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In the modern ocean, phytoplankton maintain extremely high primary production/biomass ratios, indicating
that they bloom, die, and are replaced weekly. The molecular mechanisms regulating cellular mortality and
turnover are largely unknown, even though they effectively short-circuit carbon export to the deep ocean
and channel primary productivity to microbial food webs. Here, we present morphological, biochemical, and
molecular evidence of caspase-mediated, autocatalytic programmed cell death (PCD) in the diatom Thalassio-
sira pseudonana in response to iron starvation. Transmission electron microscopy revealed internal degrada-
tion of nuclear, chloroplastic, and mitochondrial organelles, all while the plasma membranes remained intact.
Cellular degradation was concomitant with dramatic decreases in photosynthetic efficiency, externalization of
phosphatidylserine, and significantly elevated caspase-specific activity, with the addition of a broad-spectrum
caspase inhibitor rescuing cells from death. A search of the T. pseudonana genome identified six distinct
putative metacaspases containing a conserved caspase domain structure. Quantitative reverse transcription-
PCR and Western blot analysis revealed differential gene and protein expression of T. pseudonana meta-
caspases, some of which correlated with physiological stress and caspase activity. Taken together with the
recent discovery of the metacaspase-mediated viral infection of phytoplankton (K. D. Bidle, L. Haramaty, J.
Barcelos-Ramos, and P. G. Falkowski, Proc. Natl. Acad. Sci. USA 104:6049–6054, 2007), our findings reveal a
key role for metacaspases in the turnover of phytoplankton biomass in the oceans. Furthermore, given that Fe
is required for photosynthetic electron transfer and is chronically limiting in a variety of oceanic systems,
including high-nutrient low-chlorophyll regions, our findings provide a potential ecological context for PCD in
these unicellular photoautotrophs.

Phytoplankton, or unicellular photoautotrophs that drift
with the currents, represent the base of most marine food
webs. Although they account for �1% of the Earth’s biomass,
they are responsible for nearly 50% of global annual carbon-
based primary productivity (31). The steady-state maintenance
of such a high production/biomass ratio implies that, on aver-
age, these organisms grow, die, and are replaced once every
week (57). Substantial cell death via lysis documented in field
populations of phytoplankton (1, 2, 14, 16, 58) challenges the
long-held misconception among biological oceanographers
that phytoplankton are immortal unless eaten by zooplankton
grazers and highlights the importance of key death processes to
marine ecosystems. Unfortunately, the mechanisms regulating
phytoplankton cell death have received relatively little atten-
tion, even though they serve to couple primary production to
microbial food webs (10), effectively short-circuiting carbon
export to the deep ocean and stimulating upper ocean biogeo-
chemical cycling (4, 10).

Autocatalytic cell death triggered by specific environmental
stresses (e.g., cell age, nutrient deprivation, high light levels,
oxidative stress, and UV exposure) in prokaryotic and eukary-

otic unicellular phytoplankton (6, 10, 42, 51, 59) provides a
mechanism to explain the high lysis rates independent of viral
attack or grazing. This cellular self destruction is analogous to
programmed cell death (PCD) in multicellular organisms, a
form of autocatalytic cell suicide in which an endogenous bio-
chemical pathway leads to apoptotic-like morphological
changes and, ultimately, cellular dissolution. PCD involves the
expression and biochemical coordination of specialized cellu-
lar machinery, such as receptors, adaptors, signal kinases, pro-
teases, and nuclear factors. A specific class of intracellular
cysteinyl aspartate-specific proteases, termed caspases, is of
particular interest due to their ubiquitous role in both the
initiation and execution of PCD through the cleavage of vari-
ous essential proteins in response to proapoptotic signals (55).

The discovery of caspase homologues, paracaspases and
metacaspases, in morphologically diverse organisms, including
animals, higher plants, slime molds, unicellular protists, fungi,
and bacteria (56), suggests that they may represent an ances-
tral core of executioners that led to the emergence of the cell
death machinery. Presumably, early ancestors of plants and
animals had minimal apoptotic machinery, with the more com-
plex PCD systems in animals emerging with metazoans. While
most metacaspase genes have been characterized only in silico,
their genetic signatures have been directly linked to caspase
activity in yeast (41) and trypanosomes (53). Their cellular
roles, however, still remain an open question regarding unicel-
lular protists and plants. Nonetheless, metacaspases (along
with other putative PCD-related proteins) are widespread
among prokaryotic and eukaryotic phytoplankton genomes
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(10), hinting at their early evolutionary development within
these organisms. Furthermore, morphological and biochemical
characteristics of caspase-mediated PCD have been observed
in diverse phytoplankton lineages, including cyanobacteria,
chlorophytes, and dinoflagellates (6, 42, 51, 59).

Diatoms are a class of unicellular phytoplankton with chro-
mophyte lineage (29) that account for �40% of total marine
primary productivity in the modern ocean (47), including
coastal and open-ocean upwelling zones (20, 28, 44, 45), warm
oligotrophic gyres (18, 19), and the Southern Ocean (46). Since
downward fluxes of biogenic silica and organic matter in the
modern ocean derive largely from diatom productivity (40, 47,
50), there is increased interest in the mechanistic processes
that regulate their fate. Indeed, the physiological state and life
history of diatom assemblages dictate whether diatom Si and
its associated organic C are either recycled in the euphotic
zone or exported to depth (8, 9, 17), placing mechanistic im-
portance on cellular processes mediating the bloom-to-post-
bloom transition.

Autocatalytic cell death in diatoms was first documented in
Ditylum brightwellii (15) and Thalassiosira weissflogii (5) in re-
sponse to nutrient limitation, with the latter study reporting
the activation of unknown proteases. More recently, a thresh-
old and dose-dependent response to secondary metabolites
elicited from diatoms during stress, such as the aldehyde
2-trans, 4-trans-decadienal, was shown to induce morphological
and biochemical features of apoptosis (22). Subsequently,
Vardi et al. (61) demonstrated a stress surveillance and cell-
cell communication system in Phaeodactylum tricornutum that
employs secondary messengers (e.g., nitric oxide and calcium)
to critically regulate PCD and cell fate. A novel calcium-reg-
ulated protein (ScDSP), with a transmembrane domain and a
pair of EF-hand motifs, also was identified recently in the
diatom Skeletonema costatum and shown to have strong up-
regulation of gene expression in dying cells, suggestive of a role
in the signal transduction of stress to the death machinery (24).
These studies have provided intriguing mechanistic insights
into how diatoms couple environmental stress levels with cell
death. Nevertheless, we still have very little mechanistic insight
into the biochemical execution of autocatalytic cell death in
diatoms, especially its relationship to caspase-mediated PCD.

Here, we investigate the activation of autocatalytic PCD in
the diatom Thalassiosira pseudonana as a central death path-
way in response to nutrient starvation. T. pseudonana is rep-
resentative of natural diatom populations and is an excellent
model system to elucidate molecular signatures of PCD, given
its completed genome sequence (3). We specifically examine
the presence of metacaspase genes in T. pseudonana, their
expression in response to physiological stress, and their poten-
tial role in the implementation of PCD.

