×103 per well. Cultures were
maintained in an incubator at 37°C, incubated for 30 d and
cells were fed once a week. The cells were observed under
an inverted microscope (Olympus CKX41).

Metaphasic cells of YFP-SF1 at passage 17 and T-YFP-
SF1 at passage 3, passage 20, and passage 36 were also
prepared for the count of chromosome numbers and to
estimate the genetic stability of cells.

Microorganism detection. Potentially harmful bacteria,
yeasts, and other fungi were detected by the method
described by Davis (Davis 2002). Antibiotic-free media
testing and microbiological culture using tryptose soy broth
and fluid thioglycollate medium were performed to test for
the presence of aerobic, anaerobic, facultative anaerobic
bacteria and fungi. A modified DIPA (4′,6-diamidino-2′-
phenylindole) staining method according to (Russell et al.
1975) was conducted to test for Mycoplasma spp. Briefly,
prior to detection, T-YFP-SF1 and YFP-SF1 cells were
cultured in antibiotic-free media for at least 1 wk or a
minimum of two passages. When 60∼70% confluence was
reached, cells were harvested and suspended in PBS. One
drop of suspension was placed on a microscope slide and
air dried. This was washed once with DAPI-methanol
(working solution, 1 μg/ml), covered with DAPI-methanol
and incubated for 20 min at 37°C. After washing with PBS,
the cells were examined under a fluorescence microscope
with DAPI filter (Zeiss, Axioplan 2 Imaging).

Results

A primary cell line of the Yangtze finless porpoise was
obtained. A primary cell culture was established from the
sample using primary explant technique. Cell migration
from the edges of the explants was observed approximately
2 wk after the attachment of tissue fragments (Fig. 1A), and
a cell monolayer formed on day 20. Afterwards, the first
subculture was conducted at a 1:3 split ratio, all early
passages of the cell cultures shared very similar growth
patterns, and reached 90% confluence within 7 d (Fig. 1B).
The primary culture system contained cells of mixed
origins, including epithelial, spindle-shaped, and fibroblast
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cells. The dark color of some cells was due to the
considerable amount of melanin pigment in the porpoise
skin (Fig. 1B) (Yu et al. 2005). In the progress of cell
passages, the melanin density dropped off and the cyto-
plasm become gradually clearer. In certain stages of the
early YFP-SF1 cell cultures, massive intracellular lipid
droplets were found clustered in the perinuclear region or
peripherally throughout the cytoplasm in many epithelial-
like cells (Fig. 1C, D (indicated by arrows)). These unusual
intracellular lipid droplets have not been observed in the
epidermis of terrestrial mammals and may be specific to
cells of cetaceans due to their aquatic lifestyle (Menon et al.
1986; Pfeiffer and Jones 1993; Reeb et al. 2007).

Cryopreservation was conducted using cells from early
passages, with two flasks of cells being selected for a
continued subculture. Cell viability of thawed cells was
more than 90% after they were cryopreserved in liquid
nitrogen. Following serial subcultivations, the cells
appeared uniformly spindle shaped. After approximately
23 passages, cells exhibited a slower proliferation that may
be associated with cellular senescence.

To determine whether the primary cell line was healthy,
a karyotype analysis was performed. As shown in Fig. 1E,
the porpoise chromosome number was 2n=44, which

includes six pairs of metacentric chromosomes (m), seven
pairs of submetacentic (sm), four pairs of subtelocentic (st),
and four pairs of telocentric chromosomes (t). The X
chromosome is metacentic and the Y chromosome is
telocentric. Thus the chromosome pattern can be described
as 2n=44, male, XY, 13m+14sm+8st+9t.

To characterize the properties of the primary cell line
further and to select an optimal fluorescent gene for
subsequent co-transfection, the exogenous gene expression
in this cell line was investigated under fluorescence
microscopy (Fig. 2A–F). Meanwhile, the transfection
efficiency was calculated (Table 2).

