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Abstract A fish cell line, fathead minnow (FHM) cell,

was used to investigate the alteration of mitochondrial

dynamics and the mechanism of apoptosis under Rana

grylio virus (RGV) infection. Microscopy observations,

flow-cytometry analysis and molecular marker detection

revealed the apoptotic fate of the RGV-infected cells.

Some typical apoptotic characteristics, such as chromatin

condensation, DNA fragmentation and mitochondrial

fragmentation, were observed, and significantly morpho-

logical changes of mitochondria, including size, shape,

internal structure and distribution, were revealed. The

mitochondria in RGV-infected cells were aggregated

around the viromatrix, and the aggregation could be

blocked by colchicine. Moreover, the Dwm collapse was

induced, and caspase-9 and caspase-3 were activated in the

RGV-infected cells. In addition, NF-jB activation and

intracellular Ca2+ increase were also detected at different

times after infection. The data revealed the detailed

dynamics of mitochondrion-mediated apoptosis induced by

an iridovirus, and provided the first report on mitochondrial

fragmentation during virus-induced apoptosis in fish cells.
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Introduction

Apoptosis is a highly regulated cell death process that

usually results in the cell demise. It is often activated

during normal development and in response to diverse

stimuli [1]. Mitochondria, which are well-known multi-

functional organelles, play prominent roles in supplying

energy and regulating apoptosis [2–4]. Recently, mito-

chondrial dynamics and the dramatic alterations, such as

mitochondrial fragmentation and crista remodeling, have

been reported during the early stages of apoptosis [5–7].

Virus infection has been observed to be associated with

apoptosis [8–11], and the molecular mechanisms and

signal pathways have been disclosed in virus infection of

mammal cells [12, 13]. Apoptosis of fish cells can be also

triggered by virus infection [14–16], but systematic

studies on mitochondrial dynamics and the molecular

mechanisms are very limited. In our previous studies, an

iridovirus isolated from the cultured pig frog (Rana

grylio), which is called Rana grylio virus (RGV), has

been characterized [17], and a similar apoptotic process

has been observed in RGV infected fish cells [18].

Electron microscopic observation displayed large clusters

of mitochondria around the viromatrix in the infected

cells [18]. The preliminary results imply that RGV

infection induces apoptosis, and that the apoptotic process

and mechanism might be mitochondrion-mediated. In this

study, we further observe and analyze the mitochondrial

dynamics during RGV infection, and investigate the reg-

ulative mechanism in the infected fathead minnow (FHM)

cells. The current results provide the first report on

mitochondrial fragmentation during virus infection in fish

cells, and reveal mitochondrion-mediated pathway in the

RGV infection-induced apoptosis.
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Methods

Cell and virus

RGV is an important pathogenic iridovirus isolated from

cultured pig frog [19]. Fathead minnow (FHM) cell, a fish

cell line, was used in this study. Cells were grown in TC199

with 10% fetal calf serum (FCS, GIBCO) and were infected

with RGV at a multiplicity of infection (MOI) of 1.

Cell transfection

To observe subcellular distribution of mitochondria in

RGV-infected cells, pDsRed2-Mito (BD Bioscience Clon-

tech), expressing a fusion protein of Discosoma sp. red

fluorescent protein linked to the mitochondrial targeting

sequence, was used. Prior to transfection, FHM cells were

grown to 80% confluence and transfected using the Lipo-

fectamine 2000 (Invitrogen) transfection reagent according

to the manufacturer’s instructions. Cells were selected in

medium containing G418 (400 lg/ml) for 3 weeks followed

by maintaining in medium with G418 (200 lg/ml). Stable

clones were subsequently expanded for further analysis.

Transmission electron microscopy

Mock- and RGV-infected cells were harvested by scraping

the cells into the medium, respectively, followed by cen-

trifugation at 700g for 10 min. Sample preparation was

performed as previously described [18]. The grids con-

taining ultrathin sections were examined with a JEM-1230

electron microscopy at 100 KV and micrographs were ta-

ken by CCD camera.

Hoechst staining and fluorescence microscopy

To visualize nuclear morphology and show the viromatrix,

Hoechst 33258 (Sigma) was used as a marker. Mock- and

RGV-infected FHM cells were fixed with 4% paraformal-

dehyde and then stained with 1 lg/ml of Hoechst 33258 in

PBS buffer for 20 min. After three washes in PBS buffer,

cells were visualized by fluorescence microscopy (Leica,

DMIRB) using an ultraviolet (UV) excitation filter and

images were processed using the Adobe Photoshop program.