MATERIALS AND METHODS

Culture maintenance and sampling. Thalassiosira pseudonana (strain CCMP
1335) was obtained from the Provasoli-Guillard Culture Collection for Marine
Phytoplankton (Bigelow Laboratory for Ocean Sciences, ME). Liquid batch
cultures of T. pseudonana were grown in f/2 medium and incubated at 18°C under
a 14-h light/10-h dark illumination regimen at 100 microeinsteins m�2 s�1 with
constant bubbling (33). The light intensity was measured using a Li-Cor quan-
tum/radiometer/photometer (model LI-189).

For experimental setup, a starter culture of T. pseudonana was grown in f/2
medium to late exponential phase (�2.0 � 106 cells ml�1), after which the cells

were pelleted via centrifugation (10,000 � g, 18°C, 10 min) and washed once in
an equal volume of autoclaved (0.2-�m filter pore size) filtered seawater in order
to remove residual medium. Washed cells were used to inoculate 3-liter treat-
ments of modified or replete f/2 medium. The initial cell concentration of each
culture treatment was 1.5 � 105 cells ml�1. Culture treatments consisted of
replete f/2 medium (883 �M nitrate, 107 �M silicate, 36 �M phosphate, and 10
�M iron) and f/2 medium without added iron (Fe starved).

Triplicate samples were removed daily from each culture and monitored for a
variety of physiological parameters. Growth and cell abundance were determined
using a Coulter multisizer II (Beckman Coulter). Sample volumes (500 �l) were
counted using a 70-�m orifice diameter. The maximum photochemical quantum
yield of photosystem II (variable fluorescence/maximum fluorescence ratio [Fv/
Fm]) was determined using the fluorescence induction and relaxation system
(FIRe; Satlantic Instrument) as an indication of photosynthetic health (38). Cell
pellets also were collected via centrifugation for subsequent biochemical and
molecular biological analyses. Pellets were frozen immediately in liquid nitrogen
and stored at �80°C until processing.

TEM. The internal cell morphology of T. pseudonana cells was examined using
transmission electron microscopy (TEM). Cells were pelleted via centrifugation
(10,000 � g, 4°C, 5 min) and resuspended in 500 �l Trump’s EM fixative (4%
formaldehyde, 1% glutaraldehyde in phosphate buffer, pH 7.2) overnight at 4°C.
Cells were rinsed once, resuspended in phosphate-buffered saline (PBS; pH 7.5),
and stored at 4°C for �1 week. Fixed cells were rinsed three times for 15 min in
Milloning’s phosphate buffer, pH 7.3, postfixed for 2 h in 1% buffered OsO4,
washed three times, and dehydrated through a graded series of ethanol. After the
replacement of ethanol with propylene oxide, cells were embedded in an Epon-
Araldite cocktail. Sections were cut using an LKB 2088 ultramicrotome, col-
lected on 200-mesh copper grids, and stained with uranyl acetate and lead citrate.
The stained sections were visualized and photographed using a JEM-100CXII
electron microscope.

Measurements of caspase activity. Cells were resuspended in caspase activity
buffer {50 mM HEPES (pH 7.3), 100 mM NaCl, 10% sucrose, 0.1% 3-[(3-
cholamidopropyl)-dimethylammonio]-1-propanesulfonate, and 10 mM dithio-
threitol} and sonicated on ice (four times, each for a 30-s cycle�1) using an ultra
cell disruptor (Microson) set at power level 2. Cell extracts were centrifuged
(10,000 � g, 2 min), and supernatant was transferred into triplicate microtiter
plate wells containing the fluorogenic, peptide substrate for caspase-8, Ile-Glu-
Trp-Asp-7-amido-4-trifluoromethylcoumarin (IETD-AFC; Calbiochem) at a 50
�M final concentration. The hydrolysis of the substrate for caspase 3, Asp-Glu-
Val-Asp-AFC (DEVD-AFC), also was tested. Purified recombinant human
caspase 8 was purchased commercially (BioMol) and served as a positive control
for activity (10 ng assay�1). This caspase 8 was derived from human cDNA
encoding residues identical to residues Ser-217 to Asp-479 (C terminus; Swiss-
Prot accession no. Q14790) and expressed in Escherichia coli. A mixture of
activity buffer and IETD-AFC served as a negative control. A kinetic analysis was
performed for substrate cleavage (excitation, 400 nm; emission, 505 nm) over a
2-h period with measurements taken at 10-min intervals using a Spectra Max
Gemini XS plate reader (Molecular Devices) and the SoftMax Pro 3.1.1 analysis
program. Cleavage rates were normalized to protein, as determined by the
bicinchoninic acid protein assay kit (Pierce).

The broad-spectrum caspase inhibitor z-Val-Ala-Asp-fluromethylketone (z-
VAD-FMK) was added to cell extracts prior to the addition of IETD-AFC in
caspase activity assays to test for the elimination of caspase activity. The inhibitor
also was added to Fe-starved cultures (final concentration, 20 �M) to test for its
effect on in vivo cell physiology. Since z-VAD-FMK was dissolved in dimethyl
sulfoxide (DMSO), DMSO-only additions (0.1% final concentration) were run in
parallel as controls. The Fe concentration in the inhibitor was determined by
medium resolution and inductively coupled plasma mass spectrometry (ICP-MS;
Finnigan Element 2) at the Rutgers Inorganic Analytical Laboratory and com-
pared to DMSO and duplicate procedural blanks in order to detect trace Fe
contamination. Equal volumes (10 �l) of DMSO-reconstituted inhibitor (220
nmol) and DMSO were digested overnight with 250 �l of 50% quartz-distilled
nitric acid (Q-HNO3) in 3-ml Teflon bombs for 12 h on a hotplate. Digests were
dried and reconstituted in 1 ml 5% Q-HNO3. Each procedural blank consisted of
a 50% Q-HNO3 digest followed by reconstitution in 1 ml 5% Q-HNO3. Samples
were spiked with a Y internal standard prior to ICP-MS analysis.

In situ detection of PCD markers. Cells were stained in vivo with a fluorescein
isothiocyanate (FITC) conjugate of z-VAD-FMK to visualize cells containing
activated caspases (CaspACE; Promega Corporation, Madison, WI). Cells were
pelleted via centrifugation (10,000 � g, 10 min, 4°C), washed once with PBS (pH
7.5), and resuspended in PBS prior to the addition of CaspACE (final concen-
tration, 20 �M). Cells were stained for 20 min at 18°C in the dark, after which
they were pelleted via centrifugation, washed once with PBS, fixed with 2%
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formalin–PBS, and stored at 4°C until analyzed (within 1 week). An unstained
control was performed at each time point for comparison.