An immortalized cell line of the Yangtze finless porpoise
was obtained. To obtain an immortalized cell line of
Yangtze finless porpoise, the primary cell line YFP-SF1
was transfected with pEGFP-N3, pEGFP-C1, and pW2-Tt.
G418 was used for selection and green fluorescent protein
(GFP) was used as a marker for positive clones. Positive
G418-resistant colonies of rapidly proliferating morpholog-
ically altered cells appeared within 24∼30 d (Fig. 3A1, B).
Using a limiting dilution method, the transfected cells were
screened and proliferated. The cells could easily form
fluorescence colonies (Fig. 3C, E) when seeded at low cell

Figure 1. Cell morphology of
YFP-SF1. A, Primary explant
culture from Yangtze finless
porpoise fluke skin biopsy,
×4 objective; the black arrow
marks a tissue fragment.
B, Passage two cells, ×10 ob-
jective. C, Intracellular lipid
droplets in primary cell culture,
which is special for cetacean
cells, ×4 objective. D, Intracel-
lular lipid droplets could also be
found in subculture cells, ×10
objective. E, G-banded karyo-
types of the Yangtze finless
porpoise.
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density. Cultures from all transfected colonies proliferated
at a faster rate than non-transfected cultures, and formed
cell monolayers in 2 d after passaging at a 1:3 ratio
(Fig. 3A2, D). One cell strain (T-YFP-SF1) was selected
and proliferated for further studies. When T-YFP-SF1 was
passing about 36 generations in vitro, formation of foci
could be detected under an inverted microscope, which was
not observed in earlier passages (Fig. 3A3).

Two Simian virus 40 early region (SV40 ER) proteins,
LT and ST, are critical for cell immortalization and
transformation (Fanning and Knippers 1992; Rundell
and Parakati 2001). To test whether SV40 large T and
small t were functional in the immortalized cell line, RT-
PCR and a Western blot were employed for further assays.
In the RT-PCR detection experiments, the quality assess-
ment of total RNA using gel electrophoresis method (two
bright bands, 28s and 18s) and NanoDrop ND-1000
Spectrophotometer (Table 3) showed the integrity and
purity of the RNA. As shown in the schematic diagram of
SV40ER in Fig. 4A, LT and ST shared the same N-terminal
82 amino acids (indicated by the red section, CDS “4,918–
5,163 bp”), but each carried unique domains (LT—CDS
“2,691–5,163 bp” containing the intron E_18S “4,572–
4,917 bp”; ST—CDS “4,639–5,163 bp”). According to the
CDS sequence of LT and ST, two pairs of primers were

designed (Table 1; Fig. 4A). Following RT-PCR amplifi-
cation, electrophoresis was conducted. As shown in
Fig. 4B, the expression of SV40LT and ST was detected
(LT, 642 bp and ST, 302 bp) in T-YFP-SF1 cells. The band
from PCR of pW2-Tt DNAs that amplified with the LT
primers was approximately 1,000 bp long, including the
346 bp intron E_18s. Two bands (642 and 990 bp) were
found in the RT-PCR of COS-7 and T-YFP-SF1 due to
alternative splicing. In the detection of ST, both PCRs with
pW2-Tt and RT-PCR with COS-7 cells and T-YFP-SF cells
resulted in a 302 bp band, while the results of YFP-SF1
cells were negative. These results demonstrated the expres-
sions of SV40 LT and ST in T-YFP-SF1 cells on the RNA
level.

In a Western blot, as depicted in Fig. 4D, non-transfected
YFP-SF1 cells showed no immunological; cross-reactivity
with the antibody and no band was shown on the film,
whereas COS-7 cells and T-YFP-SF1cells cross-reacted
with the anti-T(t) antibodies and two bands (94 kDa and
21 kDa) were exposed on the film.

To detect the co-occurrence relation of pW2-Tt and
pEGFP-N3 (or C1) in T-YFP-SF1 cells, indirect immuno-
fluorescence with SV40 T Ag Pab108 (specific for SV40 LT
and ST) was carried out. A fluorescence-labeled secondary
antibody CY3-goat anti-mouse IgG (red fluorescence) was

Figure 2. The expression and
distribution of five fluorescent
proteins in YFP-SF1 cells at 24 h
post-transfection. A, pEGFP-C1,
B, pEGFP-N3, C, pEYFP-C1, D,
pDsRed2-N1, E, pECFP-N1;
A–E: Plan-Neofluar ×10/0.3 ph1
objective. F, Subcellular location
of the fluorescent proteins in
YFP-SF1: a, pEGFP-N3, b,
pDsRed2-N1, c, pEYFP-C1,
d, pECFP-N1; a–d: Plan-
Neofluar ×20/0.5
objective.

