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Abstract

Programmed cell death (PCD), the genetically controlled active cellular suicide mechanism in multicellular organisms, also exists in unicellular or-
ganisms. However, explaining the evolution of PCD by natural selection in these organisms remains a challenge. PCD likely emerged during early
endosymbiotic events as an initial antagonistic adaptation, enabling unicellular parasitic proto-endosymbionts to exploit their hosts, for example,
by triggering host death in response to nutrient depletion or releasing offspring. Over time, during endosymbiont domestication and, as proposed,
through horizontal gene transfer from endosymbionts to the host, PCD evolved in the host, providing benefits to both the host and the endosym-
bionts. However, the underlying assumption of this hypothesis, that PCD benefits and non-PCD (necrosis) harms the endosymbionts and/or the
host, remains untested. Here, we investigated the fitness consequences of heat-shock-induced PCD in the endosymbiotic chlorophyte Chlorella
variabilis and its facultative symbiotic ciliate host Paramecium bursaria, the non-symbiotic C. sorokiniana, and the predatory host P duboscqui.
Heat shock triggered PCD in C. variabilis and the two ciliate species, causing significant fitness consequences. The supernatant from C. variabilis
PCD enhanced the growth of its own clones and endosymbiotic host while inhibiting the growth of the predatory host. The supernatants from
necrotic C. variabilis reduced growth of both Chlorella and Paramecium. Similarly, PCD in the symbiotic Paramecium host benefited Chlorella,
whereas PCD and necrosis in the predatory Paramecium host were detrimental. These results expand the understanding of unicellular PCD,
highlighting its dual role in benefiting clonal populations and their specific endosymbiotic partners, thereby affecting endosymbiosis evolution.
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Introduction tease activation, and mitochondrial membrane permeabiliza-
tion (Bidle, 2016; Durand et al., 2011; Kaczanowski et al.,
2011; Moharikar et al., 2006; Sathe et al., 2019). PCD in uni-
cellular organisms can be induced in response to a variety of
abiotic and biotic stresses (e.g., nutrient deprivation, oxida-

Programmed cell death (PCD), a genetically regulated ac-
tive form of cell death once believed to be unique to
multicellular organisms, has been documented in numer-
ous single-celled organisms, including algae, bacteria, yeast, . ; . o .
and protozoa (Ameisen, 2002; Bidle, 2015, 2016; Chen et tive stress, temperature and light fluctuations, Vlt.'al infections
al., 2024; Christensen et al., 1995; Cornillon et al., 1994; [Bidle, 2015, 2016]) and has been shown to contribute to mor-
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evolutionary origins and fitness benefits of PCD in unicellular rpedlator to facilitate interactions within microbial communi-
organisms are unclear (Ameisen, 2002; Durand & Ramsey, ties (Durand & Ramsey, 2019; Durand et al.., 2011; O.rellana
2019; Durand et al., 2016; Foster et al., 2006; Hamilron, ¢ al., 2013). While these benefits may partially explain why
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tions and forms, see Durand & Ramsey, 2019). It also shares 1y, 1.1 kely emersimng glurmg the e\{olutlon of ancient endosym-
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reactive oxygen species (ROS) production, caspase-like pro- mately leading to the formation of extant mitochondria. This
’ hypothesis is supported by multiple lines of evidence, includ-
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ing phylogenetic analyses and the recognition that mitochon-
dria are central regulators of PCD processes in both animals
and plants (Ameisen, 1996,2002; Chibucos et al.,2009; Frade
& Michaelidis, 1997; Kaczanowski, 2016, 2020a, 2020b;
Koonin & Aravind, 2002; Kroemer, 1997). As a crucial
step, primitive PCD-like cell death may have allowed proto-
endosymbionts (the hypothetical ancestral unicellular organ-
ism that either lived freely or engaged in parasitic facultative
endosymbiosis) to exploit their hosts more efficiently, either
by triggering cell death in response to nutrient depletion to
release host resources or by enabling host lysis to transfer
proto-endosymbiont progeny to new hosts (Ameisen, 2002;
Bruchhaus et al., 2007; Frade & Michaelidis, 1997; Klim et
al., 2018). For the host, this interaction may have represented
a strategy for survival in an increasingly oxygen-rich environ-
ment (Margulis, 1975). In addition to the predator—prey hy-
pothesis for the origin of PCD, several alternatives and poten-
tially synergistic explanations have been proposed (Ameisen,
1996, 2002; Kaczanowski, 2020a; Klim et al., 2018; Nedelcu
etal.,2011; Zielenkiewicz et al., 2025). One such explanation
is the “addiction” hypothesis, which suggests that PCD genes
originated from bacterial toxin-antidote systems. Another is
the “original sin” hypothesis, which posits that genes initially
essential to early cellular life forms were later co-opted for
PCD due to their pleiotropic and deleterious effects (Ameisen,
1996, 2002; La et al., 2022).

Independent from the underlying hypotheses for the origin
of PCD and endosymbiosis, the primitive PCD-like cell death
was likely a more advantageous form of cell death, as the alter-
native, uncontrolled necrosis, causes harm to the neighbouring
surviving host and proto-endosymbiont cells due to the hap-
hazard release of cellular contents (Chen et al., 2024; Durand
et al.,, 2011; Samuilov et al., 2000). As hosts and proto-
endosymbionts co-evolved, the initially antagonistic effects of
PCD-like cell death likely shifted to mutually beneficial roles,
where cell death provided advantages to both the endosym-
bionts and the host clones. This shift may have been driven
by selection for greater interdependencies, partly facilitated
by horizontal transfer of cell death-related genes from proto-
endosymbionts to the host, endosymbiont genome reduction,
and the evolution of vertical mode of symbiont transmission
(Ameisen, 1996; Brockhurst et al., 2024; Fisher et al., 2017;
Koonin & Aravind, 2002; Kroemer, 1997; Moran & Bennett,
2014). Thus, the evolution of PCD is thought to have played
a key role during the integration of proto-endosymbionts.

A key, yet experimentally untested, hypothesis underlying
this idea is that PCD provides benefits to both the host and
its endosymbionts, creating a cooperative loop that enhances
the stability and success of their endosymbiotic relationship
(Ameisen, 1996, 2002; Frade & Michaelidis, 1997). Although
potentially providing important insights into the general role
of PCD in unicellular organisms, this hypothesis cannot be
experimentally tested in obligate host-endosymbiont associ-
ations (e.g., endosymbiotic mitochondria within their host
cells) because the host and endosymbionts have been fully in-
tegrated, they have completely lost their independence and re-
produce as a single unit. Moreover, these systems have likely
undergone extensive genetic changes unrelated to PCD or en-
dosymbiosis, which could influence the effects of PCD on both
partners and complicate the interpretation of experimental
outcomes. To overcome these limitations and test our cen-
tral hypothesis, that PCD provides mutual benefits to both the
host and its endosymbionts, creating a cooperative loop that
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enhances the stability and success of their endosymbiotic re-
lationship, we used organisms that form facultative endosym-
biosis. Such relationships may resemble the relevant character-
istics of early interactions between primitive hosts and proto-
endosymbionts during the evolutionary transition to stable
endosymbiosis.

We used the unicellular chlorophyte Chlorella variabilis,
which forms a facultative endosymbiosis with the unicellu-
lar ciliate Paramecium bursaria, along with the non-symbiotic
C. sorokiniana and the obligate predatory ciliate P. duboscqui
(Figure 1A-D) as an experimental model to examine whether
PCD in the endosymbiotic partners influences each other’s
fitness and, consequently, likely contributes to the evolution
of endosymbiosis (Fujishima, 2009; Fujishima & Kodama,
2012). The Paramecium and Chlorella model system is ap-
propriate as the outcome of their endosymbiosis varies from
predator—prey-like interactions to mutually beneficial rela-
tionships where both the host and symbionts have net ben-
efits (Fujishima, 2009; Fujishima & Kodama, 2012; Holland
etal.,2002; Horas et al., 2022; Lowe et al., 2016). Both P. bur-
saria and C. variabilis can live independently but readily estab-
lish endosymbiosis when co-cultured (Fujishima & Kodama,
2012). In endosymbiosis, hundreds of C. variabilis cells in-
habit the cytoplasm of the P. bursaria host, where they can
replicate controlled by the host and algal cells. Although the
ciliate host can digest its endosymbiont upon starvation or in
the absence of light, the interaction is under most conditions
mutualistic, with the ciliate providing nitrogen in exchange for
photosynthetic sugars produced by C. variabilis (Albers et al.,
1982; Brown & Nielsen, 1974). Our study also included an
obligate predatory ciliate host, P. duboscqui, which rapidly di-
gests C. variabilis, and a free-living (non-symbiotic) Chlorella
species, C. sorokiniana, which is preyed upon by both ciliate
species. Using these unicellular algae and ciliates, we first in-
vestigated their ability to undergo PCD upon heat shock. The
heat shock was used because of its ecological relevance as a
stressor and is also known to induce PCD in chlorophyte al-
gae (Durand et al.,2011; Zuppini et al., 2007). We used Evans
blue and Sytox staining to confirm cell death, and the cell
death phenotype was assessed by commonly used PCD mark-
ers, including caspase-like proteases activity, PS externaliza-
tion, ultrastructural changes using transmission electron mi-
croscopy (TEM), ROS accumulation, and the genomic DNA
fragmentation (Durand et al., 2011; Moharikar et al., 2006;
Sathe et al., 2019; Zuppini et al., 2007). To mimic necrosis, we
subjected these organisms to sonication (Durand et al., 2011).