Staining with Annexin V-FITC (Invitrogen-Molecular Probes) was used as an
in vivo test for phosphatidylserine (PTS) externalization, a diagnostic marker of
PCD. Cells were harvested via centrifugation, resuspended in 100 �l of Annexin
binding buffer (10 mM HEPES, 140 mM NaCl, and 2.5 mM CaCl2, pH 7.4), and
stained with 10 �l of Annexin V for 20 min at room temperature in the dark.
After being stained, cells were pelleted via centrifugation, washed once with PBS,
resuspended in 2% formalin–PBS, and stored at 4°C until further analysis.

Stained cells were visualized and photographed by differential interference
contrast and epifluorescence microscopy using an IX71 inverted microscope
(Olympus) and a Retiga Exi SVGA high-speed monochromatic cooled charge-
coupled-device camera (QImaging) interfaced with iVision acquisition/image
analysis software (version 4.0; BioVision Technologies). Samples also were quan-
tified by flow cytometry using a Beckman Coulter Cytomics FC500 flow cytom-
eter (Flow Cytometry Core Facility, Environmental and Occupational Health
and Safety Institute, Rutgers University). An unstained control was used for each
sample set (i.e., for each sampling time and treatment) to gate T. pseudonana
cells based on side scatter (size) and forward scatter (granularity) and to correct
for background FITC fluorescence. Five thousand cells were counted for each
sample.

Metacaspase identification. Metacaspase genes were identified in the T.
pseudonana genome using annotated gene models (DOE Joint Genome Insti-
tute; http://genome.jgi-psf.org/Thaps3/Thaps3.home.html) and confirmed by per-
forming a translation BLAST (tBLASTn) with a known metacaspase protein
from Saccharomyces cerevisiae (ScMca-1) (41). A subsequent protein BLAST
(BLASTp) search was performed in GenBank for each putative metacaspase
protein in order to determine the identity of the closest match and to look for the
presence of conserved domains (COGs) (NCBI; http://www.ncbi.nlm.nih.gov/).
Multiple metacaspase protein alignments were performed with Clustal W using
the Vector NTI package. Protein targeting predictions were assessed using the
TargetP, version 1.1, server (http://www.cbs.dtu.dk/services/TargetP/).

Western blot analysis. Frozen cells were resuspended in a mixture of PBS and
protease inhibitor cocktail (Sigma), sonicated, and centrifuged (16,000 � g, 1
min). Supernatants were loaded with equal amounts of protein onto 15% Cri-
terion Tris-HCl polyacrylamide gels (Bio-Rad), subjected to sodium dodecyl
sulfate (SDS)-polyacrylamide gel electrophoresis (200 V, 1.5 h), and transferred
onto polyvinylidene difluoride membranes (100 V, 1 h). Transfer buffer consisted
of (per 500 ml of MilliQ water) 15.0 g Tris base, 72.0 g glycine, and 5.0 g SDS.
Membranes were probed with polyclonal antisera raised against a purified, re-
combinant metacaspase protein from Emiliania huxleyi (EhMC; titer, 1:500) (11),
preimmune antisera (collected from the same rabbits prior to injection with
purified EhMC; 1:500), or polyclonal antisera to purified recombinant T. pseudo-
nana manganese superoxide dismutase (Mn-SOD; titer, 1:3,000) (64). Polyclonal
goat anti-rabbit immunoglobulin G (IgG) horseradish peroxidase (HRP) (titer,
1:10,000; Pierce) and an HRP chemiluminescent substrate (Bio-Rad) was used
for detection. Cell extracts from E. huxleyi (10 �g total protein lane�1) and
commercial recombinant human caspase 8 (10 ng lane�1; BioMol) served as
controls. Hybridization with the anti-rabbit IgG HRP secondary antibody con-
trolled for nonspecific binding.

qRT-PCR. DNA oligonucleotide primers were designed for each T. pseudo-
nana metacaspase (TpMC) gene using the PrimerQuest tool (Integrated DNA
Technologies; http://www.scitools.idtdna.com/Primerquest/). An additional
primer set was designed for actin, which served as a housekeeping gene and a
normalizer for quantitative real-time PCR (qRT-PCR) analyses of RNA expres-
sion (54). Primer sequences were designed within exon coding regions for all
genes (Table 1).

Metacaspase gene fragments were amplified from genomic DNA, cloned into
a PCR-compatible cloning vector (pCR4.0 TOPO; Invitrogen), and transformed
into TOP 10-competent E. coli cells (Invitrogen). Actin amplicons were cloned
into pCR2.1-TOPO (Invitrogen). Upon confirmation of positive clones, plasmid
DNA was purified using a commercial plasmid DNA preparation kit (Qiagen)
and linearized via a restriction enzyme digestion (PstI for metacaspase clones,
NcoI for actin clones) according to the manufacturer’s protocol (Promega).

Linear plasmid DNA and primer sets were used to determine optimal PCR
conditions, including forward primer/reverse primer ratios, MgCl2 concentration,
and total primer concentration. Optimization procedures were necessary in or-
der to provide confidence in maximal PCR amplification. Once all conditions
were optimized, standard curves were generated using serially diluted linear
plasmid DNA for each gene. Optimal conditions were taken to be the lowest
amplification threshold cycle in combination with minimal primer dimers. The
Stratagene two-step brilliant qRT-PCR core reagent kit was used to optimize
each of the primer sets to an amplification efficiency above 85%. Quantitative

PCR progression was monitored using the intercalating dye Sybr green I on a
Stratagene MX 3000P instrument.

RNA extraction and gene expression analysis. The expression of each TpMC
gene was analyzed using qRT-PCR for triplicate samples collected from replicate
cultures. Total RNA was extracted using TRIzol reagent (Invitrogen), and con-
taminating DNA was removed with Turbo DNase treatment (Ambion), both
according to the manufacturers’ protocols. Additional DNase was added to
samples, which contained more than 200 �g ml�1 RNA. One microliter of
DNase was added every 30 min over a 1.5-h incubation period. RNA was
quantified after DNase treatment. A first-strand cDNA synthesis kit utilizing 50
�M oligo(dT) primers was used to generate cDNA (Stratagene). Equal concen-
trations of RNA were loaded into the first-strand reaction, and 1 �l of cDNA was
loaded into each subsequent qRT-PCR. Gene expression was determined using
a relative quantification protocol in the MX300P software package (Stratagene).
The expression of target metacaspase genes was normalized to actin and cali-
brated to an initial time point (1 day). Calculations incorporated individual gene
amplification efficiencies. Reactions either containing no template or containing
DNase-treated RNA (without an RT reaction) as the template were run for each
gene and served as negative controls.

RESULTS

Physiological response to culture age and iron starvation.
Fe starvation triggered acute physiological stress, with cultures
reaching a relatively low maximum cell concentration of 8.6 �
105 cells ml�1 on day 3 before rapidly declining by 90% to
6.8 � 103 cells ml�1 on day 7 (Fig. 1A). The replete treatment
displayed more extensive and sustained growth, reaching a
peak cell concentration of 2.3 � 106 cells ml�1 after 4 to 5 days.
After this point, the cell abundance declined with a mortality
rate of 0.13 to 0.79 day�1.