To clarify possible approach of mitochondrial transport

in RGV-infected cells, colchicine was used to disassemble

microtubules. Cells stably expressing pDSRED2-mito were

cultured in 6-well plates and infected with RGV for 8 h,

18 h. Another set was carried out: 0.5 lM colchicine

(Sigma) was added to mock- and RGV-infected cultures at

6 h postinfection (p.i.). Then cells were stained with

Hoechst 33258 and observed as described above.

Measurement of cellular DNA content

Mock- and RGV-infected cells were harvested, washed

with PBS and fixed in 70% ice-cold ethanol overnight at –

20�C. The collected cells were washed with PBS again and

fixed with 70% ethanol overnight at –20�C. After washing

with PBS again, the cells were stained with PBS containing

50 lg/ml of propidium iodide (Sigma) and 100 lg/ml of

DNase-free RNase A for 30 min. Flow-cytometric mea-

surement of 1 · 104 cells was carried out in a fluorescence

activated cell sorter (Beckman-Coulter Epics Altra) and

analyzed using the CellQuest program.

DNA fragmentation assay

Mock- and RGV-infected cells were harvested, and the

total genomic DNA was extracted according to methods

described previously [20]. Briefly, the collected cells were

lysed with TES (10 mM Tris, pH 8.0, 1 mM EDTA, 1%

SDS, 100 lg/ml of proteinase K), and the lysate was

incubated at 50�C for 3 h. DNA was precipitated with 70%

(v/v) ethanol at –20�C overnight and then by centrifugation

at 12,000g for 15 min. The DNA pellet was washed with

70% ethanol, dried and resuspended in distilled water with

RNase A (50 lg/ml), then analyzed by 2% agarose gel

electrophoresis.

Determination of mitochondrial membrane potential

(Dwm)

Rhodamine 123 (Rh123) is an aromatic cation, it distrib-

utes electrophoretically into the mitochondrial matrix

across the inner membrane in response to Dwm. Changes in

Dwm were evaluated with Rh123, which is taken up by

intact mitochondria and released upon permeability tran-

sition of the mitochondria [21]. Mock- and RGV-infected

cells were isolated by centrifugation (200g, 10 min) and

resuspended in 0.6 ml PBS containing 10 lg/ml of Rh123

(Sigma). Cells were incubated for 30 min at 25�C, and then

centrifuged. After washing with PBS, the cells were

resuspended in 1 ml PBS and analyzed on a flow cytometry

(Beckman-Coulter Epics Altra). In each plot, the region of

E shows the percentage of cells with decreased Dwm, and

the region of C shows the percentage of cells with normal

Dwm.

Analysis of caspase activity

To investigate the caspase-3 and caspase-9 activity during

RGV infection, Ac-DEVD-AMC (substrate for caspase-3)

and Ac-LEHD-AFC (substrate for caspase-9) (Calbio-

chem) were used. Mock- and RGV-infected cells were

collected from monolayers, and then lysed in 100 ll of
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lysis buffer (20 mM HEPES-KOH, pH 7.5, 250 mM su-

crose, 50 mM KCl, 2.5 mM MgCl2, 1 mM dithiothreitol,

1& CHAPS, 20 mg/ml leupeptin, 10 mg/ml aprotinin) for

1 h at –70�C. After centrifugation, 10 ll of supernatant

was added to 189 ll of caspase assay buffer (20 mM

HEPES-KOH, pH 7.5, 250 mM sucrose, 50 mM KCl,

2.5 mM MgCl2, 10 mM dithiothreitol, 1& CHAPS) with a

final concentration of 20 lM Ac-DEVD-AMC or Ac-

LEHD-AFC. The reaction mixtures were incubated at 37�C

for 1 h. Levels of cleaved caspase substrate were measured

using a spectrofluorometer (Molecular Devices) with an

excitation wavelength of 380 nm and an emission wave-

length of 460 nm. The data were expressed as fold increase

compared to the corresponding values of caspase activity in

lysates of mock-infected cells.