We evaluated the fitness effects of endosymbiont PCD on
their clones and host cells, as well as the fitness effects of host
PCD on their clones and endosymbiont cells. Building on pre-
vious findings that PCD is beneficial and necrosis is detrimen-
tal in multi- and unicellular organisms (Durand et al., 2011;
Lambert et al., 2023), we formulated and tested the following
specific predictions: (a) PCD in unicellular endosymbiotic C.
variabilis benefits its clones and the cells of its endosymbiotic
host, P. bursaria, but has non-beneficial (i.e., either harmful or
neutral) effects on the cells of non-symbiotic C. sorokiniana or
the predatory host, P. duboscqui. (b) PCD in P. bursaria ben-
efits its clones and the cells of its endosymbiont, C. variabilis,
but is not beneficial to P. duboscqui or C. sorokiniana. (c) PCD
in the predatory host, P. duboscqui, benefits its clones but is
not beneficial to P. bursaria and both the endosymbiotic and
non-symbiotic Chlorella species. (d) PCD in non-symbiotic C.
sorokiniana benefits its clones but is not beneficial to both the
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Figure 1. Symbiotic and non-symbiotic organisms used in the study and the impact of their PCD or necrosis on each other’s fitness. (A) The C. variabilis
strain used in this study can survive independently (free-living) but is frequently found intracellularly within its ciliate host, R bursaria (B). (C) Paramecium
duboscqui is a predatory ciliate that preys on Chlorella without forming an endosymbiotic relationship. (D) Chlorella sorokiniana does not form
endosymbioses and typically exists in a free-living (non-symbiotic) state. The key findings of this study, which explore how PCD and necrosis influence
the fitness of unicellular endosymbiotic partners, are summarized in (E) and (F). To assess these fitness effects, both symbiotic (S) and non-symbiotic
(NS) Chlorella, along with their ciliate hosts, were grown in supernatants collected from Chlorella and Paramecium following either PCD or non-PCD
(necrosis) induction. The effects of these supernatants were classified as positive (+) if they stimulated growth, negative (—) if they inhibited growth,
and neutral (0) if their effects were comparable to those of the control supernatants. Heat shock or sonication did not induce significant cell death in the
non-symbiotic C. sorokiniana; therefore, this species was excluded from the supernatant effects assay. *Supports our central hypothesis that PCD in the
unicellular endosymbiont C. variabilis and its ciliate host P bursaria confer mutual fitness benefits. Supports the hypothesis that the mutual fitness
benefits of PCD observed in endosymbiotic partners are absent—or even detrimental—in non-endosymbiotic partners. " Supports the hypothesis that
PCD is beneficial, whereas necrosis provides no benefits or is detrimental. The scale bar indicates 5 um in (A, D) and 25 um in (B, C).

ciliate species and the cells of C. variabilis. (e) Lastly, necrosis
in all species is generally not beneficial and likely harmful to
their clones and to the cells of the endosymbiotic host and/or
endosymbionts.

Materials and methods

Study organisms and culture conditions

We used two unicellular chlorophytes (C. variabilis and C.
sorokiniana UTEX 1230) and two ciliates (P. bursaria; Cul-
ture Collection of Algae and Protozoa, 1660/21 and P. du-
boscqui; National BioResource Project, PDO00001A). The
endosymbiotic Chlorella variabilis was isolated from the P.
bursaria strain mentioned above (Horas et al., 2022). The
Chlorella species are photosynthetic autotrophs. Paramecium
species are heterotrophic as they prey on a wide range of
microorganisms such as bacteria, algae, and yeast. However,

some Paramecium species, such as P. bursaria, can harbour C.
variabilis cells intracellularly as stable endosymbionts (Figure
1B). Paramecium bursaria feeds on C. sorokiniana but does
not form an endosymbiosis with them (our observations). Sim-
ilarly, P. duboscqui feeds on C. sorokiniana and C. variabilis
without developing endosymbiosis. We grew Chlorella in a
modified Bold’s basal medium (BBM; Frickel et al., 2016) and
Paramecium in diluted wheatgrass medium (2.5 gm wheat-
grass powder [Azafran, Germany] boiled for 15 min in 1 L
of MilliQ water, filtered and autoclaved). The cultures were
incubated at 20 °C while shaken (120 RPM) under continu-
ous white light (45 umol photons m=2 s~!) and subcultured
weekly with fresh growth media. The initial Paramecium cul-
tures were seeded with the cultures of the bacterium Serratia
marcescens. Since bacteria grew in the wheatgrass medium,
the subsequent subcultures received bacteria from the subcul-
ture inoculum, and no fresh bacterial inoculum was required.
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Heat treatment

We harvested exponentially growing Chlorella cells by cen-
trifugation (3,000 RPM, 5 min) and resuspended them in fresh
BBM. We heat-shocked the Chlorella cells by incubating the
Chlorella cultures for 2 hr in a water bath set at 45°C. The
untreated cultures (controls) were kept at 20 °C. We chose
45 °C based on our initial observations that the C. variabilis
cells tolerated heat exposure up to 40 °C, but the exposure
to severe heat stress (50 °C and above) killed them. After the
heat shock, we transferred the cultures to shakers maintained
at 20 °C in a standard algal growth chamber and monitored
various parameters (see below) at regular time intervals. To
heat-shock the ciliates, the cultures were filtered through a 10
um filter to remove any free-living C. variabilis cells (from P.
bursaria cultures) and bacteria (from P. duboscqui cultures).
The concentrated ciliates were then resuspended in fresh BBM,
aliquoted into culture flasks, and heat-shocked at 40 °C for 60
min (P. bursaria cultures) and 35 °C for 30 min (P. duboscqui
cultures). Control cultures were maintained at 20 °C. Since
the temperature sensitivity of P. bursaria and P. duboscqui was
previously uncharacterized, a preliminary temperature sensi-
tivity assay was conducted to identify conditions that would
induce cell death without immediate lysis. As anticipated, due
to differences in their symbiotic and non-symbiotic states, P.
duboscqui exhibited greater heat sensitivity than P. bursaria
(see the Results section), and thus, a lower temperature was
used for P. duboscqui.

Total chlorophyll, photosynthetic efficiency, and
growth

The total chlorophyll and the photosynthetic efficiency (yield)
are reliable indicators of the relative health of algal cells. We
measured these two parameters every 24 hr in heat-shocked
and controlled Chlorella cells using a fluorometer (AquaFlash
Handheld Active Fluorometer, Turner Designs, USA). A 3 ml
culture was transferred to a transparent plastic cuvette of the
fluorometer, and the above parameters were measured at room
temperature. The yield (Fy/Fy; see details in Emerson, 1958)
was calculated automatically by the fluorometer based on two
measurements (Fyp = fluorescence of dark-adapted samples;
Fyp = maximum fluorescence when all the photon-accepting
reaction centers are open) and using the formula (Fyy —
Fo/Fyn). We monitored the growth of Chlorella and Parame-
cium by counting cells using a haemocytometer and a light
microscope. To assess whether heat shock impacted motility
in ciliates, we collected ciliates from control and heat-shocked
culture flasks, transferred them into a 24-well plate, and ob-
served them under a stereomicroscope (Zeiss, Germany) to
count both motile and stationary cells.

Cell death
Evans blue staining

We assessed cell death using Evans blue (Sigma, USA, catalog
no.: E2129), a dye that can penetrate the compromised cell
membrane of dead cells and, therefore, stain them blue. A 0.9
ml cell culture was mixed with 0.1 ml 1% Evans blue (w/v in
distilled water), and the mixture was incubated in the dark at
room temperature for 20 min. The cells were rinsed of excess
dye and observed under the oil immersion lens (100x) of a
light microscope (Axioskop 40, Carl Zeiss, Germany). A total
of ~150 cells in each sample were counted, and the percentage
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of dead cells was computed. The phenotype of cell death (i.e.,
PCD vs. necrosis) was determined using the following assays.

Cell membrane permeability

The cell membrane of dead cells is typically compromised and
therefore permeable to several dyes. We assessed the cell mem-
brane permeability of heat-shocked Chlorella cells using the
fluorescent dye SYTOX™ blue (Thermo Fisher Scientific, In-
vitrogen, USA; catalog no.: S34857), which can penetrate the
compromised cell membrane, bind to the DNA, and emit blue
fluorescence upon excitation with 405 nm wavelength of the
violet laser light. Although Sytox staining alone is not suffi-
cient to confirm PCD, it can indicate the phenotype of dead
cells when used in combination with other markers (see be-
low). Chlorella cells were collected from the heat-shocked and
control cultures every 24 hr and stained with 1uM SYTOX™
blue for 15 min in the dark, and the samples were analysed us-
ing a CytoFLEX LX (Beckman Coulter) cytometer with 405
nm excitation and a 450/45 BP emission filter.

Transmission electron microscopy

We followed the heat-shock-induced ultrastructural changes
in Chlorella cells using TEM. The cells from heat-shocked
and control cultures were harvested and fixed with 2.5% glu-
taraldehyde in 0.02 M potassium phosphate buffer (pH 7) at
room temperature for 1 hr. Fixed cells were washed, post-fixed
with 2% osmium tetroxide (for 1 hr on ice), and dehydrated
using an ethanol series (25%, 50%, 70%, 80%, 90%, 95%,
and 100% for 10 min each) and acetone (20 min). Dehydrated
cells were suspended in modified Spurr’s resin series (25%,
50%, and 75% resin in acetone), incubated on a specimen ro-
tator for 20 min each, and finally in 100% resin for 30 min.
The infiltrated cells were mixed with fresh Spurr (100%) and
cured at 65 °C for 24 hr. The resin blocks were further al-
lowed to harden at room temperature for 48 hr and then sec-
tioned (50 nm thickness) using an ultramicrotome UC7 (Leica
Microsystems, Wetzlar, Germany) and an ultra 45° diamond
knife (Drukker, Netherlands). The sections were collected on
Pioloform-coated copper grids, stained with UAZero (Agar
Scientific Ltd., Stansted, Essex, UK) and lead citrate, and ex-
amined with a Zeiss EM912 Omega Transmission Electron
Microscope (Carl Zeiss, Oberkochen, Germany).