The Fv/Fm was monitored as a measure of photosynthetic
health. Both cultures started with an Fv/Fm of �0.5 (Fig. 1B),
indicative of healthy photosystem II photochemistry. Fv/Fm in
the Fe-starved treatment declined steadily over the experimen-
tal time period, dropping by 46% to 0.16 at day 6, after which
it remained at �0.1 (Fig. 1B). Replete cells maintained an
Fv/Fm of �0.4 for the first 5 days, after which it dropped to
�0.1, concomitant with declining cell numbers.

Caspase activity. Decreases in cell abundance and Fv/Fm

coincided with steady increases in caspase-specific activity, as

TABLE 1. Primer sequences used to monitor gene
expression in T. pseudonana

Primer namea Primer sequenceb (5�–3�)

TpMC1, 507F......................TGTCCTCATGGATGATGGAGAGCA
TpMC1, 729R .....................ATCATCGCGAATCATACCAGCCGA
TpMC2, 11F........................TTCCTAATACACCACGCGGTTCCA
TpMC2, 473R .....................AACGCAATCAAACGACAGCCTTCC
TpMC3, 865F......................ACACAACGTGCAGTGTTGATTGGG
TpMC3, 1149R ...................TTCGTCGCCGTTATCGTCCTTGAT
TpMC4, 101F......................ATGGGCAGACTTGCTACGGAAGAT
TpMC4, 569F......................AGGAACCAAAGCCTCGTCGTAACT
TpMC5, 29F........................AATCCTTCGGGTACAAAGAGGGCA
TpMC5, 357R .....................AATCCGCCGGTATCAAAGTCTCGT
TpMC6, 57F........................TTACGTCGGACAGCAAGGTCAACT
TpMC6, 451R .....................AATGACAGCAATCCATCAACGCCG
Actin, 235Fc.........................ACCAACTGGGACGACATGGAGAAA
Actin, 490R .........................TGTGGGTAACACCATCTCCCGAAT

a Numbers after the TpMC designation refer to the location on the transcript.
b Primers were designed using the Primerquest tool (Integrated DNA Tech-

nologies; http://www.scitools.idtdna.com/Primerquest) and refer to genes listed
in Table 2.

c Used as a housekeeping gene (Protein ID 25772 	ACT1
 from the database
at http://genome.jgi-psf.org/Thaps3/Thaps3.home.html).

VOL. 7, 2008 AUTOCATALYZED, PROGRAMMED CELL DEATH IN T. PSEUDONANA 225

 by on F
ebruary 8, 2008 

ec.asm
.org

D
ow

nloaded from
 

http://ec.asm.org


FIG. 1. Physiological response of T. pseudonana to culture age and Fe starvation. (A) Time course of cell abundance showing the growth and
subsequent crash of batch cultures incubating in replete medium or Fe-starved medium. (B) Caspase-specific activity (bars) and photosynthetic
efficiency of photosystem II (lines) during the same time period. Error bars represent the standard deviations of technical triplicates. The
experiment shown is typical of three experiments. Where not visible, error bars are smaller than the symbols. (C) TEMs of cells incubated in each
condition and illustrating morphological changes at the selected time points. The elapsed time (in days) is indicated in the top corner of each panel.
Scale bars, 1 �m. d, day; n, nucleus; m, mitochondria; c, chloroplast; and v, vacuole.
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measured by the cleavage of IETD-AFC. Caspase-specific ac-
tivity increased by 24- and 35-fold over the 10-day time course
for replete and Fe-starved treatments, respectively. Fe starva-
tion consistently triggered higher caspase activity at each re-
spective sampling time, with activity peaking on day 10 at
�4,000 relative fluorescence units (RFU) mg protein�1 h�1.
DEVD-AFC hydrolysis rates also were elevated over this time
period, but they ranged from only 31 to 54% and 26 to 40% of
that of IETD-AFC hydrolysis in Fe-starved and replete treat-
ments, respectively. Caspase activation in T. pseudonana
showed a dependence on photosynthetic stress (low Fv/Fm) and
mortality rate (Fig. 2); linear regressions yielded r2 values of
�0.5 for all treatments, with Fe-starved cells displaying steeper
slopes.

Internal morphological characteristics. TEM analysis de-
tected distinct, internal morphological changes in each culture
condition (Fig. 1C). Cells collected during a period of expo-
nential growth (day 3) were characterized by generally high
electron density and organized, distinct, compact organelles,
including a nucleus, chloroplasts with well-defined thylakoid
membranes, mitochondria, and nutrient storage vacuoles. De-
fined organelles were still visible in the replete culture after 5
days, but by 7 days there was clear internal degradation char-
acterized by the lack of recognizable organelles and empty
regions of low electron density, all while cell membranes re-
mained intact.

Fe-starved cells were characterized by more dramatic vacu-

olization and internal degradation, coincident with decreases
in cell abundance and Fv/Fm and increases in caspase-specific
activity. Most cells lacked the most recognizable organelles by
day 4 and appeared empty by day 6 (Fig. 1C, bottom panels).
Genomic DNA degradation was observed as a smear on aga-
rose gels during this time period (data not shown), consistent
with massive internal organelle degradation via TEM. In each
case, cells generally contained intact cell membranes, with no
visual evidence of cell lysis.

In vivo staining for PCD markers. Staining of T. pseudonana
cells with CaspACE and Annexin V-FITC was most prominent
for photosynthetically unhealthy cells, identified by their weak,
red chlorophyll fluorescence (Fig. 3A and B). A relatively small
percentage of cells was positively stained in Fe-starved cultures
at early time points (2 days); 2.1 and 14.8% of cells were
stained with Annexin V and CaspACE, respectively (Fig. 3C
and D). Staining increased markedly at later time points,
reaching 61.6 and 73.1% after 7 days for Annexin V and
CaspACE, respectively, as illustrated by a clear shift in the cell
population toward increased fluorescence (approximately five-
fold) (Fig. 3C and D). The percentage of positively stained T.
pseudonana cells, quantified by flow cytometry, was dramati-
cally elevated in Fe-starved cultures over time (Fig. 3E), with
both stains generally paralleling each other in timing and ex-
tent. The percentage of CaspACE-stained cells increased from
10.4 (day 3) to 73.1% (day 7) (staining was not measured on
day 8), while the percentage of Annexin V-FITC-stained cells
increased from 10.8 to 61.6% over the same time period. Even
though there was a slight increase during the course of the
experiment, the degree of staining for replete cells was notice-
ably lower, remaining at �20%.

