


M. Segovia and J. A. Berges

death is preceded by a reduction in photosynthetic
capability and cell numbers (Berges & Falkowski,
1998). Upon triggering the cell death process, the
cells literally dissolve, and the culture, which on the
previous day had been green, becomes transparent
(Segovia et al., 2003). Zymograms and protein
pro‘les, before and during the culture decline,
revealed the induction of novel proteases in the
cells (Berges & Falkowski, 1998).

Further work by Segovia et al. (2003) provided
compelling evidence for the apoptotic nature of this
phenomenon, including DNA fragmentation, in-
creases in caspase-like activity (de“ned as cleavage
of the “uorogenic caspase-speci‘c substrates
WEHD (caspase 1), DEVD (caspase 3), IETD
(caspase 8) and LEHD (caspase 9)) during light
deprivation, and changes in nuclear structure such
as chromatin margination. Moreover, antibodies
raised against mammalian caspases cross-reacted
with speci“c proteins in the alga. The pattern of
expression of these immunologically-reactive pro-
teins was correlated with the onset of cell death.
Under light deprivation, nuclear disintegration
took place, while the cytoplasm and organelles
remained intact. It was concluded that this form of
cell death is an active process resulting from
protein synthesis or caspase activation within cells
(Segoviaet al., 2003).

The occurrence of apoptosis in unicells is
puzzling because, unlike multicellular organisms,
it results in complete loss of the organism and must
therefore be maladaptive. Arguments have been
made that this may be an ealtruistice phenomenon
in other unicells (e.g. Frohlich & Madeo, 2000), but
this seems unlikely for Dunaliella (Berges &
Falkowski, 1998), and is also at odds with current
ecological theory. Alternatively, it has been sug-
gested that apoptosis plays roles in cell defence
from pathogens such as viruses. Lawrencer al.
(2001) noted that Heterosigma akashiwo cells
infected by HaRNAV, a single-stranded RNA
virus (Tai et al., 2003), took on apoptotic
morphologies. During a time-course experiment,
the onset of cell lysis was indicated by a decrease in
the relative "uorescence of the cultures and the
heterochromatin of infected cells was found at the
margin of the nucleoplasm (a clear hallmark of the
apoptotic event). Berges and Falkowski (1998)
argued that viral lysis was unlikely given the
identical kinetics at dierent cell concentrations.
Moreover, Berges and Brussaard (unpublished)
were unable to detect free virus during lysis events
using SYBR green staining. Nonetheless, there
remains the possibility that our D. tertiolecta
culture harbours temperate viruses and that they
can be activated by darkness. The presence of
important components of cell death pathways in
some of the earliest-evolved organisms (Berman-
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Frank et al., 2004) suggest that their origins are
truly ancient, and it has been speculated that they
may be the result of viral-eukaryote genomic
mixing during ancient evolutionary history (Berges
& Falkowski, 1998; Segoviaet al., 2003).

Regardless of its origins or evolutionary mean-
ings, the existence of cell death phenomena in
phytoplankton has important implications for
species successions and biogeochemical cycling in
aquatic ecosystems (Walsh, 1983; Brussaaed a!.,
1995; Van Boeckelet al., 1992; Heiskanen, 1993;
Brussaard er al., 1996; Kirchman, 1999). If cell
death is truly the result of a programme activated
by environmental stresses, then it is important to
understand how activation happens and what
occurs within the cell in response. One obvious
starting point is the proteolytic activities that
mediate cell death.

The aim of this work was to gain insight into the
regulation of proteolytic activities during the
apoptotic event in D. tertiolecta and, speci“cally,
whether proteases are synthesizedle novo or
activated through post-translational modi“cations.
We studied the e ect of cycloheximide (CHX) and
chloramphenicol (CAP) on the induction of pro-
teolytic activities during dark-induced cell death in
D. tertiolecta. CHX inhibits both peptide chain
initiation and elongation by blocking the peptidyl
transferase of 80S eukaryotic ribosomes (Smithr
al., 1997) resulting in inhibition of cytoplasmic
protein synthesis. CAP inhibits elongation by
inhibiting translation on the 50S prokaryotic
ribosomal subunit at the peptidyltransferase step
and thus prevents protein synthesis in organelles.
The e ectiveness of either of these inhibitors would
indicate a role for de novo protein synthesis in cell
death. In addition, we examined the e ects of
mitomycin C (MMC), which has the ability to
alkylate one strand of DNA at the C-1 position
forming cross links between the complementary
strands of DNA preventing its replication (Ueda &
Komano, 1984). If MMC enhanced the decline
there would be evidence of a viral-mediated decline
and / or for the activation of caspases (Parket al.,
2000). Here we report that proteolytic activities
detected inD. tertiolecta are constitutive, and that
de novo protein synthesis is not required during the
cell death event. Thus, it appears that they are
activated through a post-translational mechanism.