Caspase-like protease activity

We used a commercially available CellEvent™ Caspase-3/7
Green Flow Cytometry Assay Kit (Thermo Fisher Scien-
tific, Invitrogen, USA; catalog no.: C10427) to determine if
caspase-3- and caspase-7-like proteases activity is observed
in heat-shocked Chlorella and Paramecium cells. The kit con-
tains a short peptide with the sequence DEVD (aspartic acid—
glutamic acid-valine-aspartic acid) conjugated to a fluoro-
genic dye. The peptide can be hydrolyzed by caspases 3/7-
like proteases (DEVDase) activated specifically in PCD pos-
itive cells. The assay was performed according to the manu-
facturer’s guidelines. Briefly, the heat-shocked and control cells
were harvested, washed to remove the growth medium, resus-
pended in PBS at 5§ x 10° cells ml~!, and loaded with 500
nM CellEvent™ caspase-3/7 dye. The cells were incubated in
the dark at room temperature for 1 hr and analysed using a
CytoFLEX LX (Beckman Coulter) cytometer with 488 nm ex-
citation and a 530/45 BP emission filter.
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Reactive oxygen species

We used 2',7'-dichlorodihydrofluorescein diacetate (H2DC
FDA; Thermo Fisher Scientific, Invitrogen, USA; catalog no.:
D399) to detect intracellular accumulation of ROS. Con-
trol and heat-shocked Chlorella and Paramecium cells were
collected after 24 hr of treatment and stained with 10 uM
H2DCFDA for 10 min at room temperature in the dark. Upon
oxidation by ROS and removal of acetate group by intracel-
lular esterases, the nonfluorescent H2DCFDA is converted
into a brightly fluorescent 2',7'-dichlorofluorescein (DCF).
The intracellularly trapped DCF made cells highly fluores-
cent, which were visualized using a fluorescence microscope
(Axioskop 40, Carl Zeiss, Germany; Ex/Em: ~490/520 nm).

Alkaline comet assay

The single-cell alkaline comet assay is widely used to de-
tect the single and double-stranded nucleases-mediated DNA
breaks characteristic of cells undergoing PCD in algae and is
a more sensitive method than the routinely used population-
level DNA agarose gel electrophoresis (Sathe et al., 2019;
Yordanova et al., 2013). An electric field is applied to sin-
gle cells embedded in a low-melting point agarose gel so that
the nicked genomic DNA in PCD-positive cells can migrate
out of the nucleus and form a typical comet tail. The DNA in
healthy cells is intact and remains confined to the cell interior.
We used an alkaline comet assay kit (Trevigen; catalog no.:
4250-050-K) and performed the assay using previously opti-
mized protocol (Sathe et al., 2019). Chlorella cells from heat-
shocked and control cultures were collected, adjusted to a cell
density of 1 x 10° cells ml~!, and mixed in a 1:10 ratio with
low melting point agarose, which was boiled and kept molten
at 37 °C. A 50 pl of this cell suspension in molten agarose
was spread on unique cavity slides (Trevigen) and allowed to
form a thin agarose layer by incubating the slides at 4 °C in
the dark for 30 min. The slides were immersed in a cold lysis
buffer (Trevigen) for 18 hr at 4 °C and then incubated in an
alkaline DNA unwinding solution (Trevigen) at 4 °C for 1 hr.
The slides were placed in a long gel tray (30 ¢cm) containing
cold alkaline electrophoresis buffer and electrophoresed at 30
volts for 25 min. The slides were gently rinsed with distilled
water, followed by 70% ethanol, and dried at 37 °C for 10
min. The electrophoresed cells were stained with SYBR green
I (30 min at room temperature in the dark) and observed us-
ing a 100x oil immersion lens of a fluorescence microscope
(Axioskop 40, Carl Zeiss, Germany).

Cell surface exposure of PS

PS is a component of the eukaryotic cell membrane that is
present on the inner (cytoplasmic) side of healthy cells. How-
ever, in cells undergoing PCD, the PS is externalized and dis-
played on the cell surface. We tested whether the PS was
exposed on the cell surface in heat-shocked Chlorella and
Paramecium cells using a commercially available PS detection
kit (Thermo Fisher Scientific, Invitrogen, USA; catalog no.: 88-
8005-74). The kit contains the PS-binding protein Annexin V
conjugated to the fluorescent molecule FITC. Chlorella and
Paramecium cells were collected after 24 hr of heat shock,
washed with phosphate-buffered saline, and stained with An-
nexin V-FITC according to the manufacturer’s protocol. The
cells were incubated in the dark at room temperature for 10
min, and whether the cells were stained (i.e., PS positive) was
analysed microscopically using a 100 x oil immersion lens of a
fluorescence microscope (Axioskop 40, Carl Zeiss, Germany).
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Necrosis

Sonication induces necrotic cell death in the green alga
Chlamydomonas reinbardtii (Durand et al., 2011). Chlorella
and ciliate cultures were prepared as described above, and
cells were sonicated using a metal probe attached to an ul-
trasonic homogenizer (UW 70, Bandelin Sonoplus, Germany).
The probe was inserted directly into the cultures, and the son-
ication was performed at maximum intensity for 2 min to en-
sure necrotic cell death. The sonicated cells were incubated at
20 °C incubator, and the effect of sonication was monitored
after 24 hr.

Supernatant assays

We generated cell-free supernatants from the heat-shocked
(PCD), sonicated (necrosis), and control C. variabilis cultures
and checked whether these supernatants affected the repro-
ductive fitness (RF; increase or decrease in the cell number) of
Chlorella and their Paramecium host (Figure 6A; Figure S8).
The Chlorella cultures were heat-shocked or sonicated (as
mentioned above) and transferred to 20 °C shakers; the un-
treated control cultures were maintained at 20 °C. We allowed
the cells to undergo PCD/necrosis for 48 hr, after which the
cultures were centrifuged at 5,000 RPM for 3 min. The su-
pernatants were then filtered through 0.2 pm filters. In an
independent experiment, the supernatants were collected im-
mediately after the heat shock (insufficient time for cells to
undergo PCD). To study the effect of supernatants on the RF
of Chlorella, we first prepared a 1:1 mixture of supernatants
and sterile BBM and inoculated freshly harvested Chlorella
cells in them. The Chlorella cells were allowed to grow in
this mixture for 48 hr and then counted using a hemocytome-
ter. Similarly, the effect of Chlorella supernatants on the RF
of Paramecium was assessed by inoculating freshly harvested
Paramecium cells in a 1:1 mixture of supernatants and a ster-
ile BBM medium. The cultures were incubated at 20 °C for
5 days, and the ciliate numbers were recorded. All the assays
were performed in six-well plates with 10 ml final volumes
and under shaken conditions. We used a full factorial design
(Figure 6A; Figure S8) such that the heat-shocked (PCD), son-
icated (necrosis) and control supernatants collected from C.
variabilis were applied to C. variabilis (effect on self-clones),
C. sorokiniana (effect of C. variabilis supernatants on the cells
of other Chlorella species), P. bursaria (effect on the symbi-
otic host), and P. duboscqui (effect on predatory Paramecium
species). The cell numbers of the test species were compared in
the heat-shocked (PCD), sonicated (necrosis), and control su-
pernatants, and the effects of the PCD supernatants were eval-
uated by calculating the relative RE. The RF was calculated
using the formula RF = In(Hs/Cc), where Hs and Cc repre-
sent the total cell density of the test species in cultures supple-
mented with either heat-shocked (Hs) or control (Cc) super-
natants. We used the same formula (RF = In(Ss/Cc¢)) to check
the effect of necrosis culture supernatants; here, Ss represents
the cell density of the test species in cultures supplemented
with sonicated culture supernatants. The RF = 0 indicates that
the control and heat-shocked supernatants had no differential
impact on RF (the cells of the test species grew equally well
in the two types of supernatants). However, RF > 0 indicates
that the heat-shocked supernatants stimulated (benefited) the
growth of the test species, whereas RF < 0 indicates that the
heat-shocked supernatants had an inhibitory effect. We used a
one-sample t-test to check if the relative RF was significantly
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Figure 2. Heat shock is detrimental to symbiotic C. variabilis. Compared to the control (A, C, 1), the heat-shocked C. variabilis cultures (B, D, |) had
significantly lower chlorophyll (A, B: visual appearance of culture flasks; C, D: chlorophyll autofluorescence; I: total chlorophyll). The heat-shocked cells
were photosynthetically inactive (J), the cell number in the heat-shocked cultures decreased (K), and most of the cells in these cultures were dead (L).
Evans blue (E, F; dead cells are blue) and Sytox blue (G, H; dead cells have relatively higher Sytox fluorescence) were used to differentiate and quantify
dead cells (see the Materials and methods section). Measurements of photosynthetic efficiency in heat-shocked cells (J) were stopped after 24 hr
because the dead cells (with disintegrated chlorophyll and proteins) are not suitable for photosynthetic efficiency measurements with a laserbased

fluorometer. Scale bars are 5 um.

different than 0. We used a similar experimental setup to eval-
uate how PCD in the endosymbiotic host P. bursaria influ-
enced the RF of its own clones, the ciliate species P. duboscqui,
and, importantly, the endosymbiotic algae C. variabilis as well
as the non-symbiotic C. sorokiniana (Figure S8A). Likewise,
we assessed the impact of PCD and necrosis supernatants from
P. duboscqui on these organisms (Figure S8B).