Effect of caspase inhibition. The addition of the caspase
inhibitor z-VAD-FMK to Fe-starved cells reduced cellular
caspase activity by 97 and 91% after 1 and 2 days, respectively,
compared to the activity of the DMSO-only and untreated
Fe-starved cells (Fig. 4, inset). Inhibitor treatment rescued
cells from death and triggered a marked increase in T. pseudo-
nana cell abundance to 2 � 106 cells ml�1 (day 1) and �3.0 � 106

cells ml�1 (day 2), corresponding to specific growth rates of 0.5
to 0.6 day�1. The increases in growth upon the addition of
z-VAD-FMK resulted in a surplus of 1.8 � 106 to 2.4 � 106

cells ml�1 at 1 to 2 days, very low caspase activity, and raised
Fv/Fm from 0.281 to 0.475. In contrast, cell abundance in both
the DMSO-only and untreated cultures peaked at �1.0 � 106

cells ml�1 and subsequently decreased after 1 to 2 days, with
both cultures exhibiting low (0.09 to 0.19) or negative growth
rates (�0.05 to �0.99), elevated caspase-specific activity
(�1,200 RFU mg protein�1 h�1), and low Fv/Fm (0.227 to
0.295) (Fig. 4). The observed physiological response to
z-VAD-FMK addition was not due to Fe contamination. Mea-
sured Fe concentrations in the z-VAD-FMK caspase inhibitor
stock and DMSO were identical and very low (�0.1 ppm).
Potential Fe carryover from the DMSO and inhibitor spikes
was calculated to be 1.7 nM, far lower than the 88 nM mini-
mum required to account for the observed growth, based on
measured cellular iron quotas in T. pseudonana of 40 amol
cell�1 (39).

Metacaspase identification. Six metacaspase genes were
identified in the T. pseudonana genome with putative molecu-
lar masses ranging from 17.8 to 52.4 kDa (Table 2). Expressed

FIG. 2. Relationship between caspase activity and specific growth
rate (A) or Fv/Fm (B) for aging (thin line) and Fe-starved cultures
(thick line). Linear regressions were performed with the indicated
correlation coefficients. (A) For aging cultures, y � 325.9e�1.3163x; for
Fe-starved cultures, y � 567.28e�2.7396x. (B) For aging cultures, y �
1055.4e�4.5382x; for Fe-starved cultures, y � 4827.6e�7.9256x). d, day.
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sequence tags (EST) have been detected for the predicted
metacaspases (43), but we note that not all current gene mod-
els have been verified experimentally. TpMC proteins were
most similar to metacaspase-like proteins from various fungi,

including Aspergillus fumigatus Af293, Coprinopsis cinerea
okayama 7#130, Neurospora crassa OR74A, and Pichia stipitis
CBS 6054, as well as the higher plant Vitis vinifera; E values
ranged from 4 E�24 to 9 E�44 (Table 2). A conserved pepti-

FIG. 3. In vivo detection of PCD markers in T. pseudonana. (A, C) Staining for the externalization of PTS using Annexin V-FITC. (B, D)
Staining for caspase activity using z-VAD-FMK–FITC. (A, B) Differential interference contrast micrographs (DIC) detailing the cell structure and
epifluorescence micrographs demonstrating cellular fluorescence due to chlorophyll (Chl) or PCD stains (Annexin V and z-VAD-FMK). Arrows
indicate positively stained cells. (C, D) The relative fluorescence distributions of Fe-starved cells sampled at 2 and 7 days, as determined by flow
cytometry (5,000 cells were counted). (E) Comparison of Annexin V and CaspACE staining for replete and Fe-starved cultures during an 8-day
time course. nd, not determined; d, day.
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dase_C14 caspase domain (pfam00656) was detected in each
TpMC (E values of 6 E�12 to 6 E�25). In addition, TpMC2 and
TpMC5 contained an uncharacterized protein-containing
caspase domain (COG4249) (Table 2). Multiple alignments of
the six TpMC proteins with metacaspases from A. fumigatus
Af293, S. cerevisiae, and the marine coccolithophore E. huxleyi
confirmed amino acid identities around cysteine-histidine cat-
alytic active-site regions characteristic of caspase-like proteins
(Fig. 5). Protein target analyses (using TargetP, version 1.1)
predicted that TpMC3 contains a chloroplast transit peptide
and is targeted to the chloroplast, with a probability of 0.943
and a reliability class of 1. A similar analysis predicted that
TpMC2 is targeted to the mitochondria, although at a lower

probability (0.614) and reliability class (4). All other meta-
caspases showed no apparent organelle targeting.

Metacaspase and Mn-SOD protein expression. Western
blot analysis of T. pseudonana cell extracts collected from re-
plete or Fe-starved cultures (Fig. 6A) revealed immunohybrid-
ization of distinct proteins to a polyclonal antibody raised
against a purified, recombinant 36-kDa EhMC (Fig. 6B). Hy-
bridizing proteins in T. pseudonana ranged in size from �17 to
�50 kDa and corresponded to putative molecular masses of all
identified TpMC proteins (Table 2). The most intense immu-
nohybridization occurred with an �50-kDa protein(s) in expo-
nentially growing cells at early time points in both culture
treatments (Fig. 6B, band a; Fig. 6D). This band persisted for
up to 10 days in the replete culture but disappeared in the
Fe-starved culture after 5 days. Intense early expression also
was seen for an �17-kDa protein in both treatments, eventu-
ally disappearing after 4 days (Fig. 6B, band b). Faint immu-
nohybridization was observed with �20-kDa proteins at 3 to 4
days for Fe-starved cells (Fig. 6B, bands c and d). The disap-
pearance of the 50- and 17-kDa bands was marked by the
appearance of distinct �37-kDa (band e) and �25-kDa (band
f) proteins, with the latter being in the Fe-starved culture only.
The expression of these proteins was linked with cell death and
marked increases in caspase-specific activity (Fig. 6D).

The EhMC polyclonal antibody displayed strong, specific
immunohybridization to a �36-kDa protein in E. huxleyi cell
extracts, corresponding with the purified, recombinant EhMC
protein size used to generate the antibody. Strong hybridiza-
tion also was observed for the expected 18- and 12-kDa bands
characteristic of purified, recombinant human caspase 8 (Fig.
6B). No hybridization was detected when T. pseudonana cell
extracts were incubated with preimmune rabbit antisera or the
anti-rabbit IgG HRP conjugate (not shown).

The same cell extracts were probed with a polyclonal anti-
serum against Mn-SOD from T. pseudonana in order to deter-
mine if cells were experiencing oxidative stress (Fig. 6C). The
only hybridization observed in both Fe-starved and replete cell
extracts was to the �25-kDa Mn-SOD (64). Mn-SOD was
consistently upregulated in Fe-starved cell extracts from all

FIG. 4. Response of cell abundance and caspase-specific activity
(inset) to the addition of z-VAD-FMK (arrow) to an Fe-starved cul-
ture. Caspase activity was measured after the addition on days 1 and 2
to determine the effectiveness of the inhibitor. Error bars represent the
standard deviations of measurements from triplicate samples. For cell
abundance data, error bars are smaller than the symbols. d, day.