Table 2. Transfection efficiencies of five fluorescence genes and the co-transfection efficiencies

Transfection time (h) Five fluorescent protein genes transfection rate (%) Co-transfection rate (%)

pEGFP-C1 pEGFP-N3 pDsRed2-N1 pEYFP-C1 pECFP-N1 pEGFP-N3

24 24.3 28.9 23.7 20.6 8.4 15.7
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introduced to display the expression of LT and ST through a
stepwise reaction. As shown in Fig. 5, both green and red
fluorescence could be observed in T-YFP-SF1 cells. In
some cells, red and green fluorescence co-existed, but in
some cells, only red florescence could be observed. The
green fluorescence intensity in cells of passage 7 (Fig. 5A1,
B1) was higher than in cells of passage 40 (Fig. 5A2, B2).
Similar to the positive control COS-7 cells (Fig. 5C2, D1),
T-YFP-SF1 (Fig. 5B1, B2, C1) cells showed distinct red
fluorescent nuclei, whereas non-transfected YFP-SF1 cells
(Fig. 5D2) and cells where the first antibody was omitted did
not show a clear outline of the nuclei.

Transfection of SV40 LT and ST facilitated cell growth.The
cell proliferation rates of YFP-SF1 cells (Fig. 6A, B) and

T-YFP-SF1 cells (Fig. 6C) in different serum concentra-
tions were assessed using an MTT assay. Since the
absorbance of the formazan produced by MTT is directly
proportional to the number of live cells tested (Mosmann
1983; Wilson et al. 1990; Strickland et al. 1996), optical
density (OD) was used to measure relative cell numbers.
As shown in Fig. 6A–C, the growth curves of YFP-SF1
(A, B) and T-YFP-SF1 (C) cells appeared as a typical “S”
shape with a latency phase of 48 h after cells were seeded.
The cells then entered an exponential growth phase and
reached a plateau phase at 120 h, with the exception of
continuously growing T-YFP-SF1 cells. These three cell
cultures exhibited different plateau densities (Fig. 6D; one-
way ANOVA, F=67.82, p<0.05), cell attachment efficiencies
(Fig. 6F; two-way ANOVA, F=21.468, p<0.05, R2=0.908),

Figure 3. Images of T-YFP-
SF1. A, Observation under
inverted microscope, ×4 objec-
tive; A1, colony formed after co-
transfection and screening, ×4
objective; A2, subculture mono-
layer of T-YFP-SF1, the cells
appeared smaller, more rounded
and higher nucleus/cytoplasm
ratio compared with nontras-
fected cells; A3, foci formation
was detected in cell culture of T-
YFP-SF-P36 (passage 36), ×10
objective. B, Colony observation
with fluorescence microscope.
Scale bar, 100 μm. C, Colonies
formation after passage at 1:10
ratio. Scale bar, 100 μm.
D, Subculture cells of T-YFP-
SF1. Scale bar, 100 μm. E,
Clones formed in low density
seeded. Scale bar, 25 μm.

Table 3. Optical density meas-
urements for RNA purity detec-
tion using a NanoDrop ND-
1000 Spectrophotometer