Statistical analysis

We used the linear model to assess the overall effect of heat
shock on growth (cell counts), total chlorophyll, and pho-
tosynthetic efficiency. The effect of the supernatant was as-
sessed by one-way ANOVA. In cases where the analysis in-
volved multiple comparisons, the p-values were corrected by
performing post hoc tests using Tukey’s honest significance
difference method. Statistical analysis was performed using R
4.3.2 (http://www.r-project.org). All the experiments were re-
peated at least five times.

Results

The symbiotic C. variabilis is more sensitive to heat
shock than the non-symbiotic C. sorokiniana

We first determined whether Chlorella cells undergo PCD by
subjecting them to heat shock at 45 °C for 120 min. While
most of the heat-shocked symbiotic C. variabilis cells died
quickly (Figure 2), the non-symbiotic C. sorokiniana cells

were largely unaffected by the heat shock (Figure S1). Com-
pared to untreated controls (20 °C), the heat-shocked C. vari-
abilis cultures had significantly reduced chlorophyll concen-
trations (Figures 2A-D, I; Analysis of Variance (ANOVA):
F3,90= 73.16; p < .0001) and photosynthetic efficiency
(Figure 2J; ANOVA: F3 9, = 20.94; p < .0001). Furthermore,
in the cultures of heat-shocked C. variabilis, the population
size decreased continuously over 8 days, and the final pop-
ulation size was significantly lower compared to the control
cultures of both C. variabilis and C. sorokiniana (Figures
2K, S1K; ANOVA: F; 93 = 34.86; p < .0001). Almost all
the cells within the heat-shocked C. variabilis cultures were
dead (Figures 2F, H, L). The control C. variabilis populations
grew and had significantly fewer dead cells (Figures 2E, G, L;
ANOVA: F3 96 = 907.6; p < .0001).

The symbiotic P bursaria host tolerates heat stress
better than the predatory P duboscqui

The Paramecium host cells that we routinely cultivate at 20 °C
were instantly lysed upon exposure to 45 °C for 120 min (data
not shown). Subsequently, we systematically decreased both
the temperature and exposure duration (temperature ranging
between 45 and 30 °C and duration from 120 to 30 min)
to identify the temperature threshold at which ciliates expe-
rienced heat shock without instant cell lysis. The predatory
ciliate species P. duboscqui underwent lysis at temperatures
exceeding 35 °C, while the symbiotic ciliate species P. bursaria
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predatory P duboscqui (C), resulting in the disintegration of cell membranes (D), cessation of swimming in most cells (E), and eventual cell death (F). The

scale bar represents 100 pm.

exhibited cell lysis only above 40 °C. Consequently, all subse-
quent heat shock experiments were conducted at 35 °C for 30
min for P. duboscqui and 40 °C for 60 min for P. bursaria. Fol-
lowing the heat-shock treatment, we immediately conducted
microscopic observations of both heat-shocked and control
ciliate populations and found notable differences between
the two groups (Figure 3A-D). In untreated P. bursaria cells,
95.9% =+ 2.6% cells exhibited vigorous swimming behaviour
(mean & SD; n = 6; total ciliates counted = 497 ciliates), in-
dicating robust health (Figure 3E). Conversely, among heat-
shocked P. bursaria cells, only 12.8% =+ 9.6% cells displayed
vigorous swimming (mean =+ SDj; 7 = 6; 527 ciliates), with the
remaining 87.2% cells remaining stationary and potentially
dead (Figure 3E). The impact of heat shock was even more
pronounced in predatory P. duboscqui as the swimming cells
decreased drastically from 94.2% + 9.6 % (mean & SD; n = 6;
688 ciliates) in untreated cultures to a mere 8.1% + 5.1%
(mean + SD; n = 6; 269 ciliates) in heat-shocked cultures
(Figure 3E). After a 24-hr period, we assessed total cell mor-
tality and found that 79.4% =+ 3.3% of P. duboscqui cells suc-
cumbed to the heat shock, whereas 44.6% =+ 9.2% of P. bur-
saria cells died because of the heat shock (Figure 3F; the re-
sults are mean + SD; 7z = 6 in both cases). This difference sug-
gests that symbiotic species such as P. bursaria exhibit greater
heat resistance compared to predatory P. duboscqui (ANOVA:
F3,20 =271.4; p < .05; Figure 3).

Heat-shock-induced PCD in symbiotic C. variabilis

To further characterize the death phenotype of heat-shocked
Chlorella cells, we measured phenotypes frequently associated

with PCD in microalgae (Durand et al., 2011; Moharikar et
al., 2006; Sathe et al., 2019; Yordanova et al., 2013; Zuppini
etal.,2007). We used TEM to look for ultrastructural changes
associated with PCD positive cells such as membrane bleb-
bing, chromatin condensation, plasma membrane detachment
from the cell wall, and vacuole formation (Durand et al.,2011;
Moharikar et al., 2006; Sathe et al., 2019; Yordanova et al.,
2013; Zuppini et al., 2007). In contrast to C. variabilis cells
collected from control cultures (Figure 4A, C), the membrane
of heat-shocked C. variabilis cells had detached from the cell
wall, their chromatin was condensed, and the organelles in
these cells (e.g., mitochondria and chloroplasts) had lost their
typical shape (Figure 4B, D; Figure S2). The dead cells had a
large electron transparent region indicating substantial phys-
ical damage, vacuolization, and degradation of intracellular
organelles. None of these phenotypes were observed in the
heat-shocked C. sorokiniana cells (Figure S2).

We then investigated whether the heat-shock-induced ox-
idative stress by monitoring the levels of ROS and tested
whether caspase-like proteases were activated in the heat
shocked cells. ROS is a potent PCD inducer, and the caspase-
like proteases play vital roles in both the induction and execu-
tion of PCD in plants and algae (Durand et al., 2011; Jiménez
et al., 2009; Moharikar et al., 2006; Petrov et al., 2015; Sathe
et al.,2019; Yordanova et al., 2013; Zuppini et al., 2007). We
detected ROS using the non-fluorescent H2DCFDA, which en-
ters cells and, upon oxidation by intracellular ROS, is con-
verted into a brightly fluorescent DCE. Unlike C. variabilis
control cells, most of the heat-shocked C. variabilis cells were
brightly fluorescent, indicating ROS accumulation (Figure 4E,
F). In most heat-shocked C. sorokiniana cells, ROS accumu-
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Figure 4. Heat-shock-induced PCD in the symbiotic C. variabilis. The most prominent PCD-like ultrastructural deformations observed in the TEM images
of the heat shocked cells (B, D; see also Figure S2) were the detachment of the plasma membrane (PM) from the cell wall (CW), the chromatin
condensation (see nucleus, N), chloroplast degradation (CP), membrane blebbing (MB), and the presence of large electron-transparent regions, indicated
by the arrow in panel D (A, C: control cells (Con); B, D: cells after 24 and 96 hr of heat shock (Hs)). In contrast to the cells from control cultures (E, G),
heat-shocked cells accumulated ROS (F), and caspase-like proteases were activated in these cells (H). While the DNA of control cells was intact (l), the
DNA of the heat-shocked cells showed single- and double-stranded nicks (comet positive nuclei in J; see Figure S4 for additional images). In contrast to
control cells (K), the phosphatidylserine was translocated from the inner to the outer membrane in heat shocked cells (see FITC-Annexin V positive cells

in L). The scale bar indicates 500 nm in A-D; 5 pm in E-F and |-L.

lation was not observed (Figure S3C-F). To detect caspase-
like protease activity, the heat-shocked and the control cells
were incubated with a caspase substrate (DEVD peptide
attached to a synthetic dye) that can be cleaved by the ac-
tivated caspase-3/7-like proteases. The fluorescence emitted
upon the substrate hydrolysis indicates the caspase-like pro-
tease (DEVDase) activity. Heat-shocked C. variabilis cells had
higher fluorescence than the control C. variabilis cells, indicat-
ing that the caspase-3/7-like proteases were activated in these
cells (Figure 4G, H). Caspase-like proteases were not activated
in the heat-shocked C. sorokiniana cells (Figure S3A, B).
Finally, we examined two more PCD-associated pheno-
types, namely, the nucleases-mediated single and/or double-
stranded DNA nicks and the cell surface exposure of PS
(Moharikar et al., 2006; Yordanova et al., 2013). We used a
highly sensitive alkaline comet assay (Trivegn, catalog # 4250-
050-K) and a previously standardized protocol (Sathe et al.,
2019) to detect DNA nicks in single cells and found that the
heat-shock-induced nucleases-mediated DNA fragmentation
typically observed in algal cells undergoing PCD was only
observed in the symbiotic C. variabilis cells (see comet nu-
clei in Figure 4]). Most of the heat-shocked C. variabilis cells
showed severe DNA fragmentation, as the length of the comet
tails (indicating the severity of the DNA fragmentation) var-

ied insignificantly (Figure S4). The DNA fragmentation and
the comet-positive nuclei were not seen in the heat-shocked
non-symbiotic C. sorokiniana cells (not shown). Finally, we
found that the heat shock resulted in cell-surface exposure of
PS in symbiotic C. variabilis cells. In healthy cells, the lipid
PS is located on the inner (cytoplasmic) side of the cell mem-
brane. However, in cells undergoing PCD, the PS is translo-
cated and exposed on the cell surface. We used a PS-binding
reagent (FITC conjugated to the Annexin V protein) to de-
tect the cell surface exposed PS. In the heat-shocked symbi-
otic C. variabilis cells, the PS was translocated to the outer
side of the cell membrane (when these cells were stained with
FITC-Annexin V, they appeared brightly fluorescent (Figure
4K, L; also Figure SSH). The cell surface-exposed PS was not
detected in the untreated control C. variabilis and in the non-
symbiotic C. sorokiniana cells (Figure S5).