TABLE 2. Metacaspase genes in T. pseudonana showing the closest BLAST matches and conserved domains

Protein
IDa

Abbreviation
(this study)

Putative molecular
massb (kDa) Best BLAST hitc (accession no.); E value Conserved domain(s) (E value)

270038 TpMC1 35.2 Hypothetical protein CCIG_08798,
Coprinopsis cinerea okayama7#130
(EAU92175); 3 E-38

pfam00656, peptidase_C14 caspase domain (6 E-17)

36443 TpMC2 23.1 Predicted protein, Pichia stipitis CBS 6054
(XP_001386423); 1 E-43

pfam00656, peptidase_C14 caspase domain (6 E-25);
COG4249, uncharacterized protein containing
caspase domain (5 E-3)

2505 TpMC3 52.4 Hypothetical protein, Neurospora crassa
OR74A (XP_959720); 2 E-41

pfam00656, peptidase_C14 caspase domain (2 E-16)

268857 TpMC4 38.8 Hypothetical protein, Vitis vinifera
(CAN66365); 4 E-24

pfam00656, peptidase_C14 caspase domain (9 E-15)

270007 TpMC5 26.5 Metacaspase CasA, Aspergillus fumigatus
Af293 (XP_750419); 2 E-26

pfam00656, peptidase_C14 caspase domain (6 E-12);
COG4249, uncharacterized protein containing
caspase domain (4 E-3)

38187 TpMC6 17.8 Metacaspase CasA, Aspergillus fumigatus
Af293 (XP_750419); 9 E-44

pfam00656, peptidase_C14 caspase domain (1 E-16)

a http://genome.jgi.psf.org/Thaps3/Thaps3.home.html.
b Based on the translated protein sequence of the gene model.
c http://www.ncbi.nlm.nih.gov/.
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time points, indicative of chronic oxidative stress. In contrast,
cell extracts from healthy, actively growing replete cells had
low-level expression of Mn-SOD, with expression greatly in-
creasing as cells reached stationary and death phases, diag-
nostic of elevated levels of reactive oxygen species (ROS)
(Fig. 6D).

Metacaspase gene expression. We also assessed the expres-
sion of individual TpMC genes in the same cell extracts (Fig.
7). Distinct differences were observed in the extent and pattern
of TpMC gene expression for replete and Fe-starved cultures.
Gene expression was detected for TpMC1, TpMC3, TpMC4,
TpMC5, and TpMC6 in replete cultures (Fig. 7), with most
genes being downregulated relative to initial day 1 levels. Only
TpMC4 expression was elevated (more than twofold at 5 days).
TpMC2 transcripts were not detected in replete cultures.
All TpMC genes were expressed in Fe-starved cells, with sev-
eral TpMC genes being upregulated, especially at later time
points (�5 days), as cells displayed physiological stress and
mortality (Fig. 6C). TpMC2 and TpMC4 expression were up-
regulated up to threefold after 5 to 6 days, coincident with cell

death and caspase activation (Fig. 6C). TpMC5 and TpMC6
also were slightly upregulated at early time points (�5 days)
but subsequently dropped below day 1 levels. TpMC1 and
TpMC3 were consistently downregulated in Fe-starved cells by
as much as three- to fourfold.

DISCUSSION

The primary goal of this study was to investigate the activa-
tion and execution of autocatalytic PCD in the model diatom
Thalassiosira pseudonana. Previous studies have documented
autocatalytic cell death in diatoms in response to nutrient
limitation (5, 15) characterized by the activation of unidenti-
fied proteases (5), but detailed mechanistic insights into the
identity of induced proteases and the relationship of autocat-
alytic cell death to caspase-mediated PCD remain unknown.
We utilized T. pseudonana as a model system to elucidate the
morphological and biochemical characteristics of autocatalytic
PCD in diatoms in response to nutrient stress and culture age.
Not only is T. pseudonana represented in natural diatom pop-

FIG. 5. Partial alignment of the TpMC protein sequences with metacaspases from E. huxleyi, S. cerevisiae, and A. fumigatus showing significant
amino acid similarity, especially in the conserved, histidine-cysteine catalytic diads (indicated by asterisks). Sequences were aligned using Clustal
W within the Vector NTI package. Abbreviations: EhuxMC, E. huxleyii metacaspase; ScMca-1, S. cerevisiae metacaspase; and AfumMC, A.
fumigatus metacaspase. Black shading, identical residue; gray shading, conserved amino acid residue.
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ulations, making it ecologically relevant, but also access to its
complete genome sequence (3) allows for the identification of
putative components of the PCD molecular machinery.

Based on genome analyses, T. pseudonana possesses homo-
logues to key components of the PCD biochemical machinery,
including metacaspases, HtrA family proteases, apoptosis-as-
sociated nuclear factors (E2F and DP1), cell death suppressor
proteins, and a cellular apoptosis susceptibility protein (43). At
the same time, T. pseudonana lacks homologues of important
elements of metazoan apoptotic pathways, such as p53 and the
Bcl-2 family of apoptosis regulators, as well as Toll/interleu-
kin-1 receptor (TIR) proteins or apoptotic adenosine triphos-
phatases (AP-ATPases), both of which are abundant in Arabi-
dopsis thaliana. These findings raise fundamental questions
about whether T. pseudonana possesses a functional PCD

pathway and, if so, how it is regulated. Here, we focused on the
involvement of metacaspases, given their ancestral relationship
to caspases (10, 56) and their putative roles as PCD initiators
and executioners. We specifically investigated the presence of
metacaspase genes in T. pseudonana, their gene and protein
expression in response to physiological stress, and their poten-
tial role in the implementation of PCD.

T. pseudonana displayed morphological and biochemical
characteristics consistent with caspase-mediated PCD in re-
sponse to Fe starvation and culture age. Morphological char-
acteristics included extensive vacuolization and the internal
degradation of organelles while maintaining cell membrane
integrity. T. pseudonana cells also exhibited diagnostic bio-
chemical markers of PCD, such as the externalization of PTS,
measured via Annexin V staining, and caspase activation, mea-