Assay for Ca2+ mobilization

The intracellular Ca2+ in individual FHM cells was mea-

sured using the cell permeant Ca2+ sensitive fluorescent

dye Fluo-3 acetoxymethyl ester (Fluo-3 AM). After the

medium was removed from the culture plates, cells were

washed with Ca2+-free PBS and incubated with 500 ll of

4 lM Fluo-3 acetoxymethyl ester diluted in HBSS buffer

(10 mM D-glucose, 120 mM NaCl, 4.5 mM KCl, 0.7 Mm

Na2HPO4, 1.5 mM NaH2PO4 and 0.5 mM MgCl2 (pH 7.4))

for 20 min. Then, 2.5 ml of HBSS buffer containing 1%

BCS were added into the samples and further incubated for

40 min. Following the trypsinization, cells were harvested

and washed twice in 2 ml of Ca2+-free PBS at 25�C. After

pelleting by centrifugation, the cells were resuspended in

1 ml of Ca2+-free PBS at 25�C, and analyzed immediately

by flow cytometry. Approximate 10,000 cells were ana-

lyzed for each sample. The region of D in the plot shows

the percentage of cells, which have an increased intracel-

lular Ca2+ and higher Fluo-3 fluorescence intensity.

Reporter gene assays

The activation of NF-jB by RGV infection was measured

by NF-jB dependent luciferase reporter construct (NF-jB-

luc, Clontech), which contains four NF-jB binding sites

upstream of the luciferase gene. Briefly, FHM cells

(4 · 105) in 24-well tissue culture plates were transfected

with 80 ng of NF-jB-luc and 20 ng of cytomegalovirus

b-galactosidase reporter construct as described above.

After incubation for 24 h, cells were either mock-infected

or infected with RGV at an MOI of 10 and incubated at

25�C for various intervals. Then, cells were harvested and

analyzed for luciferase expression using luciferase assay

system (Promega) following manufacturer’s instruction.

Samples were also assayed for b-galactosidase activity

using b-galactosidase enzyme assay system (Promega) to

normalize for transfection efficiency.

Results

Morphological changes of RGV infection-induced

apoptosis in FHM cells

Apoptotic morphological changes of the RGV-infected

FHM cells were firstly examined by microscopy. As shown

in Fig. 1A, some typical morphological changes, such as

extreme chromatin condensation and nucleus fragmenta-

tion, are observed under electron microscopy in a RGV-

infected FHM cell in which there exist abundant RGV

Fig. 1 Apoptotic morphological changes in the RGV-infected FHM

cells. (A) Transmission electron microscopy observation. Black

arrowheads indicate the apoptotic bodies. (B) Nuclear fragmentation

in the RGV-infected FHM cells at different times after infection.

Arrows indicate the fragmental nucleus
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particles. Moreover, fluorescence microscopy observation

showed apoptotic dynamics of the RGV-infected FHM

cells under different infection times. As shown in Fig. 1B,

obvious apoptotic changes are observed at 12 h p.i., and as

the infection time increases, more and more cells undergo

nuclear fragmentation and the formation of apoptotic

bodies. In contrast, mock-infected cells possess uniformly

stained nuclei (Fig. 1B).

DNA fragmentation was examined in the RGV-infected

FHM cells. As shown in Fig. 2A, the DNA fragment ladder

begins to appear at 12 h p.i. as the cytopathic effect (CPE)

occurs in the RGV-infected FHM cells, and the DNA

fragmentation intensity increases along with the CPE in-

creases. In comparison with the RGV-infected cells, an

intact chromosomal DNA band without laddering effect

was observed in mock-infected cells (Fig. 2A).

To quantify the percentage of apoptotic cells, the RGV-

infected and mock-infected cells were stained with propi-

dium iodide (PI), and measured by flow cytometry. As

shown in Fig. 2B, the proportion of apoptotic cells in

RGV-infected cells increases from 10.35% at 6 h p.i. to

45.63% at 24 h p.i., whereas apoptosis appears only in

5.35% mock-infected cells.

Morphological changes of mitochondria during RGV

infection

Ultrastructural observations revealed significantly mor-

phological changes of mitochondria in the RGV-infected

fish cells. As shown in Fig. 3, in contrast with oval and

rod-shape mitochondria with normal cristae in cytoplasm

of the mock-infected cells (Fig. 3A), the shape and size of

mitochondria obviously display fragmentation characteris-

tics, which result in small and numerous organelles. The

cristae are distorted and the number of them badly

decreases, only few cristae structures are observed in most

of the fragmented mitochondria (Fig. 3B). Numerous

dumbbell-shaped mitochondria with a narrow intercon-

necting isthmus are observed in the RGV-infected FHM

cells, and most of them are distributed around the

viromatrix (Fig. 3C).

