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Abstract
Common bottlenose dolphin (Tursiops truncatus) is a well-known cetacean species that inhabits temperate and tropical 
seas worldwide. Limited supply and poor quality of samples hinder the investigation of the effects of various pathogens and 
environmental pollutants on this cetacean species. Cultured cells are useful for experimental studies; however, no cell lines 
derived from cetaceans are generally available. Therefore, in this study, we established a novel kidney cell line, TK-ST, 
derived from T. truncatus. Primary cells exhibited the morphological characteristics of epithelial and fibroblast cells, but 
their immortalization and passaging resulted in a predominantly epithelial cell morphology. TK-ST was immortalized using 
the large T SV40 antigen and human telomerase reverse transcriptase and exhibited long-term stable cell growth. TK-ST 
cells are generally cultured in Dulbecco’s modified Eagle’s medium with 10% fetal bovine serum at 37°C and 5% CO2 but 
can also be cultured in 5–20% fetal bovine serum and several other classical media commonly used for common animal cell 
culture. TK-ST cells were found to be susceptible to several viruses, including the dolphin morbillivirus (most important virus 
in cetaceans), and exhibited cytopathic effects, facilitating the replication of the dolphin morbillivirus. Furthermore, mRNA 
expression levels of cytokine genes were increased in TK-ST cells after stimulation with lipopolysaccharides and poly(I:C). 
Therefore, the novel TK-ST cell line derived in this study can potentially be used for further in vitro studies on cetaceans.
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Introduction

Common bottlenose dolphin (Tursiops truncatus; Cetacea, 
Delphinidae) is one of the most popular cetacean species, 
inhabiting temperate and tropical sea worldwide. They are 
long-term coastal residents and apex predators who are 
affected by human activities. Common bottlenose dolphins 
are considered useful sentinel species for monitoring marine 
ecosystems (Wells et al. 2004; Bossart 2011). Various patho-
gens, such as the Morbillivirus members, and environmental 
pollutants, such as pollutants of concern, adversely affect 
this species. Therefore, it is essential to understand their 
physiological status and pathological mechanisms to accu-
rately assess the effects of external factors on this species. 
Although biological samples are necessary for these inves-
tigations, it is difficult to obtain suitable samples from ceta-
ceans for various reasons, such as ethical constraints and 
their marine ecology. Moreover, the samples from stranded 
cetacean carcasses may be contaminated or poorly pre-
served, and hence, not suitable for analysis.
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In vitro experiments using cultured cells can overcome 
these problems in cetacean research. However, the difficulty 
in obtaining fresh tissue limits the production of cultured 
cells from cetaceans. Although a few studies, including ours, 
have obtained primary cultured cells and cells derived from 
cetaceans that can be passaged for a long period, they do not 
exhibit complete immortalization (Carvan et al. 1994; Yu et 
al. 2005; Jin et al. 2013; Burkard et al. 2015; Suzuki et al. 
2016; Yajing et al. 2018). To date, no cetacean-derived cell 
lines are available, even in global bioresource centers, such 
as the American Type Culture Collection.

In this study, we aimed to establish and characterize a 
novel cell line derived from the common bottlenose dolphin 
for application in cetacean research. Our established cell 
line, TK-ST, will aid in future cetacean research. Moreover, 
our findings can be used to generate cell lines for the conser-
vation of genetic resources from endangered whale species.

Materials and Methods

Ethics Statement  A special note is required regarding any 
usage of killed animals in this study. Bottlenose dolphins off 
Wakayama are hunt by regional fishermen with the permis-
sion of the Wakayama Prefectural Government (Wakayama, 
Japan) and under the supervision of the Fisheries Agency of 
Japan (Tokyo, Japan). We collected samples and data from 
these catches with the cooperation of the biological surveys 
of the Fisheries Resources Institute (Kanagawa, Japan).

Materials  All media, phosphate-buffered saline (PBS), and 
antibodies for cell culture were purchased from FUJIFILM 
WAKO Pure Chemical (Osaka, Japan), unless otherwise 
stated. Cell culture flasks and multiwell plates were pur-
chased from Violamo (As One Corporation, Osaka, Japan) 
or Greiner Bio-One (Frickenhausen, Germany), respec-
tively. Fetal bovine serum (FBS) was obtained from Biosera 
(Nuaillé, France) or Biowest (Nuaillé, France).

Kidney Tissue Collection  Female bottlenose dolphin (T. trun-
catus; sample ID. 19TK036) was commercially hunted off 
the coast of Wakayama with the permission of the Wakay-
ama Prefectural Government and with the cooperation of 
the Fisheries Agency of Japan in January 2019. Kidney tis-
sue samples were collected immediately post-mortem from 
the dolphin, preserved in clean bags, and transported to our 
laboratory on ice (4°C) for approximately 12 h.

Primary Cell Culture and Subculture  Kidney tissue was asep-
tically cut into 1-mm3 sections with sterile surgical scissors 
and washed with PBS containing 200 units/mL penicillin, 
200 µg/mL streptomycin, and 0.5 μg/mL amphotericin B. 
Then, kidney tissues were resuspended in 3 mL fresh DMEM 

(high-glucose; #044–29,765) with 10% FBS, 100 units/mL 
penicillin, and 100 µg/mL streptomycin. Tissue suspension 
was seeded into a 100-mm cell culture dish (Greiner Bio-
One) and incubated at 37°C and 5% CO2. After 1 h, 13 mL 
of fresh medium was gently added to the culture medium. 
After a cell monolayer was formed in 1 week, the cells were 
rinsed twice with PBS and detached via trypsinization with 
0.05% trypsin–EDTA solution. It was difficult to trypsinize 
the cells strongly adhered to the flask. Detached cells were 
resuspended in fresh DMEM with 10% FBS, 100 units/mL 
penicillin, and 100 µg/mL streptomycin and subcultured.