FIG. 6. (A) Visual comparison of T. pseudonana cells incubating in replete and Fe-starved treatments at 7 days. (B and C) Western blot analysis
of T. pseudonana extracts collected over a 14- or 20-day time course, illustrating immunohybridization to a polyclonal antibody raised against a
purified, recombinant E. huxleyi metacaspase protein (B) and polyclonal antisera raised against a purified, recombinant T. pseudonana Mn-SOD
(C). The elapsed time (in days [d]) is indicated above each sample well. Cell extracts from healthy E. huxleyi cells (right panel, lane 1) and purified,
recombinant human caspase 8 (right panel, lane 2) served as controls for EhMC probing. (D) Corresponding time course of cell abundance and
caspase-specific activity. Error bars represent the standard deviations of technical triplicates. The experiment shown is typical of three experiments.
nd, not determined.
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FIG. 7. Time course of TpMC gene expression for replete and Fe-starved treatments. Shown are the log fold changes in gene expression for
each individual metacaspase gene, normalized to actin and calibrated to the first day (d) of the experiment. Data correspond to the culture and
Western blotting dynamics shown in Fig. 6. A plot for TpMC2 expression is not shown for the replete culture due to undetectable expression. No
expression was detected for TpMC6 in replete culture after 10 days. Error bars represent the standard deviations of technical triplicates. The
experiment shown is typical of three experiments.
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sured via the hydrolysis of the canonical fluorogenic peptide
substrate for caspase 8, IETD-AFC. Elevated hydrolysis of
DEVD-AFC, which has a higher specificity for caspase 3, also
was observed but was �54% of the level of IETD-AFC hydro-
lysis. Direct staining of T. pseudonana cells with an FITC
conjugate of the broad-spectrum caspase inhibitor z-VAD-
FMK confirmed caspase activation. FITC–z-VAD-FMK freely
diffuses into cells, binds to activated caspases, and serves as an
in vivo marker. Effective staining of T. pseudonana was consis-
tently observed for photosynthetically unhealthy cells, identi-
fied by their weak chlorophyll fluorescence. Furthermore, the
activation of caspase activity strongly correlated with decreases
in both the specific growth rate and photosynthetic efficiency,
signifying that its induction was specific for stress and death.

Fe starvation triggered dramatic mortality, extensive inter-
nal degradation, and a very high level of caspase activity com-
pared to that of aging cells in replete media. Approximately 60
to 70% of Fe-starved cells were positively stained with FITC–
z-VAD-FMK and FITC-Annexin V, whereas only �20% of
aging cultures were similarly stained. When caspase activity
was plotted as a function of the mortality rate (per day) and the
Fv/Fm, Fe-starved cells were characterized by steeper slopes,
indicative of a stronger response at respective levels of physi-
ological stress. Fe plays a critical role in phytoplankton growth,
since it is required for photosynthetic electron transfer and
reductive biosynthesis (30). Dramatic reductions in photosyn-
thetic efficiency under Fe starvation signify uncoupled electron
flow through photosystem II, ultimately leading to the produc-
tion of ROS in oxygenic photoautotrophs (6), which in turn
induces PCD (23, 60). Indeed, we found highly elevated ex-
pression of a chloroplast-localized, Mn-SOD (64) in Fe-starved
cell extracts by using Western blot analysis, diagnostic of a
subcellular response to elevated ROS (48, 64). PCD also has
been observed under Fe starvation for the cyanobacterium
Trichodesmium sp. strain IMS101 (6, 7) and the coccolith-
ophore E. huxleyi (K. D. Bidle, unpublished data), suggesting it
is a universal trigger of PCD among evolutionarily diverse
phytoplankton. Interestingly, ROS and caspase activation in
Trichodesmium spp. (7) and T. pseudonana (35) are coupled
with the production of transparent exopolymeric particle pro-
duction and aggregate formation, suggestive of a mechanistic
role for PCD in influencing the vertical flux of organic matter
in the oceans.

In the contemporary open ocean, Fe is drawn down to ex-
tremely low concentrations during late-phase phytoplankton
blooms, leading to the physiological limitation of metabolic
functions. Furthermore, Fe critically limits phytoplankton
growth and primary productivity in high-nutrient low-chloro-
phyll areas such as the Southern Ocean and the equatorial
Pacific (12, 21, 25, 26). Indeed, Coale et al. (25) documented a
severe iron limitation of photosynthesis for in situ, open-ocean
phytoplankton populations prior to iron fertilization, such that
the Fv/Fm was very low (�0.25). A very low Fv/Fm also was
reported for the equatorial Pacific (37) and for the Southern
Ocean (12) high-nutrient low-chlorophyll zones. After iron
enrichment, the Fv/Fm increased to �0.5, indicating a release
from iron limitation. Even though open-ocean diatoms likely
are better adapted to low-Fe conditions than coastal diatoms
like T. pseudonana, they clearly experience severe physiological
and photosynthetic stress under prevailing Fe concentrations.

Our findings that a low Fv/Fm strongly triggers caspase activity
suggest that Fe-limited zones represent a relevant ecological
context for a biochemically active PCD machinery.

The characterization of PCD based solely on classic mor-
phological features (36, 62) is inadequate for organisms with
extensive evolutionary histories, including phytoplankton,
which have an �3 billion year evolutionary record and predate
metazoans by �2 billion years (10, 29). Sperandio et al. (52)
described an alternative type of PCD, termed paraptosis, in
animal cells that fails to fulfill classic morphological and bio-
chemical criteria for apoptosis, and they postulated that it may
be particularly relevant for unicellular eukaryotic microorgan-
isms with ancient origins. Paraptosis requires de novo gene
expression and is characterized by increased vacuolization,
caspase activation, and a lack of classic DNA fragmentation.
However, it lacks critical biochemical features of apoptosis,
most notably an insensitivity to caspase inhibitors like z-VAD-
FMK and T-butyloxycarbonyl-Asp(O-methyl)-fluoromethyl ke-
tone (BAF) (52). PCD in fission yeast (Schizosaccharomyces
pombe [34]), slime mold (Dictyostelium discoideum [27]), and
diverse lineages of prokaryotic and eukaryotic phytoplankton
(e.g., cyanobacteria [6], chlorophytes [42, 51], dinoflagellates
[32, 59, 60], and diatoms [T. pseudonana] [this study]) is char-
acterized by cytoplasmic vacuolization and caspase activation
in the absence of DNA laddering. In T. pseudonana, we clearly
demonstrated that caspase activity was essential to PCD exe-
cution. The addition of z-VAD-FMK abolished caspase activ-
ity and temporarily rescued Fe-starved cells from PCD, instead
allowing them to grow at reasonably high rates. A similar
dependence of PCD on caspase activity has been observed for
the coccolithophore E. huxleyi in response to viral infection
(11), suggesting that phytoplankton PCD shares fundamental
functional biochemistries with apoptosis.

The cellular roles and activities of metacaspases remain
open questions regarding unicellular protists and plants. Their
genetic signatures have been directly linked to caspase activity
and the execution of PCD in yeast (41) and trypanosomes (53).
In plants, metacaspases possess altered catalytic activity with
higher specificity at arginine and lysine residues (13, 63), while
in the protozoan parasites of the Leishmania genus they have
trypsin-like activity. Nonetheless, in each case metacaspases
have been shown to execute PCD. Metacaspases are wide-
spread among prokaryotic and eukaryotic phytoplankton ge-
nomes (10), hinting at their early evolutionary development.
Six metacaspase-like proteases were identified in the T. pseudo-
nana genome, each containing conserved p20 caspase domains
(e.g., peptidase_C14 and COG4249) and shared conserved
amino acid sequences within the histidine-cysteine catalytic
diad characteristic of caspases, metacaspases, and para-
caspases (56). TpMCs were most similar to metacaspase-like
proteins in several different fungi, supporting previous findings
of a phylogenetic relatedness to unicellular protists and plants
(10). TpMC3 contains a chloroplast transit peptide and likely is
targeted to the chloroplast, hinting at a potential connection
between metacaspases and the activation of PCD with the
photosynthetic machinery. Lastly, there is a weak indication
that TpMC2 is targeted to the mitochondria, which is well
known to play an active role in triggering PCD. These findings
suggest that although TpMCs share conserved amino acids and
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caspase domain signatures, they appear to have unique subcel-
lular localization and cellular roles.