Materials and methods

Culture conditions

Dunaliella tertiolecta (CCAP strain 19/6) was grown in 1-
litre semi-continuous batch cultures in arti“cial seawater
medium (Goldman & McCarthy, 1978) enriched with /2
nutrients (Guillard & Ryther, 1962) at 16°C under



Inhibitors of cell death in Dunaliella tertiolecta
continuous white light at 200 umol quanta m~2 s~ 1,
while maintaining gentle stirring and bubbling with
“Itered air. When cultures reached mid log-phase they
were placed in complete darkness under the same
conditions of temperature, stirring and bubbling. Cul-
tures were sampled daily. For cell counts, blanks were
done on gravity-“ltered (GF/F) medium. For F ,/F, the
"uorometer was set to read zero on the culture medium.
At key points in the experiment, samples of culture were
“Itered through 25 mm GF/F “Ilters in Swinnex holders
and measured in the "uorometer. Blanks were never
more than 0.1% of the "uorescence measured asgF

Chlorophyll a fluorescence and cell counts

The optimal quantum yield for Photosystem Il (PS 2)
"uorescence (R/F,) was measured during light depriva-
tion by using a Turner-Designs TD700 "uorometer
according to Berges & Falkowski (1998). The initial
"uorescence emitted when all the reaction centres are
open (Fp) was measured in 15 min dark-adapted cells
and the maximal "uorescence corresponding to all the
reaction centres closed (f5) was measured after addition
of 10 uM 3-(3, 4-dichlorophenyl)-1-1'-di-methylurea
(DCMU) (“nal concentration) to the samples (Berges
& Falkowski, 1998). F, was calculated as F, ... k. Cells
were preserved in Lugols iodine and counted in a Model
Z2 Coulter-counter equipped with a 100um aperture
(Beckman-Coulter, Fullerton, California). Samples were
measured in duplicate for K/F,, and triplicate for cell
counts.

Inhibition of protein synthesis and DN A replication

The roles of protein synthesis and DNA replication in
the cell death process were examined using speci“c
antibiotic inhibitors. Final concentrations of 100 uM
cycloheximide (CHX), 100uM mitomycin C (MMC),
1500 uM chloramphenicol (CAP), and 100uM CHX
plus 1500uM CAP were each prepared from stocks
dissolved in dimethylsulphoxide (DMSO; all chemicals
from Sigma), and were added to the cultures just before
they were placed in darkness. An equivalent amount of
DMSO without antibiotics was added to the control
culture to account for non-speci“c e ects. Two replicate
cultures for each of the treatments were used.

Zymograms

Zymograms of caseinolytic activities were prepared as
described by Berges & Falkowski (1996). Samples were
collected by centrifugation, homogenized and sonicated
in 50 mM Tris-HCI bu er, pH 7.5, under non-denatur-
ing conditions at 4°C. Samples were centrifuged at
7000 x g to remove cell fragments and then loaded onto
a 10% native gel. After electrophoresis, caseinolytic
activities were detected by incubating the gels in 2%
(w/v) casein dissolved in 50 mM Tris-HCI bu er,
pH 7.5, for 1 h and staining with Coomassie blue R
250. Clear bands were apparent after destaining,
indicating the position of the caseinolytic activities.
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SDS—-PAGE

Samples for SDS ... PAGE were prepared as described by
Berges & Falkowski (1996), loaded on an equal protein
basis, separated on 15% gradient polyacrylamide gels
and stained with Coomassie blue R250. The intensity of
protein bands was analysed using Kodak 1D Image
Analysis software (Version 3.6.1, Eastman Kodak, New
Haven, Connecticut). Net intensity (relative units) was
calculated by measuring intensity in the centre of the
bands and subtracting averaged background intensity in
blank lanes.