Cell Immortalization  Bottlenose dolphin kidney primary 
cells were cryopreserved, transported to Applied Biologi-
cal Materials, Inc. (Richmond, BC, Canada), and immortal-
ized via transduction with Lenti-SV40T lentivirus (#LV613; 
Applied Biological Materials, Inc.) and Lenti-human tel-
omerase reverse transcriptase (hTERT) lentivirus (#LV615; 
Applied Biological Materials, Inc.). Briefly, cells were 
seeded in a 6-well plate, cultured for 24 h, infected with the 
two lentiviruses at a multiplicity of infection (MOI) of 5, and 
incubated for 72 h at 37 °C and 5% CO2. Transfected cells 
were cultured in the medium and continuously passaged. 
The resultant immortalized bottlenose dolphin kidney cell 
line was named the TK-ST cell line.

Growth Curve and Population Doubling Level  We calcu-
lated the population doubling level (PDL) to determine 
the long-term stable growth period for TK-ST cells. PDL 
refers to the total number of times the number of cells in 
the population doubled during culture. PDL was calculated 
using the formula: PDL = log2 (number of current cells/num-
ber of seeded cells) + PDL of the seeding culture. TK-ST 
cells were counted manually using a hemocytometer or an 
automated cell counter (Countess 3; Thermo Fisher Scien-
tific, Waltham, MA) after trypan blue staining in successive 
subcultures. Subculture was performed at a 1:2 ratio, and a 
growth curve was generated based on the number of cells.

Sequence Analysis of Cytochrome b  We analyzed the partial 
sequence of cytochrome b (Cytb) to identify the origin of the 
species and determine the presence of any cross-contami-
nation. DNA was extracted from TK-ST cells using Nucle-
oSpin Tissue (Macherey–Nagel, Düren, Germany), accord-
ing to the manufacturer’s instructions. Primer sequences 
are listed in Table 1. Bottlenose dolphin positive control 
used DNA derived from the blood of captive individuals in 
the Shinagawa Aquarium (Tokyo, Japan). Then, polymer-
ase chain reaction (PCR) was performed using Blend Taq 
Plus (Toyobo, Osaka, Japan). PCR protocol was as previ-
ously described (Viricel and Rosel 2012): 95 °C for 30 s, 
followed by 35 cycles of 30 s at 94°C, 30 s at 45°C, 30 s at 
72°C, and a final extension at 72°C for 7 min. PCR products 
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were analyzed via 2% agarose gel electrophoresis, purified 
using the NucleoSpin Gel and PCR Clean-up Kit (Mach-
erey–Nagel), and directly sequenced using an ABI PRISM 
3130xl Genetic Analyzer (Applied Biosystems, Foster City, 
CA) with a BigDye Terminator v3.1 Cycle Sequencing Kit 
(Applied Biosystems). The obtained sequences were com-
pared with known sequences in the National Center for Bio-
technology Information (NCBI) database using the Basic 

Local Align Search Tool (BLAST) (https://​blast.​ncbi.​nlm.​
nih.​gov).

Mycoplasma Detection Test  PCR was used to detect any 
Mycoplasma contamination in TK-ST cells. Briefly, cells 
were cultured in DMEM with 10% FBS without antibiotics 

Table 1.   Primers used in this 
study

Gene name Primer sequence (5′-3′) Accession no./reference

Cytb F CCC​CTC​AGA​ATG​ATA​TTT​GTC​CTC​A Palumbi et al. (1991)
R CCA​TCC​AAC​ATC​TCA​GCA​TGA​TGA​AA Rosel et al. (1994)

Mycoplasma F ACA​CCA​TGG​GAG​YTG​GTA​AT Harasawa et al. (1993)
R CTT​CWT​CGA​CTT​YCA​GAC​CCA​AGG​ Nagasawa et al. (1992)

S100A4 F CGT​GCC​CCC​TGG​AGAAG​ XM_033858852.1
R AGT​ATC​GTG​CTC​ACA​TCT​GG

KRT18 F GCA​GAA​CAA​GAT​TTT​GGA​GA ENSTTRT00000012975.1
R TCA​TAC​TGG​ACC​TTG​ACC​TC

α-SMA F CAC​GGC​ATC​ATT​ACC​AAC​TG XM_004322004.3
R CAT​CTC​GTT​TTC​AAA​GTC​CA

VIM F CCT​GGA​GCG​TAA​AGT​GGA​AT XM_004313415.2
R CCT​TCA​TGT​TCT​GAA​TCT​CG

DES F CGC​CAA​CTA​CAT​AGA​GAA​GGTG​ XM_019938877.2
R TTT​CCT​CGT​TGA​GAG​ATT​CA

SLAM F TGA​CAT​CTG​ACG​GGA​TAA​GT ENSTTRG00000002658.1
R AAG​GGT​GAG​ATA​CAG​GAG​GT

Nectin4 F ATG​AAT​GGA​CAG​CCA​CTT​AC XM_033856177.1
R GGG​TAT​CTC​CTT​CTG​CTT​GT

Morbilli P F ATG​TTT​ATG​ATC​ACA​GCG​GT Barrett et al. (1993)
R ATT​GGG​TTG​CAC​CAC​TTG​TC