A critical open question regarding phytoplankton meta-
caspases is whether they are expressed and function as PCD
executioners. Metazoan caspases are constitutively expressed
as procaspases and are posttranslationally cleaved and acti-
vated upon stress (55). Based on the available bioinformatics
data in the T. pseudonana genome browser, ESTs have been
detected for each metacaspase under various culture condi-
tions (43). In order to assess metacaspase protein expression,
we used a recently developed polyclonal antibody against a
purified, recombinant EhMC. E. huxleyi (a prymnesiophyte of
the class Haptophyceae) belongs to the coccolithophores, a
class of unicellular phytoplankton that, along with diatoms,
dominates the modern ocean (29). The EhMC antiserum pre-
viously was used to investigate the mechanistic link between
PCD and viral infection by specifically examining metacaspase
expression during a lytic viral infection of E. huxleyi (11).
TpMCs showed significant amino acid identity to EhMC in
partial alignments, most notably the histidine-cysteine-contain-
ing active-site regions, suitable for antibody recognition. Phy-
logenetic analysis of the caspase superfamily of proteins con-
firmed the relatedness of TpMCs and EhMCs, with both
grouping with metacaspases from unicellular protists and
plants (10). Lastly, the EhMC antibody displayed strong im-
munohybridization to purified, recombinant caspase 8 (11),
revealing fundamental epitope conservation between EhMC
and classic, metazoan caspases.

Distinct proteins in T. pseudonana cell extracts from Fe-
starved and replete cultures hybridized with the EhMC anti-
serum, ranging in size from �17 to �50 kDa and correspond-
ing to the predicted molecular masses of TpMC proteins in
current gene models. Exponentially growing cells in both cul-
ture treatments constitutively expressed proteins consistent
with the putative molecular masses of TpMC3 (Fig. 6B, band
a) and TpMC6 (Fig. 6B, band b). These proteins generally
persisted for up to 10 days in the replete culture but disap-
peared from the Fe-starved culture after 5 days. Their disap-
pearance was accompanied by the appearance of distinct lower-
molecular-mass proteins (�25 and 37 kDa) consistent with the
putative molecular masses of TpMC1/TpMC4 (Fig. 6B, band
e) and TpMC2/TpMC5 (Fig. 6B, band f), respectively. The
proteins were present only in cell extracts with caspase-specific
activity and during decreases in cell abundance (Fig. 6D).
Given the strong epitope similarities between TpMCs and
EhMCs, the lack of hybridization with preimmune serum, and
the close correspondence between observed protein bands
and predicted TpMC molecular masses, our data should accu-
rately reflect TpMC protein expression.

qRT-PCR analyses generally revealed similar patterns of
TpMC gene expression under Fe starvation and culture age, in
which some TpMCs were regulated by physiological stress and
correlated with caspase activity. The expression of five TpMC
genes (TpMC1, TpMC3, TpMC4, TpMC5, and TpMC6) was
detected in aging cells incubating in replete f/2 medium. Only
TpMC4 expression was upregulated as the cells demonstrated
PCD markers. All six TpMCs genes were expressed in Fe-
starved cells, with TpMC2 and TpMC4 expression coinciding
with reduced photosynthetic efficiency, caspase activation, and
cell mortality. The expression of TpMC5 and TpMC6, while

initially upregulated, subsequently dropped when cells were
physiologically stressed. Our results demonstrate that while
most metacaspases are constitutively expressed in healthy T.
pseudonana cells, only a few are transcriptionally activated
during PCD.

Overall, there was a close correlation between Western blot-
ting and qRT-PCR results. Our findings suggest that meta-
caspases have diverse roles in diatoms. For example, we ob-
served high, constitutive gene expression and protein
abundances corresponding to TpMC1, TpMC3, TpMC5, and
TpMC6 in actively growing T. pseudonana cells, along with
subsequent decreases under physiological stress and death.
Given the low level of caspase-specific activity observed in
healthy T. pseudonana cells, these metacaspases likely do not
possess caspase activity and are not responsible for PCD exe-
cution. Rather, our data are consistent with housekeeping
functions. High, constitutive metacaspase expression has been
observed in the coccolithophore E. huxleyi (11), the diatom
Phaeodactylum tricornutum (A. Vardi, unpublished data), and
the cyanobacterium Trichodesmium erythraeum (K. D. Bidle,
unpublished). On the other hand, we observed elevated, late-
phase gene and protein expression for TpMC2 and TpMC4.
Their close correspondence with photosynthetic stress, ele-
vated caspase-specific activity, and PCD markers suggests that
these metacaspases function as PCD executioners and possess
caspase activity. This needs to be confirmed and further eluci-
dated using recently developed reverse genetic approaches
(49).

To our knowledge, this is the first study to experimentally
investigate the expression and putative roles of metacaspases
in marine diatoms. Our findings significantly improve on pre-
vious reports of metacaspase identity in T. pseudonana (43). T.
pseudonana clearly possesses the core execution machinery
anchored around the expression and activation of specific
metacaspases, but their individual roles are uncharacterized.
Elucidating the ecological and evolutionary roles of PCD in T.
pseudonana requires a more extensive mechanistic understand-
ing of how it activates, regulates, and executes PCD in re-
sponse to a variety of stressors. For example, observations of
relatively low levels of caspase activity induced by phosphorus
starvation compared to that induced by iron starvation (7 and
data not shown) suggest differential activation and regulation
of the PCD machinery. Unfortunately, the biochemical com-
plexity and regulation of T. pseudonana’s PCD machinery cur-
rently are unknown. T. pseudonana does possess a homologous
protein (Protein ID 11118; BLASTp E value of 1 � 10�55) to
S. costatum ScDSP (GenBank accession no. AAY27742) with
conserved EF-hand calcium binding motifs (cd00051 and
COG5126). We hypothesize that this protein serves to couple
stress signals to the PCD execution machinery. Indeed, the
timing of PCD activation in T. pseudonana (this study) closely
parallels the timing of increased ScDSP gene expression during
death in S. costatum (24). Together with recent discoveries that
chemical signals and secondary metabolites (i.e., dissolved
thiol proteases, aldehydes, nitric oxide, and calcium) elicit
PCD in phytoplankton (22, 60, 61), our findings provide a
novel mechanistic context for algal bloom dynamics in re-
sponse to biotic stressors (i.e., nutrient depletion, age, and viral
infection). Future investigations should address the potential
link between putative death regulators and metacaspases in
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order to reveal how PCD is activated in these unicellular pho-
toautotrophs.
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