Caspase-like activities

Caspase-like activities were measured according to
Segovia et al. (2003) using commercial kits (R&D
Systems, MN, USA). Extracts were mixed with 50uM

of 7-amino-4-"uoromethyl coumarin (AFC)-labelled
substrates for caspases 1 (WEHD), 3 (DEVD), 8 (IETD)
and 9 (LEHD) and lysis buer provided by the Kkit.
Fluorescence was measured (excitation 400 nm, emission
505 nm) in an FL x 800 Bio-Tek microplate "uores-
cence reader.

Statistics

Di erences in F,/F, cell counts, and caspase activities
under the di erent inhibitor treatments were tested by
one-way ANOVA followed by Tukey test comparisons
(» < 0.05), using the SigmaSTAT statistical package
(SPSS Inc. Chicago, IL, USA).

Results

Variable fluorescence and cell numbers

F./F. values decreased in all treatments after
placing the cultures in darkness (Fig. 1). However,
in cultures containing CHX and MMC, the pattern
was di erent to that observed for the Control. In
the Control experiment, F/F, remained high
during the “rst 2 days and suddenly dropped 4-
fold between days 2 and 3 in darkness as previously
described (Berges & Falkowski, 1998; Segovier
al., 2003). A more gradual decrease in variable
"uorescence was observed with MMC, while B/F
decreased sharply from the “rst day under light
deprivation onwards in the presence of CHX (Fig.
1). Cell numbers paralleled the decrease in photo-
chemical e ciency in Control and CHX treatments
(Fig. 2); cell numbers were reduced by half in the
Control experiment at the point of the decline in
F./F ., and dropped steadily from day O in presence
of CHX. When cells were grown in presence of
CHX but in light, neither F ,/F, nor cell numbers
dropped (data not shown). CAP also provoked a
decrease in E/F,, although the drop was not as
sharp as with CHX. When cells were grown in the
presence of both CHX and CAP, the e ect was the
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Fig. 1. Variation of PS Il optimum quantum yield (F \/F,)
under light deprivation in Dunaliella tertiolecta. Cultures
were placed in darkness immediately after the day 0
measurement (culture in light). Control culture @); culture
containing 100 uM MMC (. QO); culture containing 100 uM
CHX (! ); culture containing 1500uM CAP (Y/); culture
containing 100 uM CHX + 1500 uM CAP (& ). Symbols
are means of duplicate measurements and error bars indicate
standard deviations. * indicates signi“cant F-value in 1-way
ANOVA for each sample time.
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Fig. 2. Cell density of Dunaliella tertiolecta under light
deprivation. Cultures were placed in darkness immediately
after the day 0 measurement (culture in light). Symbols are
means of triplicate measurements and error bars indicate
standard deviations.

same as with only CHX. Cells numbers with CAP
followed the same pattern as the Control in
darkness, while with CHX + CAP the behaviour
was similar to that observed for only CHX.
However, MMC had a very dierent e ect. The
number of cells remained constant throughout the
whole light deprivation period and the culture did
not show the characteristic decline (Fig. 2). Results
for both F,/F,, and cell numbers were signi“cantly
di erent between the Control and CHX from day 2
onwards, and between the Control and MMC, as
well as for MMC and CHX from days 2 to 6 under
light deprivation (ANOVA and Tukey tests,
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p < 0.05). Treatments with CAP and CHX + CAP
did not show signi“cant di erences during the dark
period.

Zymograms and SDS—PAGE

Casein zymograms revealed changes in the pattern
of caseinolytic activities depending on the anti-
biotic used; samples taken after 6 days in darkness
were chosen as examples (Fig. 3A, B). Because gels
were run under native conditions, the molecular
weight (MW) of the bands cannot be accurately
estimated, however we used denatured pre-stained
protein standards in order to be able to compare
the relative position of the bands between gels and
assign apparent MW. We observed a band of
20 kDa apparent MW in all cultures, (Fig. 3A,
lanes 1...5) and the appearance of novel bands of
60 kDa apparent MW in cultures without and with
inhibitors after 6 days in darkness (Fig. 3, lanes 2 ...
5). There was slight variation in the banding
patterns between experiments, for example, we
observed either single or multiple bands at around
60 kDa in cultures showing declines, and the
constitutive low MW protease varied between
approximately 15 and 20 kDa in apparent MW
(compare control and dark exposed cultures in Fig.
3A, B). However, overall results were consistent
between gels and between experiments. CHX had
no apparent eect on the appearance of the
proteases (Fig. 3A, lane 4), indicating that case-
inolytic activities did not result from synthesis of
new proteins in the cytoplasm. In contrast, MMC-
treated cultures showed no evidence of the higher
MW proteases; samples resembled pre-darkness
Controls (Fig. 3B). Thus MMC e ectively pre-
vented the appearance of caseinolytic activities
related to the cell death process inD. tertiolecta.
We also observed a new band at about 48 kDa
apparent MW in those treatments including CAP
(Fig. 3A, lanes 3, 5).