TLR3 F CCA​GGC​ATA​AAA​AGC​AAT​AC MH663582.1
R CCC​TTC​AAC​AGT​TCA​TCA​TTTAT​

TLR4 F CAG​GCA​ATT​CTT​TTC​AGA​AC JN642619.1
R GCA​TTC​CTG​AAA​CTA​AGC​AC

IFN-α F CAA​CCT​TGT​CCT​TAC​TCC​TG XM_033858044.1
R TCC​AAA​GTC​ATT​TCT​GTC​CT

IFN-β F ATT​TGG​CAT​GTC​AGA​AAC​TC XM_004329900.1
R TGT​GGT​TGC​TTA​ATC​TCC​TC

IFN-γ F CAG​AGC​CAA​ATA​GTC​TCC​TTC​TAC​TTC​ Sitt et al. (2008)
R CTG​GAT​CTG​CAG​ATC​ATC​TAC​CGG​AAT​TTG​

TNF-α F GAG​GGA​AGA​GTT​CCC​AAC​TGG​CTA​ Sitt et al. (2008)
R CTG​AGT​ACT​GAG​GTT​GGC​TAC​AAC​

TGF-β F GAG​CTG​CGC​CTG​CTG​AGG​CTC​ Sitt et al. (2008)
R CCT​CTA​TTT​CCT​CTC​CGT​GGGTC​

COX-2 F GGG​AGG​AAA​GAG​CTT​CCT​GAT​TCA​A Sitt et al. (2008)
R GTC​CAC​CCC​ATG​GCT​CTG​TCC​

β-Actin (PCR) F CAG​GCT​GTG​CTG​TCC​TTG​TA AB603937.1
R AGG​AAG​GAA​GGC​TGG​AAG​AG

β-Actin (qPCR) F CGT​GAG​AAG​ATG​ACC​CAG​AT
R CTC​GTA​GAT​AGG​CAC​CGT​GT

https://blast.ncbi.nlm.nih.gov
https://blast.ncbi.nlm.nih.gov
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for a week and the conditioned medium was collected for 
the test. DNA extraction and PCR were performed using the 
same reagents as those used in the Cytb experiment, accord-
ing to the manufacturer’s instructions. Previously reported 
primer sequences (Nagasawa et al. 1992; Harasawa et al. 
1993) (Table 1) were used to detect the Mycoplasma spe-
cies commonly infecting cell lines: Mycoplasma arginini, M. 
fermentans, M. hominis, M. hyorhinis, M. orale, M. prium, 
and M. salivarum (Ayral et al. 2006). M. orale was used as 
a positive control. It was previously isolated from another 
cell line in our laboratory and was identified using 16S ribo-
somal RNA gene sequencing. PCR protocol consisted of an 
initial denaturation step at 94°C for 2 min, followed by 35 
cycles at 94°C for 30 s, 55°C for 30 s, and 72°C for 30 s.

Growth Studies  To determine their growth characteristics, 
we cultured TK-ST cells in various medium compositions.

Serum Concentrations  TK-ST cells were suspended in 
DMEM (high-glucose) containing 0, 2.5, 5, 10, and 20% 
FBS (Biowest). Cells were seeded in a 6-well plate at a 
density of 1 × 105 cells/well. The plates were incubated at 
37°C and 5% CO2, and observed for 8 d. Every 48 h post-
subculture, the number of viable cells was counted using a 
Countess 3 Automated Cell Counter (Thermo Fisher Sci-
entific). Three replicates were used for each group. Results 
are expressed as the mean (standard deviation [SD]) of 
replicates.

Classical Cell Culture Media  We determined the changes in 
TK-ST cell growth based on differences in the classical cell 
culture media. Six classical cell culture media were selected 
for this study: DMEM (high-glucose, with sodium pyru-
vate; #043–30,085), DMEM (high-glucose; #044–29,765), 
DMEM (low-glucose, with sodium pyruvate; #041–29,775), 
Eagle’s minimum essential medium (EMEM; #051–07,615), 
Roswell Park Memorial Institute (RPMI)-1640 medium 
(#189–02,025), and Ham’s F-12 medium (#087–08,335). 
TK-ST cells were cultured in a medium containing 10% FBS 
for eight days. Every 48 h post-subculture, the number of 
viable cells was counted using the same method as that used 
for the study of serum concentrations.

Gene Expression Analysis  Gene expression in TK-ST cells 
were determined using reverse transcription (RT)-PCR. 
Total RNA from TK-ST was extracted using NucleoSpin 
RNA (Macherey–Nagel), according to the manufacturer’s 
instructions. The quantity and purity (A260/A280 > 1.6) of 
total RNA were assessed using a spectrophotometer (Nan-
oDrop One; Thermo Fisher Scientific). Total RNA (680 ng) 
was reverse transcribed using a high-capacity RNA-to-
cDNA kit (Applied Biosystems). PCR was performed using 
Blend Taq Plus. PCR protocol was as follows: an initial 

denaturation step at 94°C for 2 min, followed by 35–40 
cycles of 94°C for 30 s, 55°C for 30 s, and 72°C for 30 s. 
PCR amplicons were analyzed using 2% agarose gel elec-
trophoresis. Expression of β-actin was used as a control for 
each cDNA sample.