Absorbance ratio COS-7 YFP-SF1 T-YFP-SF1-P10 T-YFP-SF1-P40

A260/280 2.08 2.10 2.03 2.07

A260/230 2.08 2.01 2.12 2.15
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and serum-dependent properties (Fig. 6E; two-way
ANOVA, F=227.05, p<0.05, R2=0.986). T-YFP-SF1

showed a significantly higher plateau density and attach-
ment efficiency than YFP-SF1 (passage 7 and passage 20)
at the same serum level. YFP-SF1 cells (especially cells
from passage 20) grew slowly in 5% serum and could not
grow in 1% serum, while T-YFP-SF1 cells could prolif-
erate consistently with low serum concentrations. The
PDT of YFP-SF1 and T-YFP-SF1 at normal serum levels
(15% and 10%) were calculated using the algorithm
provided by http://www.doubling-time.com/compute.php
(Widera et al. 2009). The results are shown in Fig. 6G.
When using the relative cell number and the OD value,
and the amount of cells was replaced, the resulting PDT
was identical. The total number of cells (Nt) at a given
time (t) following inoculation is given by Nt=Ni*2

n=
Ni*e

rt, where Ni is the number of cells inoculated, n is the
generation number that cells had experienced through the
time t, and r is the multiplication rate. From the formula, it

can be deduced that r ¼ ln Nt
Ni
=t. PDT is the time,

expressed in hours, taken for cell number to double, so

PDT

lnð2Þ ¼
t

ln Nt
Ni

� � and PDT ¼ t» lnð2Þ
ln Nt

Ni

� � ¼ lnð2Þ=r:

As the absorbance of formazan is directly proportional to
the cell number, Nt/Ni can be replaced by ODt/ODi. As
shown in Fig. 6G, the exponential growth equations of
YFP-SF1-P7, YFP-SF1-P20 and T-YFP-SF1-P20 with 15%
serum were as follows: relative cell amount=0.030*e0.22*t,
0.033*e0.014*t, 0.048*e0.025*t, and the PDT was 31.45 h,
50.24 h, and 27.78 h, respectively, which were shorter than
in 10% serum (Table 4). The results indicated that YFP-SF1
growth decreased, with continuous passing in vitro while
the transfection of SV40LT and ST facilitated the growth of
the porpoise cells.

To analyze the cell proliferation and survival ability of
YFP-SF1 and T-YFP-SF1 further, approximately 100 cells
per well were seeded in 6-well plate. Two weeks later, T-
YFP-SF1 colonies could be observed with a plating
efficiency of 0.53±0.06 (mean±STD) while colonies could
not be observed in the three replications of YFP-SF1
passage ten cells.

The anchorage-independent growth property of T-YFP-
SF1 was examined in soft agar. Within COS-7 cells,
colonies were larger in size and were visible under a
microscope after 2 wk (Fig. 7A), 5 d earlier than colonies
formed by T-YFP-SF1-P42 (Fig. 7C). YFP-SF1 (Fig. 7B),
T-YFP-SF1-P20 (Fig. 7E), and T-YFP-SF1-P3 (Fig. 7F)
did not form colonies after 4 wk. At this time point, parts
of T-YFP-SF1-P42 cell pellets proliferated and coalesced
into mulberry-shapes or spherical cell masses of varying
sizes (Fig. 7D).

Figure 4. Detection of the expression of transfected SV40 large T
antigen and small t antigens, using reverse transcription PCR and western
blot. A, Schematic diagram of the SV40ER and the alternatively spliced
proteins LT and ST. The number refers to the SV40 genomic coding
sequence number. B, The detection of transfected SV40LT and ST using
reverse transcription PCR. PCR with pW2-Tt DNA to amplify SV40
ER including LT exons and intron and ST, as positive control; RT-PCR
with COS-7 cells RNA to amplify SV40 LT and ST transcript, as
positive control; RT-PCR with YFP-SF1 cells RNA, as negative control;
RT-PCR with T-YFP-SF1-P40 (passage 40 after transfection) and T-
YFP-SF1-P10 (passage 10 after transfection) cells RNA to amplify
SV40 LT and ST transcript; LT primers and ST primers, as negative
control. The samples loading sites is on the bottom of this photo. C,
Western blot of T-YFP-SF1, COS-7 was used as positive control, and
YFP-SF1 was used as negative control.
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The majority of the YFP-SF1 (passage 7) and T-YFP-
SF1 (passage 3, 20, and 36) cells that were tested for
chromosome numbers were diploid (2n=44), and remained
stable (data not shown). The transfection did not cause any
obvious chromosome number changes at the early passage
of T-YFP-SF1, with 87% being diploid at passage 20.
However, the proportion of aneuploid cells increased by
passage 36, at which time the cells exhibited the trans-
formed characteristics of foci formation on the background
of a monolayer, colony formation in soft agar.