There were few consistent dierences in the
pattern of protein bands between control cultures
and treatments, but there were large di erences in
apparent densities of bands. Despite the fact that
samples were loaded on an equal-protein basis,
lanes loaded with either Control cultures (before
light deprivation) (Fig. 4A, B, lane 1) or cultures
treated with MMC and exposed to darkness (Fig.
4A, lane 3) stained more densely with Coomassie
blue than did cultures that had been placed in
darkness either without treatment (Fig. 4A, lane 2)
or with CHX treatment (Fig. 4A, lane 4) and CAP
and CAP +CHX treatment (Fig. 4B, lane 2, 3).
Cell death events were manifested by large
decreases in certain proteins, such as the prominent
band at approximately 55 kDa, representing the
large subunit (LSU) of Rubisco (see arrow, Fig.
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Fig. 3. Casein zymograms of protease activities fronDunaliella tertiolecta detected after separation of proteins by using 10%
native PAGE under non-denaturing conditions. (A) in presence and absence of CHX and/or CAP. CBD: control culture
(-CHX-CAP) before darkness; CAD: control culture (-CHX-CAP) after 6 days in darkness; CHX 6d: culture + CHX after

6 days in darkness; CAP 6d: culture + CAP after 6 days in darkness; CAP + CHX 6d: culture + CAP + CHX after

6 days in darkness. (B) in presence and absence of MMC. CBD: control culture (-MMC) before darkness; CAD: control culture
(-MMC) after 6 days in darkness; MMC 6d: culture + MMC after 6 days in darkness.
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Fig. 4. Total protein composition from Dunaliella tertiolecta detected after separation in a 15% gradient SDS ... PAGE and
stained with Coomasie blue R 250. (A) in presence and absence of CHX or MMC. (B) in presence and absence of CAP and

CAP + CHX. Abbreviations as in Fig. 3.

4A, B). Diering backgrounds in dierent gels
made statistical comparisons more dicult. If
relative densities of the light Control (CBD) were
scaled to 1.00, then 95% con“dence limits on
replicates averaged about 0.15 units. MMC-treated
samples were no dierent from CBD (averaging
1.00), while the LSU band of Rubisco measured in
light-deprived control cultures (CAD) averaged
0.74 vs 0.68 for the CHX-treated sample, 0.58 for
CAP and 0.49 for CHX + CAP.

Based on replication across dierent gels, the
95% con“dence limits on our estimates of mole-
cular mass were+ 12 kDa for a band of approxi-
mately 60 kDa, and + 3 kDa for a band of
approximately 20 kDa.

Caspase-like activities

Caspase 3 and 9-like activities were similar in the
Control before light deprivation and in MMC

treated cultures after 6 days in darkness, whilst
darkness increased caspase activity, both in the
presence and absence of CHX (Fig. 5). Therefore,
MMC prevented any increases in caspase-like
activities. Enzymatic activity of caspase 9 in both
Control and CHX treatments was about 3-fold
higher than activity of caspase 3. Caspase 1
activity was in the same range as caspase 3 (0.02
to 0.06 U mg~' Prot) and showed the same
pattern. Caspase 8 activity was in the same range
as caspase 9 (0.04 to 0.16 U mg* Prot) and the
behaviour was similar (data not shown). No
di erences were found between activities in dark
controls and CHX, CAP or CHX+CAP -
treated cultures p > 0.05). In contrast, there
were no signi“cant di erences between the Con-
trol in light and MMC treated cultures
(p > 0.05), but these two treatments were sig-
ni“cantly lower in caspase activities than any of
the other treatments p < 0.05).
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Fig. 5. Caspase-like activity inDunaliella tertiolecta.
Caspase-like activity was measured as hydrolysis of 7-
amino-4-"uoromethyl coumarin-labelled substrates speci‘c
for caspases 9 (LEHD, panel A) and 3 (DEVD, panel B) and
before and after 6 d dark in the presence and absence of
CHX, MMC, CAP and CAP + CHX. Abbreviations as in