Cell‑Type Maker Gene Expression  Kidneys have many cell 
types. To characterize TK-ST cells and assess their composi-
tion, the expression profiles of cell-type marker genes were 
analyzed via RT-PCR. Targets of the cell-type marker genes 
were as follows: fibroblast cell marker, S100 calcium-bind-
ing protein A4 (S100A4); epithelial cell marker, cytokera-
tin18 (KRT18); myofibroblast cell marker, α-smooth muscle 
actin (α-SMA); mesenchymal cell marker, vimentin (VIM); 
and skeletal muscle cell marker, desmin (DES). All PCR 
primer sequences used in this study are listed in Table 1.

Virus Susceptibility Analysis  To analyze the viral suscep-
tibility of TK-ST cells, we observed the cytopathic effect 
(CPE) of the cell line and evaluated the increase in the virus 
genome. Vero cells were used as controls. Vero cells were 
obtained from the RIKEN BRC Cell Bank (RCB0001) and 
cultured in EMEM (#051–07615) with 10% FBS.

CPE  Pseudorabies virus (PRV; YS-81 strain; Aujeszky’s 
disease virus) and Japanese encephalitis virus (JEV; AS-6 
strain) kindly provided by the Livestock Hygiene Service 
Center (Kanagawa, Japan) and the National Institute of 
Animal Health, National Agriculture and Food Research 
Organization (Ibaraki, Japan), respectively, were used for 
CPE test. TK-ST and Vero cells were seeded in a 6-well 
plate at a density of 3.0 × 105 cells per well and cultured 
for approximately 24 h at 37°C and 5% CO2. Then, cells 
were infected at an MOI of 0.1. The virus was adsorbed for 
an hour, the virus inoculum was removed, and cells were 
washed twice with PBS. Next, 2 mL fresh growth medium 
was added to each well. Infected cells were observed at 0, 
12, 24, and 48 h post-infection (hpi).

Susceptibility to Dolphin Morbillivirus  Dolphin morbillivi-
rus (DMV) is the most important pathogen causing fatal 
infections in wild cetaceans. Replication of DMV (Muc 
strain) in TK-ST cells was analyzed via RT-qPCR to quan-
tify the viral genome expression levels. DMV was kindly 
provided by Dr. Makoto Sugiyama (Gifu University, Gifu, 
Japan). Cells were seeded in a 6-well plate at a density of 
3 × 105 cells/well, incubated for 24 h at 37°C, infected with 
100 µL/well of DMV, and the virus was adsorbed for an 
hour. Inoculum was removed and the cells were washed 
twice with PBS. Infected cells were cultured in 2 mL fresh 
growth medium and 0, 1, 3, 5, and 7 d after DMV infection, 
the cells were freeze-thawed thrice. Suspension was then 
centrifuged at 2300 × g for 10 min, and the supernatant was 
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collected for viral samples. Viral RNA was extracted using 
a QIAamp Viral RNA Mini kit (Qiagen, Hilden, Germany), 
according to the manufacturer’s instructions, and reverse 
transcription was performed in a manner similar to RT-
PCR. PCR primer sequences used in this study are listed in 
Table 1. qPCR was performed using TB Green Premix Ex 
Taq II (Takara, Shiga, Japan) with a Thermal Cycler Dice 
Real-Time System III (Takara). The qPCR program was 
as follows: 95°C for 30 s, 40 cycles of 95°C for 5 s, and 
60°C for 30 s, and dissociation curve analysis by gradual 
heating at 0.5°C intervals from 60 to 95°C. The standard 
template was constructed by Eurofins Genomics (standard 
gene synthesis service; Eurofins Genomics, Ebersberg, Ger-
many) using synthetic DNA for absolute quantification of 
the DMV genome. Synthetic DNA standard (188 bp) was 
designed based on the amplified sequence (178 bp), and five 
bases were added to both ends of the primer-binding sites. 
qPCR standard was diluted by 10 to 106 copies/µL and used 
for absolute quantification. Signaling lymphocyte activa-
tion molecule (SLAM) and nectin cell adhesion molecule 4 
(Nectin4) act as receptors for DMV in immune and epithe-
lial cells, respectively (Tatsuo et al. 2000; Mühlebach et al. 
2011; Noyce et al. 2011). RT-PCR was used to analyze the 
expression levels of these receptors in TK-ST cells.

Immune Responses to Viral and Bacterial Challenges  To 
assess the utility of TK-ST cells in immunological studies, 
we evaluated their immune responses. Toll-like receptors 
(TLRs) play important roles in the recognition of micro-
bial pathogens during the innate immune response (Iwasaki 
and Medzhitov 2004; Takeda and Akira 2005; Kawasaki 
and Kawai 2014). TLR3 recognizes double-stranded RNA 
(dsRNA) synthesized by viruses, whereas TLR4 recognizes 
bacterial lipopolysaccharide (LPS) (Poltorak et al. 1998; 
Alexopoulou et al. 2001). We determined the expression 
of TLR3 and TLR4 in TK-ST cells using RT-PCR. Next, 
we determined the gene expression levels of cytokines 
and cyclooxygenase-2 (COX-2) in TK-ST cells stimulated 
with TLR3 and TLR4 agonists using RT-PCR and qPCR. 
TK-ST cells were seeded in a 12-well plate at a density of 
4 × 104 cells per well and cultured for approximately 48 h at 
37°C and 5% CO2. Cells were then stimulated with 50 μg 
of poly(I:C) (Tocris Bioscience, Bristol, England) in 1 mL 
medium or 50 μg LPS (#L3755; Sigma-Aldrich, St. Louis, 
MO) in 1 mL medium. Poly(I:C) is a synthetic dsRNA. Cells 
were stimulated only once at first and not washed. Cells were 
incubated for 0, 3, 6, 12, and 24 h at 37°C and 5% CO2. 
Then the samples were collected for subsequent analysis. 
RT-PCR and qPCR were performed as previously described. 
β-Actin was used as a housekeeping gene and its expression 
was measured in each sample as a positive control. Relative 
quantification was performed using the ΔΔCT method with 
the Thermal Cycler Dice Real Time System III Software 

version 6.01C (Takara). Three biological replicates were 
prepared for each condition, and the data are expressed as 
the mean (SD). Statistical analyses were conducted using the 
Mann–Whitney U test in each simulation vs. paired controls 
with Bell Curve for Excel (Social Survey Research Informa-
tion Co., Ltd. Tokyo, Japan). All primer sequences used in 
this study are listed in Table 1.