Distribution changes of mitochondria in RGV-infected

cells

Subcellular distribution changes of mitochondria were

further confirmed by fluorescence microscopy in the stably

tansfected pDsRed2-Mito FHM cells. As shown in Fig. 4,

in contrast to even distribution throughout the cytoplasm in

mock-infected FHM cells (Fig. 4A), some viromatrix occur

in the nuclear proximity, and most of mitochondria appear

to aggregate toward the viromatrix in the RGV-infected

cells (Fig. 4B). As the infection time increases, the area

and number of the viromatrix increase, and almost all of

the mitochondria are gathered around the viromatrix at

18 h p.i. (Fig. 4C).

Preliminary experiments indicated that treatment of FHM

cells with 0.5 lM colchicine could result in microtubule

disassembly, and no obvious cell toxicity was observed (data

not shown). Therefore, the concentration of colchicine was

Fig. 2 Induction of DNA

fragmentation and the DNA

content analysis. (A) DNA

fragmentation at different times

after infection. (B) DNA

contents quantified by flow

cytometry. The population of

cells that contain sub-G1 levels

of DNA are indicated on the

histogram by the bar marked

Ap. The percentage of apoptotic

cells was calculated by Sub-G1

population/total cell cycle

populations
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used to investigate the association of mitochondrial aggre-

gation and microtubule disassembly during RGV infection.

Interestingly, when the colchicine was added, mitochondrial

aggregation was blocked, and even mitochondrial distribu-

tion was also observed (Fig. 4B and C), whereas the vi-

romatrix still existed in the RGV-infected cells. The data

were further confirmed by ultrastructural observation (data

not shown). It implies that mitochondrial aggregation in

RGV-infected cells might be related to microtubules.

Induction of Dwm collapse in RGV-infected cells

In parallel with morphological changes, the difference of Dwm

collapse was compared between the mock-infected and RGV-

infected cells using flow-cytometry measurement with Rh123

staining. As shown in Fig. 5, the percentage of cells with Dwm

collapse significantly increases from 12 h p.i., and along with

the infection progress, the percentage gradually increases up

to 30.13% until 24 h p.i. The results implicate that RGV

infection induces Dwm collapse at the late stage of infection.

Activation of caspase-9 and caspase-3 during RGV-

induced apoptosis

To analyze the roles of caspase during RGV-induced

apoptosis, the activities of caspase-3 and caspase-9 were

detected. As shown in Fig. 6, caspase-3 activity in the

RGV-infected cells is early activated at 6 h p.i., and as the

infection goes along, caspase-3 activity rises up to about

five-fold in comparison to the mock-infected cells at 24 h

p.i. Similarly, caspase-9 is also activated during RGV

infection. However, only three-fold activity is heightened

in comparison to the mock-infected cells at 12 h p.i., and

then the activity level decreases till 24 h p.i.

NF-jB activation and intracellular Ca2+ increase during

RGV-induced apoptosis

To determine whether NF-jB is activated to stimulate

transcription following the RGV infection, we detected the

luciferase activity using NF-jB-luc reporter gene. As

shown in Fig. 7, the luciferase activity increases early at

6 h p.i. in the RGV-infected cells, and becomes the greatest

at 18 h p.i. After that, the activity appears to decline at 24 h

p.i. To normalize transfection efficiency, the expression

level of b-Galactosidase was also detected, and no changes

were found during the RGV infection (data not shown).

The data indicate that RGV infection of FHM cells acti-

vates NF-jB dependent transcription.

Moreover, changes of intracellular free Ca2+ in the

RGV-infected FHM cells were detected using Fluo-3AM.

As shown in Fig. 8, in comparison with the mock-infected

cells, the cytoplasmic Ca2+ rises gradually from 6 h p.i. to

24 h p.i. along with the infection progress.