Fig. 3. Bars are means of triplicate measurements and error
bars represent standard deviations. U is the activity of one
unit of enzyme de“ned as 1umol of AFC-labelled substrate
hydrolysed per minute. * indicate signi“cant di erences
between each treatment and the control culture in darkness
(Tukey test).

Discussion

Effects of treatments on F,|F,, and cell numbers

In the Control cultures F,/F,, and cell numbers
declined in a similar manner, probably as a direct
consequence of the apoptotic phenomenon taking
place (Berges & Falkowski, 1998). In contrast,
the patterns were quite di erent when inhibitors
were used. CHX had immediate e ects on both
F./Fn and cell numbers. Although CHX is well
known for inhibiting cytoplasmic protein synth-
esis, it also has been reported to have direct
e ects on chloroplastic protein synthesis and also
indirect e ects upon the thylakoid electronic
transport chain and enzymes related to photo-
synthetic and cell metabolism. For example,
CHX caused a rapid 70...80% reduction in levels
of mMRNA for the chloroplast elongation factor
Tu (tufA) in asynchronously growing Chlamydo-
monas sp. (Kawazoe et al., 2000), and also
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inhibited chloroplast protein synthesis in desicca-
tion-tolerant mosses (Proctor & Smirno, 2000).
The pattern in F,/F,, observed in our experi-
ments was probably due to failure to renew
reaction centre proteins such as D1 (a phenom-
enon well known during nitrogen deprivation; cf.
Berges et al., 1996). The e ect observed inD.
tertiolecta might be due to cessation of cytoplas-
mic protein synthesis related to photosynthesis,
therefore aecting mostly reaction centre pro-
teins. CHX may have a severe e ect on energy
metabolism and this could lead to an accidental
death (i.e. not genetically driven or programmed),
with the programmed death due to darkness
starting later in the survivors. However, when
cultures were grown in the presence of CHX in
light, both F.,/F,, and cell numbers remained
constant (data not shown) and did not drop, as
would be predicted by this hypothesis. The e ects
of CHX on photosynthesis are likely to be
mediated through a number of cytoplasmic
proteins, e.g. a nuclear encoded protease from
Arabidopsis thaliana that performs GTP-depen-
dent primary cleavage of the photodamaged D1
protein and hence catalysing the key step in the
repair cycle in plants (Haussuhler al., 2001); a
FtsH protease from thylakoid membranes, in-
volved in the turnover of photosynthetic protein
complexes. FtsH comprises a protein family that
is encoded by 12 dierent nuclear genes inA.
thaliana. The more rapid losses of cells observed
in presence of CHX and decreased #,, when
compared to dark-exposed controls may be due
to CHX accelerating the execution of a cell death
programme by means of inhibition of key
proteins synthesized in the cytoplasm, but tar-
geted to the chloroplast such as the small subunit
of ribulose-1,5-bisphosphate carboxylase/oxyge-
nase, several light harvesting chlorophyll protein
complex apoproteins and molecular chaperones
involved in the mechanism of protein import into
the chloroplast (Reinbothe et al., 1993).

The decrease in EF,, and cell numbers when
cells were treated with CAP was not as drastic as
with CHX. However, we suggest that CAP and/or
CAP + CHX induced the decline in both "uores-
cence and cell numbers due to the degradation of
proteins such as D1. CAP has been reported to
exert several e ects upon PSIl and cell survival.
The use of CAP and CHX in Chlamydomonas
reinhardtii suggested that photosystem stoichiome-
try adjustments (lowering of the PSI/PSII ratio)
occurs by suppression ofde novo biosynthesis of
PSI components and, therefore, by dilution of the
PSI complex in the thylakoid membrane, rather
than by active degradation of assembled PSI in
chloroplasts (Murakami et al., 1997). Greenet al.
(1992) demonstrated that recovery from iron
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limitation was completely inhibited by either CHX
or CAP in D. tertiolecta and in the marine diatom
Phaeodactylum tricornutum. Uptake of nitrate from
the external medium and the recovery of FF,,
chlorophyll content, and protein accumulation
were inhibited when either cytosolic or chloroplas-
tic protein synthesis was prevented by CHX or
lincomycin in D. tertiolecta (Young & Beardall,
2003). As for reduction in cell numbers, the
morphological change from vegetative to cyst cells
of the unicellular green alga Haematococcus
pluvialis was prevented by CAP, resulting in algal
death (Kobayashiet al., 1997). CAP also inhibited
tobacco cell growth as shown by a reduction (34%)
of cell mass 4 days after treatment (Zhangt al.,
1999).