Results

Establishment of the TK‑ST Cell Line  Primary cells were 
obtained by culturing the kidney tissues of the common bot-
tlenose dolphin in DMEM (high-glucose) with 10% FBS. 
Radial growth was observed in the tissue pieces. Most cells 
exhibited an epithelial-like morphology, and some cells 
exhibited a fibroblast-like morphology (Fig. 1A, B). After 
reaching 90% confluency, the cells were subcultured in a 
fresh medium. In the second passage, epithelial-like and 
fibroblast-like cells appeared to be mixed (Fig. 1C). The 
fibroblast-like morphology increased as the cells became 
more confluent. Primary kidney cells stopped proliferating 
after approximately eight passages. We transfected SV40T 
and hTERT into kidney primary cells using a lentivirus 
vector and named this immortalized cell line as TK-ST cell 
line. The cells exhibited an epithelial-like morphology after 
immortalization and repeated passaging (Fig. 1D).

To confirm the long-term proliferative ability of TK-ST 
cells, we calculated their PDL after immortalization. The 
total number of times the cells in the population doubled 
was more than 200 (Fig. 2). After 500 d of culturing, TK-ST 
cells continued to grow steadily.

PCR protocols targeting mitochondrial DNA are widely 
used for species identification in animal cells (Parodi et al. 
2002; Cooper et al. 2007; Ono et al. 2007). In this study, 
the partial regions of Cytb gene were used for analysis. 
Amplified fragment of partial Cytb gene (704 bp) from 
TK-ST cells was obtained and sequenced (Fig. 3A, B). The 
obtained sequence was submitted to NCBI BLAST, which 
revealed 100% similarity to the T. truncatus Cytb gene 
(MW183360.1). This result indicates that the TK-ST cell 
line originates from T. truncatus.

Detection of Mycoplasma  PCR was used to detect Myco-
plasma contamination in TK-ST cells. The tested sample 
showed no bands, whereas the Mycoplasma-positive control 
showed a single band (Fig. 4).

Growth Characteristics  To determine the optimal medium 
for TK-ST growth, the cells were cultured for 8 days in 
various medium compositions. Growth rate of TK-ST cells 
depended on the concentration of FBS (Fig. 5A). When 
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cultured for 8 d with 20% FBS, TK-ST cells showed the 
maximum growth rate, and the number of cells was approxi-
mately 75.8-fold higher than the number of seeded cells. 
TK-ST cells also exhibited stable growth at FBS concen-
trations of 10% (approximately 53.9-fold cell growth) and 
5% (approximately 22.9-fold cell growth), which are mainly 
used for mammalian cell cultures. Cells showed slight 
growth (approximately 6.9-fold cell growth) with 2.5% 
FBS. In a serum-free medium, TK-ST cells did not show 
any growth, and most cells died within a few days of culture.

TK-ST growth in six different classical media for eight 
days is shown in Fig. 5B. Cells showed relatively good 
growth in the three types of DMEM and RPMI-1640 
medium (approximately 57.6-fold cell growth), and the dif-
ferences in cell numbers after 8 d of culture among these 
four media were almost the same, up to 1.2-fold. EMEM 

Figure 1.   Phase contrast pho-
tomicrographs of cell cultures 
derived from the kidney tissues 
of the common bottlenose 
dolphin. (A, B) Primary culture 
on day 10. (C) Confluent mon-
olayer of cells at the second pas-
sage. (D) Confluent monolayer 
of TK-ST cells at the 74th 
passage. Scale bar = 100 µm. 
*Kidney tissue piece.

Figure 2.   Population doubling level (PDL) of TK-ST cells. Number 
of cells obtained at each subculture was used to calculate the PDL. 
Every point in the figure represents a subculture.

Figure  3.   Cytochrome b (Cytb) gene from TK-ST cells. (A) Ampli-
fication fragment of partial Cytb gene. M: 100 bp ladder marker, S: 
TK-ST Cytb, and P: positive control. (B) Sequence of partial Cytb 
gene from TK-ST cells.
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resulted in a cell growth of approximately 42.4-fold after 
8 days of culture. Cells in Ham’s F-12 medium exhibited the 
lowest growth rate (approximately 21.7-fold).

Based on these results and costs, we selected DMEM with 
10% concentration of FBS for subsequent experiments as its 
medium composition resulted in adequate cell growth.

Cell‑Type Marker Gene Expression Levels in TK‑ST Cells  To 
characterize TK-ST cells, expression levels of cell-type 
marker genes were determined via RT-PCR. TK-ST cell 
profiles were compared with those of kidney tissue and pri-
mary cells. Except for DES, all marker genes were similarly 
expressed in all samples (Fig. 6). DES, a skeletal muscle cell 
marker, was expressed in the kidney tissue and primary cells 
but not in TK-ST cells.