YFP-SF1 and T-YFP-SF1 were negative for microbial
infections. The YFP-SF1 and T-YFP-SF1 cell lines were
cultured in antibiotic-free medium and in two types of
microbiological medium for at least 1 wk. No turbidity or
other visible changes were observed, indicating that the
newly established cell lines were not contaminated by
bacteria or fungi. After staining with DIPA, the nuclei
of the cells appeared as blue ellipses when observed
under a fluorescence microscope (Fig. 7E1), whereas in
Mycoplasma-infected cultures small dots or flecks of
fluorescence could be seen around the cell nuclei, leading
to a “starry sky” appearance (Fig. 7E2).

Discussion

The major challenges for establishing cetacean cell lines are
to obtain fresh sterile samples and to overcome the barriers

for growing cells in vitro. To obtain fresh samples from
these animals can prove very difficult due to their aquatic
habitat and because of legal, logistical, and ethical
restrictions due to their endangered status. Therefore, it is
crucial to establish an effective micro-invasive sterile
sampling technique. It has indicated that skin biopsies
taken from the flank, dorsal area or near the dorsal fin of
other cetaceans caused no obvious disturbance to the
subjects’ behavior (Brown et al. 1991; Fossi et al. 2000;
Marsili et al. 2000; Wise et al. 2008), and did not result in
physiological damage (Weller et al. 1997; Jefferson and
Hung 2008). However, it was found that lesions on the
skin of Yangtze finless porpoise did not heal easily.
Thus, it was suggested that micro-skin biopsies from the
fluke edge might be a feasible way to obtain tissue
samples for cell cultures from cetaceans.

Cell lines such as BWK and CDK have been success-
fully established for other cetacean species. The media used
for these cell lines contain high amounts of vitamins, amino
acids and additional NaCl (Nielsen et al. 1989; Carvan et al.
1994), while the newly established cell cultures of the
Yangtze finless porpoise do not require additional supple-
ments with the exception of 2 mM L-glutamine. Most
normal somatic primary cell cultures undergo limited
mitotic divisions, which are defined as replicative senes-
cence or irreversible growth arrest (Hayflick and Moorhead
1961; Stewart and Weinberg 2002; Stewart and Weinberg
2006). The finite and short lifespan limits the long-term
availability of these cells for further research, and the
re-establishment of primary cell cultures from explanted

Figure 5. Detection of the co-
existence of SV40 T(t) antigen
and GFP, using immunofluores-
cence assay. A1, B1: T-YFP-SF1
cells, passage 7. Scale bars, 60
and 20 μm, respectively. A2, B2:
T-YFP-SF1 cells, passage 40.
Scale bars, 60 and 20 μm, re-
spectively. C1 Location of T
antigen in T-YFP-SF1 cells, the
nuclei are bright red fluorescent.
Scale bar, 10 μm. C2, Location
of T antigen in COS-7 cells.
Scale bar, 10 μm. D1, Detection
of expression in COS-7 cells as
positive control; D2, YFP-SF1
cells, negative control, D3, T-
YFP-SF1 cells omitted the first
antibody, negative control. Scale
bar, 20 μm.
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tissue are usually expensive and time-consuming. One
approach to escape the Hayflick limit and to extend the
cell culture lifespan is the gene transfer of SV40 early