The drop in F,/F, when cells were treated with
MMC was more gradual than the patterns ob-
served for CHX and for the control. Although the
cultures containing MMC did not undergo apop-
tosis, the decrease in {F, re"ected the e ect that
light deprivation had on the electron transport
chain. However, the loss of photochemical e -
ciency was not paralleled by the loss of cells. These
results suggest that MMC does not have a direct
e ect upon the electron transport chainper se but it
does so upon components of the cell cycle.

Effects of treatments on protease activities and cell
death programmes

Neither the caseinolytic activities that appeared in
D. tertiolecta during cell death, nor the increases in
caspase-like activities were a ected by CHX and/or
CAP, but they were e ectively suppressed by
MMC treatment. CHX e ectively prevents transla-
tion in the cytoplasm, and CAP does so in the
organelles. Based on other organisms so far
examined, the caspases and the rest of the
conventional apoptotic machinery appear to be
nuclear-encoded. CAP has been reported to have
apoptotic e ects in mammals (Guimaraes &
Linden, 2000; Ramachandraner al., 2002), but
there is no direct link so far between CAP and
inhibition of the synthesis of caspase-like proteins.
This suggests that the caspase activation we
observed does not depend on transcription/transla-
tion, but rather on some form of post-translational
regulation of pre-existing proteins.

Mitochondrial DNA in mammals can clearly be
damaged by MMC (Pritsos et al., 1997), and thus
transcription could be prevented; indeed MMC has
been reported to inhibit transcription of superoxide
dismutase (sodl) in hepatocytes (Cher al., 1997).
However, e ects on transcription would ultimately
have manifested themselves in proteins and, since
inhibiting translation had no e ects on cell death,
this does not o er an explanation. Other possible
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explanations for the eects of MMC may be
related to its eects in other areas of cell
metabolism. For example, if MMC prevented cells
from synthesizing DNA, then their cell cycles may
have arrested at a point where they simply could
not initiate the cell death programme; the same
argument might apply to organelle DNA synthesis
as well. In mammalian cells, apoptotic cell death
can be activated by aggregation of the cell surface
death receptor, CD95, after viral infection. MMC
treatment prevented up-regulation of CD95 and
inhibited both caspase-8 cleavage and apoptotic
cell death (Sheard & Vojtesek, 2002). However, it
seems more likely that damage to DNA by MMC
would cause rather than prevent cell death; indeed,
MMC has been shown to trigger apoptosis in
mammalian cells (Parket al., 2000; Pirnia et al.,
2002). It is important to recognize that MMC-
induced cell death in mammalian cells may proceed
through dierent pathways. Vit et al. (2001)
showed that, when apoptosis was induced in
human B-lymphoblasts by ionizing radiation or
MMC, apoptosis proceeded without the normally-
required activation of caspase 8. Replication of the
gene encoding the catalytic subunit of DNA
polymerase zeta (AtREV3) in A. thaliana was
sensitive to MMC (Sakamoto et al., 2003).
Curiously, in the higher plant Pisum sativum, it
has been reported that MMC treatment mimics
some aspects of fungal pathogenesis (triggering
transcription of pathogenesis-related genes), but
does not result in death through the hypersensitive
response (HR) or the programmed cell death
pathway (Choi et al., 2001). Although many
mechanisms of MMC action appear possible in
D. tertiolecta, it is unclear as yet how we might
distinguish them experimentally.