Heat-shock-induced PCD in both symbiotic and
predatory ciliate host species

We evaluated the death phenotype of heat-shocked ciliates us-
ing the cell death markers described above. Due to the high
sensitivity of the Paramecium host cells to heat shock and sub-
sequent cell lysis, we were unable to monitor all of the cell
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death phenotypes that were investigated in Chlorella studies.
We observed that both the symbiotic P. bursaria and the preda-
tory P. duboscqui exhibited PCD-like characteristics, though
with notable species-specific variations (Figure 5; Figure S6).
Following heat shock, a significant proportion of P. dubosc-
qui cells exhibited accumulation of ROS, while in the symbi-
otic P. bursaria, ROS accumulation was primarily localized,
indicative of sequestration within intracellular symbiotic C.
variabilis cells (Figure SA-H). It is noteworthy that even in
P. bursaria control populations, ROS accumulation was ob-
served to a lesser extent, likely because of the photosynthetic
activities within intracellular C. variabilis symbionts (Figure
5C, D). Subsequently, we assessed the presence of caspase-

like proteases (DEVDase) using the fluorescent dye mentioned
earlier (Figure 4G, H). Results revealed caspase-like protease
activity in heat-shocked P. duboscqui (Figure SM, N), con-
trasting with the absence of such activity in heat-shocked P.
bursaria (Figure 50, P). Furthermore, we investigated PS ex-
ternalization using the PS-binding reagent mentioned earlier
and found that PS was exposed on the cell surface in ciliates
collected from heat-shocked cultures of both P. bursaria and
P. duboscqui (Figure S6). From the outcomes of these three
PCD markers and other heat-shock effects (Figure 3), we in-
ferred that both predatory P. duboscqui and endosymbiotic P.
bursaria exhibited PCD-like cell death, but P. duboscqui was
significantly more impacted by heat shock.
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“ns” indicates results that are not significant.

PCD in endosymbiotic C. variabilis benefits their
clones and Paramecium host

To gain insights into the potential role of PCD in the evolu-
tion of endosymbiosis, we quantified how PCD in each part-
ner affects the fitness of the other. We collected cell-free su-
pernatants from the endosymbiotic C. variabilis cultures sub-
jected to three distinct treatments: those subjected to heat
shock to induce PCD, those treated with sonication to rapidly
induce necrosis (Durand et al., 2011), and untreated controls
maintained at 20 °C (Figure 6A). We cultured C. variabilis,
C. sorokiniana, the endosymbiotic host P. bursaria, and the
predatory ciliate P. duboscqui in these supernatants to evalu-
ate their influence on the fitness of each organism (Figure 6A).

We found that C. variabilis cells grew significantly better
in their own PCD supernatants than in their control super-
natants (relative fitness > 0; ¢-test, #4 = 5.59, p = .005; Figure
6B). The C. variabilis PCD supernatants were also bene-
ficial to C. sorokiniana (relative fitness > 0; 4, = 14.58,
p = .0001; Figure 6B). These results indicate that the PCD
in C. variabilis is beneficial to its clones and other Chlorella
species (Figure 1E). Following this, we investigated how PCD
in the endosymbiotic C. variabilis influenced the fitness of
the endosymbiotic and predatory ciliate. We observed that
the PCD supernatants generated from C. variabilis were also
beneficial to its endosymbiotic host P. bursaria (relative fit-
ness > 0; tg = 4.77, p = .003; Figure 6B), but harmful to
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levels are denoted as follows: x indicates p < .05; #x indicates p < .01; **x indicates p < .001, and “ns” indicates results that are not significant.

its predator P. duboscqui (relative fitness < 0; ty, = —3.84,
p = .008; Figure 6B; Figure 1E). The PCD supernatants
for these assays were collected 48 hr post-heat-shock treat-
ment (Figure 6A), as PCD requires time for fitness-affecting
molecules to be actively generated during the process (Durand
et al., 2011). Consistent with this, C. variabilis culture super-
natants collected immediately after the heat shock did not
exhibit beneficial fitness effects; here, the C. variabilis cells
grew equally well in control and heat-shocked supernatants
(relative fitness = 0.006 was insignificantly different from 0;
t, = 1.61, p = .24; Figure S7).

Next, we investigated the fitness effects of necrosis (non-
PCD) in the endosymbiotic C. wvariabilis (Figure 6A). Un-
like PCD supernatants, culture supernatants collected from
sonicated C. variabilis cultures negatively affected the fitness
of C. variabilis (Figure 6C; relative fitness = —0.179; ¢5 =
—6.10,p = .0017) and C. sorokiniana (Figure 6C; relative fit-
ness = —0.196; ts = —3.11, p = .026). The necrotic culture
supernatants generated from sonicated C. variabilis were also
harmful to both the ciliate species (P. bursaria relative fit-
ness < 0; tg = —10.33, p < .0001; P. duboscqui relative fit-

ness < 0; tg = —4.65, p = .001; Figure 6C). Although the
nature of the harmful molecules present in the necrotic su-
pernatants was not investigated, it is possible that the photo-
oxidation of the released chlorophyll leads to oxidative dam-
age or that cellular contents such as proteases and other
molecules at higher concentrations are lethal to the cells.
Chlorella sorokiniana demonstrated significant resistance to
both heat shock and sonication, with no observed cell death,
requiring the exclusion of its supernatants from the fitness as-
says.

PCD in endosymbiotic P bursaria benefits
endosymbiotic Chlorella

We then examined how PCD and necrosis in ciliate hosts im-
pact the fitness of both their own clones and the algal species.
To do this, we collected cell-free culture supernatants from
the endosymbiotic ciliate P. bursaria and the predatory cil-
iate P. duboscqui following three treatments: control, PCD,
and necrosis (Figure S8). These supernatants were then used
to grow two algal species, endosymbiotic C. variabilis and
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non-endosymbiotic C. sorokiniana, as well as the two cil-
iate species themselves, P. bursaria and P. duboscqui. PCD
in the endosymbiotic P. bursaria had positive effects on its
endosymbiont C. variabilis (relative fitness > 0; #14 = 5.49,
p < .0001; Figure 7A, Figure 1E), while the supernatants from
necrotic P. bursaria were detrimental to their endosymbionts
(relative fitness < 0; #11 = —6.81, p < .0001; Figure 7B). In
contrast, both the PCD and necrosis supernatants from the
predatory P. duboscqui were harmful to C. variabilis (PCD: t1
= —5.10,p < .0001; necrosis: t17 = —3.88, p = .0011; Figure
7C, D). The non-symbiotic and heat shock- and sonication-
resistant C. sorokiniana benefited from both PCD and necro-
sis supernatants derived from P. bursaria (PCD: t19 = 2.94,
p = .0083; necrosis: t19= 5.30, p < .0001; Figure 7A,
B). However, it experienced adverse effects when grown in
PCD supernatants from P. duboscqui (PCD: t; = —5.70,
p < .0001; necrosis: t17 = 0.48, p = .632; Figure 7A, B).
PCD supernatants from P. bursaria had no significant ef-
fect on its own clones or on P. duboscqui cells, and simi-
larly, PCD supernatants from P. duboscqui showed no signif-
icant impact on either its own clones or those of P. bursaria
(Figure 7A, C). However, P. duboscqui cells were negatively af-
fected by necrotic supernatants from both itself (£; = —4.39,
p = .0218; Figure 7B) and P. bursaria (ts = —6.09, p = .0008;
Figure 7D).

Discussion

We tested for the fitness impact of PCD in the partners of uni-
cellular facultative endosymbiotic organisms in comparison to
non-symbiotic relatives to gain novel insights into the relation-
ship between the evolution of unicellular PCD and endosym-
biosis. We found that the unicellular endosymbiotic partners
C. variabilis and its host P. bursaria, as well as the predatory
ciliate P. duboscqui, undergo PCD, whereas the non-symbiotic
C. sorokiniana exhibited significant heat resistance. The PCD
phenotypes observed in C. variabilis include chromatin con-
densation, genomic DNA fragmentation, ROS accumulation,
caspase-like protease activation, and PS externalization, as
well as characteristic ultrastructural changes seen in TEM im-
ages (Figure 4, Figures S2-S5), and are consistent with prior
reports on unicellular microalgal PCD (Bidle,2016; Durand et
al., 2011; Moharikar et al., 2006; Sathe et al., 2019; Zuppini
et al., 2007). The demonstration of PCD in P. bursaria and P.
duboscqui (Figure 5, Figures S6 and S9) represents a novel ad-
dition to the growing list of unicellular organisms exhibiting
PCD (Bidle, 2016; Deponte, 2008; Durand & Ramsey, 2019;
Kaczanowski et al., 2011). By comparing the fitness impact
of PCD and necrotic death in symbiotic and non-symbiotic
algae and ciliates, we found that endosymbiotic partners can
significantly enhance each other’s fitness through PCD, but not
through necrotic death (Figure 1E, F). This expands the role
for unicellular PCD extending its benefits not only to clonal
populations of the same species but also to their endosymbi-
otic partners in a specific way.