regions (Bikel et al. 1987; Silva et al. 1995; Hahn et al.
2002; Chen and Hahn 2003). After the co-transfection of
plasmids GFP and pW2-Tt, T-YFP-SF1 exhibited the
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Fig. 6 Cell proliferation assess-
ments of YFP-SF1 cells and T-
YFP-SF1 using MTT assay. A,
Growth curves of passage 7
YFP-SF1 cells in DMEM/F12
supplemented with different
concentrations of FBS; B,
Growth curves of passage 20
YFP-SF1 cells in DMEM/F12
supplemented with different
concentrations of FBS; C,
Growth curves of passage 20 T-
YFP-SF1 cells in DMEM/F12
supplemented with different
concentrations of FBS; D,
growth curves of YFP-SF1 cells
(passage 7 and passage 20) and
T-YFP-SF1 cells supplement
with 15% fetal bovine serum; E,
Relative cell numbers of YFP-
SF1 and T-YFP-SF1 supple-
mented with different serum
concentration at 192 h, which
indicated the difference of their
serum-dependent properties. F
relative cell number at 24 h,
indicating the attachment effi-
ciency of YFP-SF1 and T-YFP-
SF1; (G) Calculation of cell
population doubling time using
exponential regression method.
a1 and a2, YFP-SF1, passage 7,
with 10% and 15% serum con-
centration, respectively; b1 and
b2, YFP-SF1, passage 20, with
10% and 15% serum concentra-
tion, respectively; c1 and c2, T-
YFP-SF1, passage 20, with 10%
and 15% serum concentration,
respectively.
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properties of immortalization, such as shorter doubling
time, higher attachment efficiencies, colony formation in
soft agar culture medium. In addition, the chromosome
number of YFP-SF1 and T-YFP-SF1 remained stable at 2n=
44 in the early passages, and the viability of thawed cells
remained above 90% after cryopreservation in liquid
nitrogen. The successfulness in exogenous gene transfer
and stable expression will encourage establishing iPS cells
(inducible pluripotent cell) by transferring several important
factors in cell reprogramming, which is important for species
conservation.

The Yangtze finless porpoise, as the top predator and
long-lived, long-term costal residents of the Yangtze River
is the sentinel for the health of the aquatic ecosystem.
Establishment of cell lines from the porpoise will provide
the optimal in vitro model for the environment testing. In in
vitro toxicology, the primary cell culture can keeps the

characteristics as in vivo, but has a short lifespan and could
lose the in vivo properties while the immortalized cell lines are
longevity and retain the tissue-type specific features, which
make the long-term studies possible (Bhogal et al. 2005). T-
YFP-SF1 cells not only have the property of immortalization
but contain the green florescent protein gene, which can
monitor cell morphology under fluorescence microscope and
facilitate toxicity testing.

In this study, we have tried a non-invaded method for
establishing cell lines from the Yangtze finless porpoise, which
might also be applied for some critical endangered species,
such as vaquita (Phocoena sinus), (Jaramillo-Legorreta et al.
2007; Dalton 2010). The establishment of cell lines from
endangered freshwater mammalians facilitates population
recovery. Combined with iPS cell techniques and animal
cloning, we have the potential to recover the Yangtze finless
porpoise population.

Figure 7. Soft agar colonies
formation, karyotyping, and
mycoplasma detection. A, Colo-
nies formation of COS-7 cells in
soft agar, photographed after
2 wk, ×10 magnification, posi-
tive control; B, YFP-SF1 cells
cannot form clones in soft agar,
×10 magnification; C, clones of
T-YFP-SF1-P42 cells, photo-
graphed after 3 wk, 10×magni-
fication. Clones detection of T-
YFP-SF1-P42 (D1), T-YFP-
SF1-P20 (D2), and T-YFP-SF1-
P3 (D3) after 4 wk, ×20 magni-
fication. E, Cell preparations of
T-YFP-SF1 and Mycoplasma-
positive control stained with
DAPI and viewed at ×630 mag-
nification using a fluorescence
microscope; scale bar, 10 μm.
E1 Mycoplasma-negative T-
YFP-SF1, only fluorescent nu-
clei can be seen in E2 Myco-
plasma-positive cells, presenting
typical “starry sky” appearance.

Table 4. Population doubling
time of YFP-SF1-P7, YFP-SF1-
P20, and T-YFP-SF1-P20 cells
supplemented with different
concentration serum

Serum concentration Population doubling time (h)

YFP-SF1-P7 YFP-SF1-P20 T-YFP-SF1-P20

15% FBS 31.45 50.24 27.27

10% FBS 36.15 63.9 29.42
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