In any case, our results using MMC argue
strongly against the idea that the phenomenon we
have observed is virus-related. MMC is commonly
used for inducing the lysogenic cycle in temperate
viruses (Weinbauer & Suttle, 1996). We expected
that, if temperate viruses were present, the culture
treated with MMC would have declined as a
consequence of the inhibition of DNA replication
and cell cycle arrest in G1, as has been described in
mammals (Ueda & Komano, 1984). However, the
results obtained here were the opposite. Viral
involvement in the process can be e ectively
discounted due to the lack of lysis in the presence
of MMC. In addition, no viral particles were found
at all during the apoptotic phenomenon, as shown
by epi’uorescence microscopy (Segovia & Berges,
unpublished data) and TEM (Segoviaet al., 2003).

The cell death process irD. tertiolecta confers no
obvious ecological advantage or evolutionary
“tness to this organism and it is strange that a
seemingly maladaptative strategy should have
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evolved in a unicellular organism. Segovieer al.
(2003) hypothesized that key elements of cell death
pathways may have been viral in origin. They
suggested that viral genes were transferred to the
nuclear genome of early eukaryotes through
ancient viral infections in the Precambrian Ocean
and that these genes were subsequently appro-
priated for cell death programmes in both metazo-
an and higher plant lineages. Alternatively, there is
the possibility that the transfer took place before
the origin of eukaryotic life itself; a cell death
programme has been identi“ed in the cyanobacter-
ium Anabaena (Ning et al., 2002), caspase activity
occurs in the marine cyanobacteriumTrichodes-
mium sp (Berman-Franket al., 2004), and a reverse
transcriptase gene of retroviral origin is contained
and maintained within a nitrogen assimilation
operon in Trichodesmium as well (Anton Post,
pers. comm.; see Segovier al., 2003).

If this is true, then endosymbiosis and cell death
may have developed in tandem. The endosymbiotic
theory (Margulis, 1981) postulates that eukaryotic
life arose when a prokaryotic host cell engulfed an
aerobic bacterium which ultimately became the
mitochondrion. Photosynthetic eukaryotes evolved
later, as the result of at least two distinct
endosymbiotic events incorporating photosynthetic
bacteria, which became chloroplasts, and there is
ample evidence of lateral gene transfer among host
and endosymbiont genomes (see Falkowskir al.,
2004). Kroemer (1997) “rst pointed out that
apoptosis itself evolved together with the endo-
symbiotic incorporation of aerobic bacteria (the
precursors of mitochondria) into ancestral unicel-
lular eukaryotes and, quite recently, Bidle and
Falkowski (2004) argued that the presence of
eukaryotic cell-death domains (e.g. genes that
encode metacaspases, a family of proteases found
in higher plants, unicellular protists, fungi and
specialized bacteria) in the genomes of Proteobac-
teria, indicates that these genes have a bacterial
origin.

In conclusion, we have demonstrated that
increases in caspase activities were not aected
by CHX and /or CAP, but that MMC essentially
prevented increases in caspase activity and sub-
sequent cell death. Taken together, these results
suggest that caspase increases are most likely due
to post-translational modi“cations, as “rst pro-
posed by Segoviaet al. (2003), and that caspase-
like activities seem to be nuclear encoded iD.
tertiolecta. Further, the dierent e ects of CHX,
CAP and MMC suggest that at least some
features of the cell death pathway in D.
tertiolecta depend on chloroplast or mitochon-
drial transcription/translation and that particular
events may be dependent on the stage of the cell
cycle.
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However, this needs further research to study
chloroplasts and mitochondria as intermediates of
the signalling pathway after reception of the
apoptotic stimuli (as shown by the banding pattern
in the casein zymograms). Some questions will be
answered by ongoing work: are there cell death
proteins in D. tertiolecta encoded by chloroplastic
and mitochondrial DNAs? Is all of the cell death
machinery nuclear encoded, and part of it imported
into the organelles? How well preserved during
evolution are the organellar proteins which are
involved in the cell death event?

We have shown in this work that at least part
of the cell death programme we observe does not
depend on protein synthesis, but rather on post-
translational modi“cation of pre-existing proteins.
This “nding means that understanding the
potential importance of cell death processes in
phytoplankton populations in nature will prob-
ably require biochemical measurements of speci“c
features of cell death, rather than measurement
of gene expression. Further, our results discount
the involvement of temperate virus during the cell
death process and raise the possibility that non-
viral cell death in phytoplankton is a signi“cant
process in nature.
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