In agreement with our first prediction (that “PCD in uni-
cellular endosymbiotic C. wvariabilis benefits its clones and
the cells of its endosymbiotic host, P. bursaria, but has non-
beneficial (i.e., either harmful or neutral) effects on the cells
of non-symbiotic C. sorokiniana or the predatory host, P. du-
boscqui”), we found that PCD in the endosymbiotic C. vari-
abilis was beneficial to their clones and to their endosymbiotic
host, P. bursaria, and harmful to the predatory ciliate P. du-
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boscqui. An exception was C. sorokiniana (see below), which
also benefited from C. variabilis PCD supernatants (Figure
6B, Figure 1E). Similarly, PCD in the endosymbiotic host P.
bursaria proved beneficial for its endosymbionts and had neu-
tral effects on their own clones (Figure 7A, Figure 1E). This
finding aligns with the core premise of the second predic-
tion that “PCD in P. bursaria benefits its clones and the cells
of its endosymbiont, C. variabilis, but is not beneficial to P.
duboscqui or C. sorokiniana.” As C. variabilis PCD was in-
duced at 45 °C and P. bursaria were exposed to 40 °C to
trigger PCD, the benefits of PCD discussed here are likely at-
tributed to host PCD. The observed neutral effects of P. bur-
saria PCD on the predatory ciliate P. duboscqui were as pre-
dicted, whereas the positive effects on C. sorokiniana were
unpredicted (Figure 7A, Figure 1E). These findings indicate
that C. variabilis PCD can provide both direct benefits by aid-
ing clones and endosymbiotic hosts, as well as indirect bene-
fits by harming predatory hosts, which indirectly benefits the
endosymbiotic host. This is similar to observations in other
unicellular systems, which showed direct fitness benefits of
PCD, such as providing released resources to kin, and indi-
rect benefits, such as harming non-kin (Chao & Levin, 1981;
Durand et al., 2011; Vostinar et al., 2019). These harmful ef-
fects of C. variabilis PCD on P. duboscqui may benefit both
P. bursaria, by reducing interspecies competition, and C. vari-
abilis, by lowering predation pressure on free-living C. vari-
abilis clones (Figures 6 and 1E).

In contrast to the positive PCD fitness effects observed in
the endosymbiotic partners P. bursaria and C. variabilis, PCD
in the exclusively predatory host P. duboscqui was harmful
to the endosymbiotic C. variabilis (Figure 7C; Figure 1E).
While the predicted positive effect of P. duboscqui PCD on
their clones was not observed, the predicted non-beneficial ef-
fects on P. bursaria and C. sorokiniana cells were observed
(Figure 7C; Figure 1E). This aligns with the third prediction
that “PCD in the predatory host, P. duboscqui, benefits its
clones but is not beneficial to P. bursaria and both the en-
dosymbiotic and non-symbiotic Chlorella species.” Consistent
with the general prediction that necrosis is typically harmful,
necrosis in C. variabilis reduced the fitness of both Chlorella
species and the ciliate species (Figure 6C, Figure 1F). Necro-
sis in the ciliate host was either detrimental to Chlorella and
ciliates, or had no significant effect compared to the control
supernatants (Figure 7B, D, Figure 1F). An exception was
observed with C. sorokiniana, whose growth was enhanced
by P. bursaria necrosis but reduced by P. duboscqui necro-
sis. Chlorella sorokiniana cells showed exceptional resilience,
as heat shock and sonication treatments that were lethal to
other algal and ciliate species had little to no effect on them
(Figures S1 and S2). However, it remains unclear whether this
general resilience to abiotic stresses also contributes to their
resistance to necrotic supernatants. The absence of cell death
in C. sorokiniana meant that our fourth prediction that “PCD
in non-symbiotic C. sorokiniana benefits its clones but is not
beneficial to both the ciliate species and the cells of C. vari-
abilis” could not be tested.

The facultative endosymbiotic relationship between C. vari-
abilis and its host P. bursaria presents an intriguing case for
kind selection (Queller, 2011), potentially operating via green-
beard genes (Gardner, 2019; Sathe, 2024). In this context, the
benefits of PCD are directed towards “kind-related” endosym-
biotic partners, where individuals share gene copies not be-
cause of recent common ancestry but as a result of horizontal
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gene transfer. Although the frequency of horizontal gene trans-
fer in the ciliate—algal system has not been directly studied,
gene transfer from endosymbionts to hosts is widespread in
both recently evolved endosymbiotic systems (e.g., Buchnera-
aphid associations) and ancient ones, such as mitochondria
and plastids (Ameisen, 1996; Boore, 1999; Fisher et al., 2017,
Koonin & Aravind, 2002; Moran & Bennett, 2014).

In general, endosymbiosis can evolve from predator—prey
interactions if the number of births is on average greater than
the number of deaths in the symbiosis and the number of
deaths is on average greater than the number of births in the
free-living state (Law & Dieckmann, 1998), which is the case
for P. bursaria and C. variabilis (Horas et al., 2022). While the
positive effects of PCD observed on the fitness of endosymbi-
otic partners and the harmful effects on the predatory ciliate
can shift this balance in favour of both partners, additional
mechanisms are likely involved in the long-term stability of
the endosymbiosis as costs, benefits and the net effect of the
interaction can be context dependent (Horas et al., 2022; Iwai
etal.,2019; Lowe et al.,2016), and because potential cheaters
may evolve or infect a host through horizontal transmission,
where the endosymbionts are recruited from the environment.

The observation that PCD has negative population effects
on the predatory ciliate (P. duboscqui) but positive effects on
the host (P. bursaria) may have implications for population
and community dynamics. If both species grow together and
compete for the free-living C. variabilis as prey, PCD of C.
variabilis would shift the competition in favour of P. bursaria
and indirectly benefit C. variabilis, since one of the main ben-
efits of the endosymbiotic interaction for C. variabilis is es-
cape from predation (Horas et al., 2022). This prediction is
consistent with other studies showing that PCD can impact
microbial communities in complex ways, not only via nutri-
ents and resources released upon cell death and could further
contribute to the stabilization of the endosymbiosis (Durand
et al., 2016).

While explaining the evolution of PCD in unicellular or-
ganisms is challenging (Durand & Ramsey, 2019; Nedelcu
et al., 2011), the unicellular PCD has been shown to con-
tribute to facultative multicellular group formation (Durand
& Ramsey, 2019; Ratcliff et al., 2012; Sathe & Durand, 2016)
and has been suggested to benefit the clones or the individuals
of other species by releasing and sharing resources (Bar-Zeev
etal.,2013; Durand et al., 2011, 2014; Orellana et al., 2013),
communicating information about the environment (Durand
et al., 2016; Vardi et al., 2007), or coordinating cooperative
functions such as the division of labour and/or mutual de-
pendencies (Cornillon et al., 1994; Durand & Ramsey, 2019;
Lewis, 2000). Our findings reveal an expanded role for uni-
cellular PCD as a mechanism to influence the fitness of en-
dosymbiotic partners. The evolution of endosymbiosis, where
two independent organisms form an intimate, interdependent
association and reproduce as an individual unit, represents
a major evolutionary transition. Early endosymbiotic events
likely originated as predator—prey interactions, but PCD may
have been pivotal in shifting these antagonistic relationships
towards cooperative interactions, forming the foundation for
the evolution of endosymbiosis.

Supplementary material

Supplementary material is available at Journal of

Evolutionary Biology online.

91

Data availability

The data underlying this article are deposited in Zenodo: http
s://zenodo.org/records/15854730.

Author contributions

Santosh Sathe (Conceptualization [lead], Data curation [lead],
Formal Analysis [lead], Funding acquisition [supporting], In-
vestigation [lead], Methodology [lead], Project administration
[lead], Resources [supporting], Supervision [lead], Validation
[lead], Visualization [lead], Writing — original draft [lead],
Writing — review & editing [lead]), and Lutz Becks (Conceptu-
alization [equal], Data curation [supporting], Formal Analysis
[supporting], Funding acquisition [lead], Investigation [sup-
porting], Methodology [supporting], Project administration
[equal], Resources [lead], Supervision [supporting], Valida-
tion [supporting], Visualization [supporting], Writing — orig-
inal draft [supporting], Writing — review & editing [support-
ing])

Funding

This work was supported by the Gordon and Betty Moore
Foundation to L.B. (https://doi.org/10.37807/GBMF9196).

Acknowledgments

We thank the flow cytometry core facility and the Electron
Microscopy Centre at the University of Konstanz.

Conflicts of interest

The authors declare no competing interests.