Virus Susceptibility and CPE  To analyze their viral suscep-
tibility, TK-ST cells were infected with PRV and JEV at an 
MOI of 0.1, and CPEs were observed for 3 d. TK-ST cells 
exhibited CPEs with PRV and JEV infections, indicating 
that TK-ST cells are susceptible to these viruses (Fig. 7A). 

CPEs of PRV were clearly observed in TK-ST cells 24 hpi, 
and most cells detached by 48 hpi. CPEs of JEV were not 
as clear as those of PRV but were observed in the cells 48 
hpi. The virus-uninfected negative control, MOCK, did not 
exhibit any CPEs throughout the experiment. Vero cells were 
used as a positive control as they are susceptible to PRV and 
JEV. Vero cells were also infected with PRV and JEV at an 
MOI of 0.1 and exhibited CPEs (Fig. 7B). CPEs of TK-ST 
cells are similar to those of Vero cells. The time of CPE 
appearance in TK-ST cells was almost the same as in Vero 
cells for PRV but later than that in Vero cells for JEV.

DMV Susceptibility of TK‑ST Cells  DMV replication in 
TK-ST cells was analyzed using RT-qPCR. After 7 days 
of culture, the number of DMV genome copies increased 
by more than 2000-fold (Fig. 8A), but the CPEs of DMV 

Figure  4.   Mycoplasma detection in TK-ST cells. M: 100  bp lad-
der marker, S: TK-ST sample, and P: positive control (Mycoplasma 
orale).

Figure  5.   Growth characteristics of TK-ST cells. (A) Growth of 
TK-ST cells in high-glucose Dulbecco’s modified Eagle’s medium 
(DMEM) with different concentrations of fetal bovine serum (FBS; 
0, 2.5, 5, 10, and 20%). (B) Growth of TK-ST cells in a six classical 
cell culture media with 10% FBS. Results are represented as the mean 
(standard deviation [SD]) of three replicates.
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were not observed throughout the experiment. Low expres-
sion of SLAM was observed in the kidney tissue, but not in 
TK-ST cells (Fig. 8B). Nectin4 expression was observed in 
all samples.

Immune Responses in TK‑ST Cells  Expression of both TLR3 
and TLR4 was detected in all samples, including TK-ST cells 
(Fig. 9A). These receptors were stimulated by an agonist, 
LPS, and poly(I:C), for 0–24 h, and the expression levels 
of cytokines and COX-2 were determined via RT-PCR and 
qPCR (Fig. 9B, C).

Interferon (IFN)-α and transforming growth factor 
(TGF)-β were highly expressed in the control cells, and 
their expression levels were almost the same before and 
after stimulation. Although IFN-α and TGF-β showed sta-
tistically significant differences compared to the control in 
some cases, they showed little fold changes and no biologi-
cal differences after LPS and poly(I:C) stimulation (lower 
than twofold change). Expression levels of TNF-α and COX-
2 were low in the control, but they showed statistically and 
biologically significant differences with the control after 
stimulation with LPS and poly(I:C) (more than tenfold 
change). Quantitative analysis of IFN-β and IFN-γ levels was 
not possible because their expression was not detected in the 
control or immediately after immunostimulation. However, 

their expression was detected via RT-PCR 3 h after poly 
(I:C) stimulation and 12 h after LPS stimulation.

Discussion

In this study, we established and characterized a novel cell 
line, TK-ST, derived from the common bottlenose dolphin 
(T. truncatus). Although several studies have attempted to 
establish cell lines in cetaceans, TK-ST cell line is superior 
to previously reported cetacean cell lines in terms of stable 
long-term growth and ease of in vitro culture.

Primary cells of the kidneys of the bottlenose dolphin 
were cultured in explant culture in DMEM with 10% FBS. 
Cells were cultured for eight passages but they stopped 
growing. Several methods are used to generate immortalized 
animal cells. Abrogation of p53 by the introduction of viral 
genes, such as SV40, is a popular method generate immortal-
ized cells (Jha et al. 1998). Transduction of hTERT gene is 
also used for cell immortalization (Bodnar et al. 1998). In 
this study, we immortalized primary kidney cells by intro-
ducing SV40T and hTERT using lentiviral vectors. Stable 
and long-term growth of TK-ST cells after immortalization 
is shown by the growth curve based on the PDL. To date, 
the cells have maintained their growth rate (February, 2023), 
even after more than 200 cell divisions. This cell line is con-
sidered to have almost infinite growth potential.

Mycoplasma contamination is a major problem in cell 
culture. It causes various problems, such as cell death, and 
mycoplasmas are resistant to antibiotics commonly used in 
cell culture (Drexler and Uphoff 2002). These two meth-
ods are mainly used for the detection of Mycoplasma con-
tamination: PCR-based methods and fluorescent dye-based 
methods (Uphoff and Drexler 2014). PCR was performed to 
examine Mycoplasma contamination in TK-ST. The results 
showed no evidence of Mycoplasma contamination as no 
Mycoplasma was detected.