Discussion

An increasing number of viruses are now known to induce

apoptosis actively at the late stages of infection, and

apoptosis is considered to play a critical role in patho-

genesis of viral diseases [10]. In this study, the RGV-

infected cells display characteristic morphological and

Fig. 3 Ultrastructural observations of mitochondria in the RGV-

infected FHM cells. (A) Normal mitochondria in the control FHM

cell. (B) and (C) The abnormal mitochondria in the RGV-infected

FHM cells. VM: Viromatrix; N: Nucleus. Arrows indicate the

mitochondria, and white arrowheads show the dumbbell-shaped

mitochondria

Apoptosis (2007) 12:1569–1577 1573

123



biochemical hallmarks of apoptosis, such as nuclear chro-

matin condensation, DNA fragmentation and formation of

apoptotic bodies, suggesting that RGV-induced cell death

should be mediated by apoptosis. Previously, some other

members in family Iridoviridae, such as epizootic hema-

topoietic necrosis virus (EHNV), frog virus 3 (FV3),

lymphocystis disease virus (LCDV) and red sea bream

iridovirus (RSIV), were also proved to induce typical

apoptosis during in vitro infection [14, 22–24].

Mitochondria are central to the physiology of eukaryotic

organisms, and the fragmentation and internal ultrastruc-

ture changes have been observed in apoptotic cells [6, 25].

In the RGV-infected FHM cells, both of mitochondrial size

and internal cristae number are reduced. Interestingly,

significantly morphological changes of mitochondria also

appear in the RGV-infected fish cells, and numerous

dumbbell-shaped mitochondria are distributed around the

viromatrix. Previous reports have indicated that changes of

Fig. 4 Subcellular distribution

of mitochondria of FHM cells in

the absence or presence of

colchicine (+Col). Left:

mitochondrial fluorescence

signals; middle: DNA staining

pattern; right: images of the left

and the middle were merged.

Arrowheads indicate the

nucleus and viromatrix
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the mitochondrial distribution not only provide the energy

for virus pathogenesis, but also play important roles in the

process of apoptosis [26, 27]. In the cases of the mam-

malian viruses, mitochondrial distribution changes and

apoptosis occurrence have been observed during viral

infection [28, 29]. In the RGV-infected cells, mitochondria

are aggregated together, and associated with the viromatrix

at the late stage of infection, and the aggregation can be

blocked by colchicine. The data suggest that RGV infection

might contribute to mitochondrial distribution change, and

that the alteration might be mostly dependent on the

microtubules.

Fig. 5 Effect of RGV infection on Dwm in FHM cells. In each plot, the region of E shows the percentage of cells with decreased Dwm

Fig. 6 Measurement of caspase-3 and caspase-9 activities in the

RGV-infected FHM cells. Mock- and RGV-infected cells were

collected at different times after infection and the levels of cleaved

caspase substrate were measured. The data are expressed as fold

increase compared to the corresponding values of caspase activity in

mock-infected cells

Fig. 7 Measurement of NF-jB activity in the RGV-infected FHM

cells. Cells were lysed and the relative luciferase activity was

detected. The data are expressed as fold increase compared to the

corresponding values of luciferase activity in mock-infected cells

Fig. 8 Changes of intracellular Ca2+ in the RGV-infected FHM cells. In each plot, the region of D shows the percentage of cells with high

Fluo-3 fluorescence intensity
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Morphology and distribution changes of mitochondria

are closely associated with their functions. Mitochondria

have been suggested as the central control point of apop-

tosis [30]. Changes in Dwm are considered as an important

event in the effect phase of apoptosis induced by many

apoptotic stimuli, including virus infection [31]. Even if it

is accompanied by Dwm increases at its early stage,

apoptosis finally results in a Dwm collapse [32]. In the

RGV-infected FHM cells, the Dwm collapse also appears

similar changes. Previous reports showed that the Dwm

collapse might shift the mitochondrial morphologic bal-

ance towards fragmentation [33]. Furthermore, caspase-9

and caspase-3 activities are heightened in the RGV-in-

fected cells. Together, the data suggest that RGV infection

should trigger mitochondrion-mediated apoptosis.

NF-jB transcription factors have been demonstrated to be

major regulators of apoptosis [34–36], and intracellular Ca2+

homeostasis is also important for the control of apoptosis [37].

In the RGV-infected FHM cells, both NF-jB activation and

intracellular Ca2+ increase were detected at different infection

time. It implies that NF-jB activation and Ca2+ homeostasis

disruption may play important roles in RGV-induced apoptosis.

In conclusion, the present study is the first report on

mitochondrial fragmentation during virus-induced apopto-

sis in fish cells, and also reveals the detailed dynamics of

the mitochondrion-mediated apoptosis triggered by an

iridovirus in the family Iridoviridae.
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