References

Albers, D., Reisser, W., & Wiessner, W. (1982). Studies on the nitrogen
supply of endosymbiotic chlorellae in greem Paramecium bursaria.
Plant Science Letters, 25, 85-90. https://doi.org/10.1016/0304-421
1(82)90210-3

Ameisen, J. C. (1996). The origin of programmed cell death. Science,
272,1278-1279. https://doi.org/10.1126/science.272.5266.1278

Ameisen, J. C. (2002). On the origin, evolution, and nature of pro-
grammed cell death: A timeline of four billion years. Cell Death
& Differentiation, 9, 367-393. https://doi.org/10.1038/sj.cdd.440
0950

Bar-Zeev, E., Avishay, 1., Bidle, K. D., & Berman-Frank, I. (2013). Pro-
grammed cell death in the marine Cyanobacterium mediates car-
bon and nitrogen export. The ISME Journal, 7, 2340-2348. https:
/ldoi.org/10.1038/ismej.2013.121

Berman-Frank, I., Bidle, K. D., Haramaty, L., & Falkowski, P. G. (2004).
The demise of the marine Cyanobacterium, spp., via an autocat-
alyzed cell death pathway. Limnology and Oceanography, 49, 997-
1005. https://doi.org/10.4319/10.2004.49.4.0997

Bidle, K. D. (2015). The molecular ecophysiology of programmed cell
death in marine phytoplankton. Annual Review of Marine Science,
7,341-375. https://doi.org/10.1146/annurev-marine-010213-1350
14

Bidle, K. D. (2016). Programmed cell death in unicellular phytoplank-
ton. Current Biology, 26, R§94-R607. https://doi.org/10.1016/j.cu
b.2016.05.056

Boore, J. L. (1999). Animal mitochondrial genomes. Nucleic Acids Re-
search, 27,1767-1780. https://doi.org/10.1093/nar/27.8.1767


https://academic.oup.com/jeb/article-lookup/doi/10.1093/jeb/voaf119#supplementary-data
https://zenodo.org/records/15854730
https://doi.org/10.37807/GBMF9196
https://doi.org/10.1016/0304-4211(82)90210-3
https://doi.org/10.1126/science.272.5266.1278
https://doi.org/10.1038/sj.cdd.4400950
https://doi.org/10.1038/ismej.2013.121
https://doi.org/10.4319/lo.2004.49.4.0997
https://doi.org/10.1146/annurev-marine-010213-135014
https://doi.org/10.1016/j.cub.2016.05.056
https://doi.org/10.1093/nar/27.8.1767

92

Brockhurst, M. A., Cameron, D. D., & Beckerman, A. P. (2024). Fit-
ness trade-offs and the origins of endosymbiosis. PLoS Biology, 22,
€3002580. https://doi.org/10.1371/journal.pbio.3002580

Brown, J. A., & Nielsen, P. J. (1974). Transfer of photosynthetically
produced carbohydrate from endosymbiotic chlorellae to Parame-
cium bursaria. The Journal of Protozoology, 21, 569-570. https:
/ldoi.org/10.1111/5.1550-7408.1974.tb03702.x

Bruchhaus, I., Roeder, T., Rennenberg, A., & Heussler, V. T. (2007). Pro-
tozoan parasites: Programmed cell death as a mechanism of para-
sitism. Trends in Parasitology, 23, 376-383. https://doi.org/10.101
6/j.pt.2007.06.004

Chao, L., & Levin, B. R. (1981). Structured habitats and the evolution
of anticompetitor toxins in bacteria. Proceedings of the National
Academy of Sciences, 78, 6324-6328. https://doi.org/10.1073/pnas
.78.10.6324

Chen, Y., Li, X., Yang, M., & Liu, S. - B. (2024). Research progress on
morphology and mechanism of programmed cell death. Cell Death
& Disease, 15, 327. https://doi.org/10.1038/s41419-024-06712-8

Chibucos, M. C., Collmer, C. W., Torto-Alalibo, T., & Tyler, B.
M. (2009). Programmed cell death in host-symbiont associations,
viewed through the gene ontology. BMC Microbiology, 9, S1-SS5.
https://doi.org/10.1186/1471-2180-9-S1-S5

Christensen, S. T., Wheatley, D. N., Rasmussen, M. 1., & Rasmussen, L.
(1995). Mechanisms controlling death, survival and proliferation in
a model unicellular eukaryote Tetrabymena thermophila. Cell Death
and Differentiation, 2, 301-308.

Cornillon, S., Foa, C., Davoust, J., & Golstein, P. (1994). Programmed
cell-death in Dictyostelium. Journal of Cell Science, 107, 2691-
2704. https://doi.org/10.1242/j¢cs.107.10.2691

Deponte, M. (2008). Programmed cell death in protists. Biochimica
Et Biophysica Acta (BBA)—Molecular Cell Research, 1783, 1396~
1405. https://doi.org/10.1016/j.bbamcr.2008.01.018

Durand, P. M., Choudhury, R., Rashidi, A., & Michod, R. E. (2014).
Programmed death in a unicellular organism has species-specific fit-
ness effects. Biology Letters, 10, 20131088. https://doi.org/10.109
8/rsbl.2013.1088

Durand, P. M., & Ramsey, G. (2019). The nature of programmed cell
death. Biological Theory, 14, 30-41. https://doi.org/10.1007/s137
52-018-0311-0

Durand, P. M., Rashidi, A., & Michod, R. E. (2011). How an organism
dies affects the fitness of its neighbors. The American Naturalist,
177,224-232. https://doi.org/10.1086/657686

Durand, P. M., Sym, S., & Michod, R. E. (2016). Programmed cell death
and complexity in microbial systems. Current Biology, 26, R587-
R593. https://doi.org/10.1016/j.cub.2016.05.057

Emerson, R. (1958). The quantum yield of photosynthesis. Annual Re-
view of Plant Physiology, 9, 1-24. https://doi.org/10.1146/annurev.
pp-09.060158.000245

Fisher, R. M., Henry, L. M., Cornwallis, C. K., & West, S. A. (2017). The
evolution of host-symbiont dependence. Nature Communications,
8,15973. https://doi.org/10.1038/ncomms15973

Foster, K. R., Wenseleers, T., & Ratnieks, F. L. (2006). Kin selection
is the key to altruism. Trends in Ecology & Evolution, 21, 57-60.
https://doi.org/10.1016/j.tree.2005.11.020

Frade, J. M., & Michaelidis, T. M. (1997). Origin of eukaryotic pro-
grammed cell death: A consequence of aerobic metabolism? BioEs-
says, 19, 827-832. https://doi.org/10.1002/bies.950190913

Frickel, J., Sieber, M., & Becks, L. (2016). Eco-evolutionary dynamics
in a coevolving host—virus system. Ecology Letters, 19, 450-459.
https://doi.org/10.1111/ele.12580

Fujishima, M. (2009). Endosymbionts in paramecium. Springer.

Fujishima, M., & Kodama, Y. (2012). Endosymbionts in paramecium.
European Journal of Protistology, 48, 124-137. https://doi.org/10.1
016/j.¢jop.2011.10.002

Gardner, A. (2019). The greenbeard effect. Current Biology, 29, R430-
R431. https://doi.org/10.1016/j.cub.2019.03.063

Hamilton, W. D. (1964). The genetical evolution of social behaviour. 1.
Journal of Theoretical Biology, 7, 1-16. https://doi.org/10.1016/00
22-5193(64)90038-4

Sathe and Becks

Holland, J. N., DeAngelis, D. L., & Bronstein, J. L. (2002). Population
dynamics and mutualism: Functional responses of benefits and costs.
The American Naturalist, 159,231-244. https://doi.org/10.1086/33
8510

Horas, E. L., Metzger, S. M., Platzer, B., & Becks, L. (2022). Context-
dependent costs and benefits of endosymbiotic interactions in a
ciliate—algae system. Environmental Microbiology, 24, 5924-5935.
https://doi.org/10.1111/1462-2920.16112

Iwai, S., Fujita, K., Takanishi, Y., & Fukushi, K. (2019). Photosynthetic
endosymbionts benefit from host’s phagotrophy, including preda-
tion on potential competitors. Current Biology, 29, 3114-3119.e3.
https://doi.org/10.1016/j.cub.2019.07.074

Jiménez, C., Capasso, J. M., Edelstein, C. L., & Segovia, M. (2009).
Different ways to die: Cell death modes of the unicellular chloro-
phyte exposed to various environmental stresses are mediated by the
caspase-like activity DEVDase. Journal of Experimental Botany, 60,
815-828.

Kaczanowski, S. (2016). Apoptosis: Its origin, history, maintenance
and the medical implications for cancer and aging. Physical
Biology, 13, 031001. https://doi.org/10.1088/1478-3975/13/3/031
001

Kaczanowski, S. (2020a). Symbiotic origin of apoptosis. Results and
Problems in Cell Differentiation, 69, 253-280.

Kaczanowski, S. (2020b). Symbiotic origin of apoptosis. In M. Kloc
(Ed.), Symbiosis: Cellular, molecular, medical and evolutionary as-
pects(pp. 253-280). Springer International Publishing.

Kaczanowski, S., Sajid, M., & Reece, S. E. (2011). Evolution of
apoptosis-like programmed cell death in unicellular protozoan par-
asites. Parasites & Vectors, 4, 44. https://doi.org/10.1186/1756-330
5-4-44

Kerr, J. E, Wyllie, A. H., & Currie, A. R. (1972). Apoptosis: A basic
biological phenomenon with wide-ranging implications in tissue ki-
netics. British Journal of Cancer, 26,239-257. https://doi.org/10.1
038/bjc.1972.33

Klim, J., Gladki, A., Kucharczyk, R., & Kaczanowski, S. (2018).
Ancestral state reconstruction of the apoptosis machinery in
the common ancestor of eukaryotes. G3 Genes|Genomes|
Genetics, 8, 2121-2134.https://doi.org/10.1534/g3.118.
200295

Koonin, E. V., & Aravind, L. (2002). Origin and evolution of eukaryotic
apoptosis: The bacterial connection. Cell Death & Differentiation,
9, 394-404. https://doi.org/10.1038/sj.cdd.4400991

Krishnamurthy, K. V. (2000). The programme of cell death in plants and
animals—A comparison (vol 79, pg 1169, 2000). Current Science,
79, 1603-1603.