Serum is added to a culture medium for cell culture 
because it contains factors that promote cell growth. TK-ST 
cells showed the maximum growth at an FBS concentration 
of 20%. TK-ST cells also showed stable growth at an FBS 
concentration of 5–10%, which is mainly used for mam-
malian cell culture. In contrast, the cells did not grow in 
DMEM without FBS, and most cell died a few days after 
culture. There are several advantages of using serum-free 
media for animal cells. For example, they reduce the risk of 
contamination by serum-derived pathogens. The serum con-
tains unknown components, but does not facilitate the iden-
tification of substances released by cultured cells into the 
medium. Furthermore, it enables cell culture with consistent 
performance and is unaffected by serum quality. The results 
of this experiment showed that TK-ST cannot be cultured 

Figure  6.   Cell-type-specific gene expression profiles. Kidney tissue 
indicates the TK-ST-derived tissue. Primary cell indicates the kid-
ney cell before immortalization. β-Actin was used as a control for the 
amount and the quality of cDNA.
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in serum-free DMEM. However, serum-free culture may 
become possible by examining the culture conditions using 
various commercially available serum-free media.

Classical cell culture medium consists of amino acids, 
vitamins, and inorganic salts. Classical media have tra-
ditional compositions and are widely used in research 
studies. TK-ST cells were cultured in six classical media 
of different compositions with 10% FBS: three types of 
medium based on DMEM (Dulbecco and Freeman 1959), 

EMEM (Eagle 1959), RPMI-1640 medium (Moore et al. 
1966), and Ham’s F-12 medium (Ham 1965). We found 
that the three DMEM and RPMI-1640 cell lines showed 
almost the same growth rate in the TK-ST culture. The 
growth rate decreased in the order of EMEM > Ham’s F-12 
medium. The original composition of DMEM was low glu-
cose (1 g/L) and pyruvic acid. In this study, three DMEMs 
were prepared with different compositions, including the 
original composition according to glucose concentration 

Figure 7.   Cytopathic effects (CPEs) caused by the pseudorabies virus 
(PRV) and Japanese encephalitis virus (JEV). (A) CPEs observed in 
TK-ST cells infected with PRV and JEV 24, 48, and 72 h post-infec-

tion (hpi). MOCK did not exhibit any CPEs throughout the experi-
ment. (B) CPEs in Vero cells infected with PRV (24 hpi) and JEV (72 
hpi). Scale bar = 25 µm.
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(high-glucose [4.5 g/L] and low-glucose) and with or with-
out pyruvic acid, but no notable differences were observed. 
This suggests that glucose concentration and the presence 
of pyruvic acid are ineffective in TK-ST growth. Previ-
ously reported cetacean-cultured cells required a special 
composition of medium with supplements for culture (Pine 
et al. 2004; Yu et al. 2005; Jin et al. 2013). However, 
TK-ST cells grew on all tested classical media without any 
supplements other than 10% FBS, indicating their easy of 
culture.

Except DES, S100A4, KRT18, α-SMA, and VIM genes 
were expressed in TK-ST cells. DES was expressed in the 
kidney tissue and primary cells. The results of this study 
suggested that TK-STs are a mixed population of various 
cell types. Furthermore, TK-ST cells were transfected with 
the viral oncogene SV40T to achieve immortalization, which 
is known to suppress tumor suppressor genes, such as p53 
(Fridman and Tainsky 2008). This may result in the mRNA 
expression differing from the physiological state. Neverthe-
less, it is clear from the results of DES expression that the 
gene expression profile is altered during immortalization 
and passaging, and such changes in characteristics from the 
original tissue should be noted in experiments using TK-ST.

TK-ST was infected with several pathogenic viruses of 
mammalian origin, and CPEs were observed, indicating 
in vitro replication of the viruses. PRV is a member of the 
Herpesviridae family with a double-stranded DNA genome. 
PRV causes pseudorabies (Aujeszky’s disease) and severe 
neurological disorders in young piglets. JEV belongs to the 
family Flaviviridae and has a positive-sense single-stranded 
RNA genome. JEV causes Japanese encephalitis, inflamma-
tion of the brain in humans. The results obtained by CPE 
observations demonstrated that TK-ST is PRV- and JEV-
sensitive. The CPE observed in TK-ST was similar to that 
observed in Vero. Thus, we showed that virus isolation is 

possible using TK-ST and that this cell line can be used for 
virus analysis.

Cetacean morbillivirus (CeMV) is a member of the 
genus Morbillivirus, subfamily Paramyxovirinae, family 
Paramyxoviridae, with several strains, including DMV. 
CeMV is a major pathogen in wild cetaceans (Van Bres-
sem et al. 2014). The virus has caused several outbreaks of 
lethal diseases in cetaceans, including bottlenose dolphins, 
worldwide. Most previous studies detected gene fragments 
of CeMV using RT-PCR because virus isolation is difficult 
due to poorly preserved samples of stranded cetacean car-
casses. In addition, the poor cellular resources of cetaceans 
limit virus isolation. However, viral isolation is an important 
step in the diagnosis of viral infections and subsequent viral 
analysis. Therefore, we analyzed the replication of DMV 
infected with TK-ST by evaluating the DMV phosphoprotein 
(P) gene copy number using qPCR. The results showed an 
increase in the number of copies, indicating the usefulness 
of TK-ST for DMV isolation and research.

Several morbilliviruses have been isolated from human 
and animals, such as CeMV, human meal virus, and canine 
distemper virus. SLAM and Nectin4 have been identified 
as receptors for these morbilliviruses (Tatsuo et al. 2000; 
Mühlebach et al. 2011; Noyce et al. 2011). The expression 
of Nectin4 was detected in TK-ST, but that of SLAM was 
only slightly detected in kidney tissue but not in TK-ST. 
SLAM is a receptor that is involved in viral entry and 
pathogenesis. In addition, SLAM plays a role in determin-
ing host specificity, depending on the significant sequence 
diversity among the host animals. Cell lines, such as Vero 
and CHO, expressing human and canine SLAM have been 
used in morbillivirus research (Ono et al. 2001; Seki et 
al. 2003). Morbillivirus replicates and CPE appears faster 
in the stably transfected Vero cell line expressing canine 
SLAM (Vero.DogSLAMtag) than in Vero (Nielsen et al. 

Figure 8.   Dolphin morbillivirus (DMV) replication and expression of 
its receptors in TK-ST cells. (A) Data represent log10 genome copies 
per microliter. DMV genome copy number increased after the incuba-
tion of TK-ST cells for 7 d. Each point represents the mean (SD) of 

three independent experiments. (B)  Expression of the signaling lym-
phocyte activation molecule (SLAM) was not detected in TK-ST cells 
but that of nectin cell adhesion molecule 4 (Nectin4) was observed in 
all samples.
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2008). The CPE of DMV was not observed in the TK-ST 
during the infection experiments. Since qPCR has shown 
TK-ST susceptibility to DMV, these results alone do not 
lead us to point out the shortcomings of TK-ST for DMV 
studies. However, TK-ST could be improved by expressing 
cetacean SLAM, as shown in previous studies.

In summary, TK-ST was susceptible to several mam-
malian-derived viruses. Cellular susceptibility to viruses 
sometimes depends on the receptors that vary among spe-
cies. Therefore, it is expected that this cell line will be 
useful for isolating cetacean-derived viruses that cannot be 

isolated by cell lines derived from other terrestrial mam-
malian species.

Foreign agents, such as environmental pollutants and 
viruses, have been reported to affect the immune system of 
cetaceans, and measurement methods have been established 
for each step of the immune response (Beineke et al. 2010). 
The detailed immune mechanisms remain unclear because 
they are difficult to verify using animal experiments.

The innate immune system recognizes infecting microbes 
using pattern recognition receptors that recognize microbe-
specific molecular patterns. Toll-like receptors are one of 

Figure 9.   Expression levels 
of immune-related genes in 
TK-ST cells. (A) Expression 
levels of toll-like receptors in 
TK-ST cells. Both TLR3 and 
TLR4 were expressed in all 
samples. (B) Expression levels 
of cytokines and cyclooxyge-
nase-2 (COX-2) in TK-ST cells 
0–24 h after stimulation with 
poly(I:C) or lipopolysaccharides 
(LPSs). β-actin was used as a 
control for the amount and the 
quality of cDNA. (C) qPCR 
analysis of the mRNA levels of 
cytokines and COX-2 in TK-ST 
cells 0–24 h after stimulation 
with poly(I:C) or LPS. Data are 
represented as the mean (SD) of 
three independent experiments. 
β-Actin was used as a control 
and housekeeping gene for 
analysis. * indicates statisti-
cally significant differences vs. 
control via Mann–Whitney’s U 
test (p < 0.05).
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them, activation of Toll-like receptor signaling induces 
cytokine production, and other factors that regulate the 
activation of adaptive immune responses (Iwasaki and 
Medzhitov 2004; Takeda and Akira 2005; Kawasaki and 
Kawai 2014). TLR3 and TLR4 are receptors of LPS and 
double-stranded RNA, respectively (Poltorak et al. 1998; 
Alexopoulou et al. 2001). Both TLR3 and TLR4 mRNA 
expression was detected in TK-ST. When TLR3 and TLR4 
were stimulated by LPS and poly(I:C) in TK-ST, several 
significant changes were detected in the mRNA expression 
profiles of cytokines and COX-2. The results indicate that 
TK-ST has TLRs capable of recognizing LPS and poly(I:C) 
and also exhibits an immune reaction in response to these 
stimulations.

There are three types of IFN in mammals: type I IFNs 
include IFN-α and IFN-β, and type II include IFN-γ. IFN-α 
and IFN-β are induced following viral infection and play a 
role in the protection against viral infection. IFN-α and TGF-
β are constitutively expressed in TK-ST. Constitutive expres-
sion of IFN-α in kidney tissue has been identified in humans 
and bats, and is thought to be a mechanism that helps main-
tain a rapid and robust innate and adaptive immune response 
to foreign bodies (Tovey et al. 1987; Gough et al. 2012; 
Zhou et al. 2016).

Some studies have reported positive selections of ceta-
cean TLR associated with their adaptive evolution to the 
marine environment (Ishengoma and Agaba 2017; Xu et 
al. 2019). As the existence of large amounts of viruses in 
the ocean has been estimated (Suttle 2007), it is consid-
ered that the evolution of the cetacean immune system is 
important for marine adaptation. Cultured cells are useful 
experimental tools in immunology research that reflect bio-
logical responses to exposure to foreign agents. The func-
tional TLRs possessed by TK-STs are useful for the study 
of immune function in cetaceans. 

In this study, we successfully established a novel cell line, 
TK-ST, derived from the kidney tissues of the common bot-
tlenose dolphin. TK-ST cells can easily stabilize long-term 
cultures under common culture conditions and can be used 
as in vitro systems for viral and immunological research in 
cetaceans.

Conclusions

In this study, we established a novel kidney cell line, TK-ST, 
derived from the common bottlenose dolphin. Our results 
may be used as an experimental basis for future studies 
in cetaceans. Moreover, our established cell line be used 
as a cell resource. TK-ST cells are easy to culture as they 
can grow stably over a long period under common culture 
conditions. Notably, their characteristics determined in this 
study indicate the suitability of TK-ST cells for viral and 

immunological research. Overall, TK-ST cells are useful 
tools for in vitro research in cetaceans.
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