Kroemer, G. (1997). Mitochondrial implication in apoptosis. Towards
an endosymbiont hypothesis of apoptosis evolution. Cell Death &
Differentiation, 4, 443-456. https://doi.org/10.1038/sj.cdd.44002
66

La, S. R., Ndhlovu, A., & Durand, P. M. (2022). The ancient
origins of death domains support the ‘original sin’ hypothesis
for the evolution of programmed cell death. Journal of Molec-
ular Evolution, 90, 95-113.https://doi.org/10.1007/s00239-021-
10044-y

Lambert, L., de Carpentier, F, André, P, & Danon, A. (2024). Type
IT metacaspase mediates light-dependent programmed cell death in
Chlamydomonas reinhardtii. Plant Physiology, 194, 2648-2662.
https://doi.org/10.1093/plphys/kiad618

Law, R., & Dieckmann, U. (1998). Symbiosis through exploitation and
the merger of lineages in evolution. Proceedings of the Royal Society
of London. Series B: Biological Sciences, 265, 1245-1253. https:
/ldoi.org/10.1098/rspb.1998.0426

Lewis, K. (2000). Programmed death in bacteria. Microbiology and
Molecular Biology Reviews, 64, 503. https://doi.org/10.1128/ MM
BR.64.3.503-514.2000

Lowe, C. D., Minter, E. J., Cameron, D. D., & Brockhurst, M. A. (2016).
Shining a light on exploitative host control in a photosynthetic en-
dosymbiosis. Current Biology, 26, 207-211. https://doi.org/10.101
6/j.cub.2015.11.052


https://doi.org/10.1371/journal.pbio.3002580
https://doi.org/10.1111/j.1550-7408.1974.tb03702.x
https://doi.org/10.1016/j.pt.2007.06.004
https://doi.org/10.1073/pnas.78.10.6324
https://doi.org/10.1038/s41419-024-06712-8
https://doi.org/10.1186/1471-2180-9-S1-S5
https://doi.org/10.1242/jcs.107.10.2691
https://doi.org/10.1016/j.bbamcr.2008.01.018
https://doi.org/10.1098/rsbl.2013.1088
https://doi.org/10.1007/s13752-018-0311-0
https://doi.org/10.1086/657686
https://doi.org/10.1016/j.cub.2016.05.057
https://doi.org/10.1146/annurev.pp.09.060158.000245
https://doi.org/10.1038/ncomms15973
https://doi.org/10.1016/j.tree.2005.11.020
https://doi.org/10.1002/bies.950190913
https://doi.org/10.1111/ele.12580
https://doi.org/10.1016/j.ejop.2011.10.002
https://doi.org/10.1016/j.cub.2019.03.063
https://doi.org/10.1016/0022-5193(64)90038-4
https://doi.org/10.1086/338510
https://doi.org/10.1111/1462-2920.16112
https://doi.org/10.1016/j.cub.2019.07.074
https://doi.org/10.1088/1478-3975/13/3/031001
https://doi.org/10.1186/1756-3305-4-44
https://doi.org/10.1038/bjc.1972.33
https://doi.org/10.1534/g3.118.200295
https://doi.org/10.1038/sj.cdd.4400991
https://doi.org/10.1038/sj.cdd.4400266
https://doi.org/10.1007/s00239-021-10044-y
https://doi.org/10.1093/plphys/kiad618
https://doi.org/10.1098/rspb.1998.0426
https://doi.org/10.1128/MMBR.64.3.503-514.2000
https://doi.org/10.1016/j.cub.2015.11.052

Journal of Evolutionary Biology, 2026, Vol. 39, No. 1

Madeo, E, Frohlich, E., Ligr, M., & Frohlich, K. U. (1999). Oxygen
stress: A regulator of apoptosis in yeast. The Journal of Cell Biol-
ogy, 145, 757-767. https://doi.org/10.1083/jcb.145.4.757

Margulis, L. (1975). Symbiotic theory of the origin of eukaryotic or-
ganelles; criteria for proof. Symposia of the Society for Experimental
Biology, 21-38.

Moharikar, S., D’Souza, J. S., Kulkarni, A. B., & Rao, B. J. (2006).
Apoptotic-like cell death pathway is induced in unicellular chloro-
phyte (Chlorophyceae) cells following UV irradiation: Detection
and functional analyses. Journal of Phycology, 42, 423-433. https:
/ldoi.org/10.1111/5.1529-8817.2006.00207.x

Moran, N. A., & Bennett, G. M. (2014). The tiniest tiny genomes. Azn-
nual Review of Microbiology, 68, 195-215. https://doi.org/10.114
6/annurev-micro-091213-112901

Nedelcu, A. M., Driscoll, W. W., Durand, P. M., & Rashidi, A. (2011).
On the paradigm of altruistic suicide in the unicellular world. Evolu-
tion, 65, 3-20. https://doi.org/10.1111/}.1558-5646.2010.01103.x

Orellana, M. V., Pang, W. L., Durand, P. M., & Baliga, N. S. (2013). A
role for programmed cell death in the microbial loop. PLoS One, 8,
€62595. https://doi.org/10.1371/journal.pone.0062595

Petrov, V., Hille, J., Mueller-Roeber, B., & Gecheyv, T. S. (2015). ROS-
mediated abiotic stress-induced programmed cell death in plants.
Frontiers in Plant Science, 6, 69.

Queller, D. C. (2011). Expanded social fitness and Hamilton’s rule for
kin, kith, and kind. Proceedings of the National Academy of Sci-
ences, 108,10792-10799. https://doi.org/10.1073/pnas. 110029810
8

Ratcliff, W. C., Denison, R. E, Borrello, M., & Travisano, M. (2012).
Experimental evolution of multicellularity. Proceedings of the Na-
tional Academy of Sciences, 109,1595-1600. https://doi.org/10.107
3/pnas. 1115323109

Samuilov, V. D., Oleskin, A. V., & Lagunova, E. M. (2000). Programmed
cell death. Biochemistry, 65, 873-887.

93

Sathe, S., & Durand, P. M. (2016). Cellular aggregation in (Chloro-
phyceae) is chimaeric and depends on traits like cell size and motil-
ity. European Journal of Phycology, 51,129-138. https://doi.org/10
.1080/09670262.2015.1107759

Sathe, S. (2024). Greenbeard mechanism and the evolution of coopera-
tion. In H. Kehrer-Sawatzki (Ed.), Encyclopedia of life sciences(pp.
1-8). Wiley.

Sathe, S., Orellana, M. V., Baliga, N. S., & Durand, P. M. (2019). Tem-
poral and metabolic overlap between lipid accumulation and pro-
grammed cell death due to nitrogen starvation in the unicellular
chlorophyte. Phycological Research, 67, 173-183. https://doi.org/
10.1111/pre.12368

Vardi, A., Eisenstadt, D., Murik, O., & Kaplan, A. (2007). Synchroniza-
tion of cell death in a dinoflagellate population is mediated by an
excreted thiol protease. Environmental Microbiology, 9, 360-369.
https://doi.org/10.1111/].1462-2920.2006.01146.x

Vostinar, A. E., Goldsby, H. ]J., & Ofria, C. (2019). Suicidal selec-
tion: Programmed cell death can evolve in unicellular organisms
due solely to kin selection. Ecology and Evolution, 9, 9129-9136.
https://doi.org/10.1002/ece3.5460

Yordanova, Z. P., Woltering, E. J., Kapchina-Toteva, V. M., & Iakimova,
E.T.(2013). Mastoparan-induced programmed cell death in the uni-
cellular alga. Annals of Botany, 111, 191-205. https://doi.org/10.1
093/aob/mcs264

Zielenkiewicz, U., Kaushal, V., & Kaczanowski, S. (2025). On the ori-
gins and evolution of apoptosis: The predator-mitochondrial prey
hypothesis. Journal of Evolutionary Biology, 38, 1031-1040. https:
/ldoi.org/10.1093/jeb/voaf039

Zuppini, A., Andreoli, C., & Baldan, B. (2007). Heat stress: An in-
ducer of programmed cell death in Chlorella saccharophila. Plant
and Cell Physiology, 48, 1000-1009. https://doi.org/10.1093/pcp/
pem070

Received May 1, 2025; revised June 30, 2025; accepted July 3, 2025

© The Author(s) 2025. Published by Oxford University Press on behalf of the European Society of Evolutionary Biology. This is an Open Access article
distributed under the terms of the Creative Commons Attribution-NonCommercial License (https://creativecommons.org/licenses/by-nc/4.0/), which permits
non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact
reprints@oup.com for reprints and translation rights for reprints. All other permissions can be obtained through our RightsLink service via the Permissions
link on the article page on our site-for further information please contact journals.permissions@oup.com


https://doi.org/10.1083/jcb.145.4.757
https://doi.org/10.1111/j.1529-8817.2006.00207.x
https://doi.org/10.1146/annurev-micro-091213-112901
https://doi.org/10.1111/j.1558-5646.2010.01103.x
https://doi.org/10.1371/journal.pone.0062595
https://doi.org/10.1073/pnas.1100298108
https://doi.org/10.1073/pnas.1115323109
https://doi.org/10.1080/09670262.2015.1107759
https://doi.org/10.1111/pre.12368
https://doi.org/10.1111/j.1462-2920.2006.01146.x
https://doi.org/10.1002/ece3.5460
https://doi.org/10.1093/aob/mcs264
https://doi.org/10.1093/jeb/voaf039
https://doi.org/10.1093/pcp/pcm070
https://creativecommons.org/licenses/by-nc/4.0/
mailto:reprints@oup.com
mailto:journals.permissions@oup.com

	Introduction
	Materials and methods
	Necrosis
	Supernatant assays
	Results
	Discussion
	Supplementary material
	Data availability
	Author contributions
	Funding
	Acknowledgments
	Conflicts of interest
	References



